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Preface 

Chronic renal disease has received increasing attention and concern since 
the passage in 1972 of PL 92-603, which provided coverage for end-stage 
renal disease (ESRD) treatment by the federal government. The human and 
economic costs of the ESRD program serve to emphasize the need to prevent 
or to arrest those diseases resulting in chronic renal failure, since none of 
the available treatments is without complications and/or side effects. The 
ESRD program, the only federal one that provides coverage for a catastrophic 
illness for almost the entire population (those qualifying under Social 
Security), cost almost $2 billion in 1983. The escalating costs of the ESRD 
program are attributed to the increasing number of patients requiring 
treatment and have focused concerns of the United States Government, both 
Congress and the administration, on ESRD. 

The National Institutes of Health (NIH), especially the Kidney, Urology, 
and Hematology Division of the National Institutes of Arthritis, Diabetes, 
and Digestive and Kidney Diseases (NIADDK), supports a sizable research 
program that bears on chronic renal disease and in association with this has 
sponsored many conferences and workshops on research on and causes and 
complications of chronic renal failure. This book is an outgrowth of the 
issues addressed by participants at a number of NIH conferences held in 
the 1980s. 

Diseases affecting the kidney vary in their pathogenic and histologic 
detail and in their rate of progression, but they all result in similar alterations 
in renal function and cause a common constellation of chemical and physi­
ologic abnormalities. The hallmark of chronic renal disease is a progressive 
decrease in glomerular filtration rate. 

Various mechanisms are responsible for kidney injury and ultimately 
for chronic renal disease. These include abnormal immunologic processes, 
disturbances in coagulation, infection, biochemical and metabolic disturb­
ances, vascular disorders, congenital abnormalities, obstruction to urine flow, 
neoplasia, and trauma. Each of these mechanisms may interact with one or 
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vi Preface 

more of the other mechanisms to cause advancing renal disease. Progressive 
kidney disease may occur as a consequence of diseases in which the kidney 
is primarily involved and in which the presenting features are usually those 
of renal disease. Kidney disease also can occur during the course of systemic 
diseases (diabetes, hypertension) and intoxications in which renal failure may 
be a presenting feature. 

Although adequate data are not available about the incidence of ESRD 
in North America, mortality figures suggest that there is an incidence of 
about 200 cases per million population. These figures vary according to 
geographic area and in relation to the proportion of blacks in the population. 
The incidence of renal disease in blacks is higher than that in whites (possibly 
related to the higher incidence of hypertension in the black population). 

In diseases of the kidney characterized by irreversible injury, once a 
critical level of renal functional deterioration is reached, progression to 
ESRD invariably occurs even if the initiating event or condition has resolved 
or has been eradicated. Immunopathogenic mechanisms probably account 
for most forms of primary glomerular disease in humans. Although immu­
nologic events and the mediators of glomerular damage that they induce 
may be responsible for initiating most glomerular diseases, certain clinical 
and experimental observations suggest that the rate of progression of these 
diseases is influenced by several nonimmunologic factors. The understanding 
of and ability to manipulate factors responsible for progression of renal 
disease have been quite limited. Although ideally therapeutic efforts should 
be directed to preventing the development or to arresting the progression 
of renal disease, only two modalities of effective treatment are available for 
the patient with ESRD. These modalities are kidney transplantation and 
dialysis (either peritoneal or hemodialysis). Currently about 75,000 patients 
are undergoing dialysis in the United States and about 5000 renal transplants 
are performed annually. Ideally major efforts should be directed toward 
prevention of the occurrence of renal disease or progression of the disease 
once it has developed. However, dialysis and transplantation remain the 
major modalities for treatment of ESRD. Considerable effort has been 
devoted to understanding the problems and complications that occur in 
patients treated by hemodialysis, peritoneal dialysis, and/or transplantation. 

This book is divided into four major sections. The first section describes 
studies about the pathogenesis of renal disease. This section is divided into 
two major areas: one about research trends in glomerular diseases, the most 
frequent cause of ESRD, and the other about cystic diseases of the kidney, 
an area that has not been well studied. Cystic diseases of the kidney, 
particularly polycystic kidney disease, may affect as many as 250,000 Amer­
icans and may account for 10-12% of the patients with ESRD treated by 
dialysis or transplantation. The second section of this book, "Recent Advances 
on Some Complications of Chronic Renal Failure," focuses attention on three 
general areas: renal osteodystrophy and the neurologic and cardiovascular 
complications of renal failure. The latter are the major cause of mortality in 
patients with ESRD and/or those undergoing dialysis. The third major section 
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of this book is devoted to the unique problems of the child with renal failure. 
Extrapolation of information about chronic renal failure and its rate of 
progression and treatment obtained in adults to children is not warranted. 
In children with ESRD, problems with growth, caloric intake, and mental 
retardation are of major importance. The technical problems of treating 
children differ markedly from those in adults and are unique problems. 
Section IV addresses selected aspects of therapy in the patient with renal 
failure. It includes discussions of the use of drugs, the acute problems that 
develop during hemodialysis, the control of treatment morbidity and uremic 
toxicity by hemodialysis and hemofiltration therapy, the use of transplantation 
and adequate immunosuppression, and nutritional therapy in chronic renal 
failure. It has become evident in recent years, particularly from studies in 
experimental animals, that dietary manipulations may influence the rate of 
progression of chronic renal failure. If this proves to be so, dietary manip­
ulations may prove effective in delaying or even halting the progression of 
renal disease in humans. 

It is hoped that these chapters will prove useful to readers by helping 
them develop a better understanding of these aspects of the pathogenesis, 
progression, complications, and treatment of chronic renal disease. 

Bethesda, Maryland 
St. Louis, Missouri 

Nancy Boucot Cummings, M.D. 
Saulo Klahr, M.D. 
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STUDIES OF PATHOGENESIS 
OF RENAL DISEASE 

I 



Research Trends in 
Glomerular Diseases 



A Personal Perspective on the 
State of the Art in Research in 
Glomerulonephritis 

Richard J. Glassock 

1 

During the 20 years in which I have been personally involved in research 
on glomerulonephritis, the field has undergone a remarkable transforma­
tion. From the initial probing excursions into the pathogenesis of glomeru­
lonephritis in the early 1960s a highly sophisticated discipline has arisen. 
Wide application of electron microscopic and immunofluorescent techniques 
to human biopsy material has taught us much, focused our interest on 
aberrant immune processes, and brought an ever-increasing complexity to 
the classification of human glomerular diseases. Paradigms developed during 
this period have, after a time of widespread acceptance, recently shown 
unmistakable signs of being replaced by a new and more richly varied set of 
dogmas. To the clinician, not directly involved in research in this area, the 
field seems to be ever more populated with an often bewildering variety of 
spontaneous and induced models of glomerular disease in experimental 
animals. However, experimental approaches in animals have been the 
bedrock of investigation into the pathogenesis of glomerulonephritis, and 
this work has taught us much about the ways in which aberrant immune 
processes bring about glomerular injury and the factors that mediate the 
injury itself. Highly sophisticated procedures such as direct micropuncture 
of glomerular capillaries and even isolated perfusion of individual glomeruli, 
tissue culture and cell cloning of glomerular constituents, receptor binding 
and enzyme kinetics, and very recently the development of monoclonal 
antibodies as probes of glomerular structure promise to add exciting new 

Richard]. Glassock • Department of Medicine, UCLA School of Medicine, and Department 
of Medicine, Harbor-UCLA Medical Center, Torrance, California 90509. 
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6 1 • Studies of Pathogenesis of Renal Disease 

dimensions to our understanding of a structure that less than a decade ago 
was viewed as only a passive ultrafilter serving primarily to provide a rich 
supply of water and ions to the tubules for reabsorption. 

Thus, the glomerulus is now known to be a site of production of several 
humoral substances and to be highly responsive to the action of additional 
substances reaching it via the bloodstream. The glomerular capillary wall is 
now known, or thought, to consist of a dozen or more discrete antigenic 
substances, some of which are important in conferring a strong negative 
charge on the glomerular capillary wall, which in turn is vital to the molecular 
perm selectivity attributes of the filter. The emerging complexity of the 
cellular, biochemical, and molecular structure of the glomerulus has been 
reviewed by Dr. Gary E. Striker of the Department of Pathology at the 
University of Washington. Dr. Striker and his colleagues have contributed 
much to our current understanding in this rapidly evolving area. 

Not surprisingly, diseases of the glomerulus may arise spontaneously or 
can be experimentally induced by the interaction of a circulating antibody 
with one or more of the antigenic constituents of the glomerulus. The 
distribution, density, and anatomic location of these antigenic constituents 
greatly influence the character of the resulting disease. In addition, antigens 
not normally native to the glomerulus may be artifically planted in this site 
and serve as a nidus for a potentially injurious local immune reaction. These 
events may provide useful new insights into the relationship between glo­
merular disease and environmental factors. Dr. Curtis B.· Wilson of the 
Research Institute of Scripps Clinic in La Jolla, California, one of the 
foremost renal immunopathologists in the world, has reviewed the state of 
the art in this area. 

By virtue of the special hemodynamic and biophysical attributes of the 
glomerular capillaries and the lymphaticlike channels of the mesangium, the 
glomerulus is quite vulnerable to deposition from the circulation of a variety 
of substances, including circulating aggregates of antigen and antibody, so­
called immune complexes. Since the pioneering work of Germuth and Dixon 
and colleagues, it has been recognized that such immune complexes may 
participate in the generation of disorders of glomerular structure and 
function. Although the true nature of these immune complexes is by and 
large unknown in human disease, much has been learned through experi­
mental work about the molecular and local factors influencing their deposition 
in tissues, including glomeruli, and about the processes that govern their 
traffic through and removal from the glomerulus. These have been reviewed 
by Dr. Mart Mannik of the Division of Rheumatology at the University of 
Washington. Dr. Mannik has long been involved in fundamental research 
on the kinetics of immune complex disease and has made many original 
contributions in this field. 

The common pathways by which immune processes result in tissue 
injury are being delineated. The separate and interdependent roles of 
complement, polymorphonuclear leukocytes, monocytes, platelets, coagula-
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tion, and kinins are being more precisely defined. One emerging area of 
great interest is the role of mononuclear cells in tissue i~ury. 

Many other aspects of glomerular disease could also have been selected 
for discussion, such as immunogenetics and the role of the major histocom­
patibility complex in determining the predisposition to glomerular disease 
or the role of viruses in glomerular disease, to name a few. The topics 
discussed represent areas of intense interest with potential practical value in 
the detection, prevention, and treatment of human glomerular disease. Each 
chapter provides an overview of the field, emphasizing the author's own 
contributions as well as major unresolved problem areas and promising 
future directions for research. It is hoped that this brief glimpse of research 
in the field of glomerulonephritis will stimulate additional original and 
creative approaches to the problem. 



2 
Biosynthesis and Immunochemical 
Localization of Glomerular Components 

Gary E. Striker, Federico M. Farin, Paul D. Killen, and 
Jeffrey F. Bonadio 

The molecular composition of the glomerulus became a target of interest 
when Masugi (1934) first demonstrated that immunization of animals with 
kidney tissue resulted in a diffuse glomerular lesion. The search for the 
nephritogenic antigen, although not yet complete, has provided the impetus 
for many studies of glomerular structure and function. The importance of 
understanding the sites of synthesis and degradation of matrix constituents 
relates to (1) normal glomerular structure and function, (2) localization and 
disposition of immune deposits, (3) immunogenicity of individual components 
(i.e., cellular and humoral responses to glomerular constituents), and (4) 
genetic or acquired diseases resulting in an accumulation of abnormal matrix 
constituents resulting in loss of function-chronic glomerulonephritis. 

The following discussion highlights only a few of the past studies, 
focusing instead on current data and new directions. The major emphasis will 
be on normal glomerular structure and function, since there is little informa­
tion on matrix composition in genetic and acquired forms of chronic glomerular 
diseases and others in this volume will be covering topics related to immuno­
genicity of individual components and the localization of immune deposits. 

1. Structure of the Glomerulus 

1.1. Origin of Cells 

The glomerular visceral epithelial cells are derived from metanephric 
mesenchyme. They arise from an S-shaped indentation of a cystic structure 
which is the origin of the primitive nephron. In vivo the indentation carries 
along endothelium and perivascular cells. Utilizing a system developed by 
Grobstein, Bernstein et al. (1981) have demonstrated that the visceral 

Gary E. Striker, Federico M. Farin, Paul D. Killen, and Jeffrey F. Bonadio • Department of 
Pathology, University of Washington, Seattle, Washington 98195. 

9 
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epithelium develops an arborized structure resembling a mature glomerulus, 
including pedicels. Furthermore, there is an adjacent lamina rara externa 
and a lamina dense. These data provide strong evidence that the vascular and 
epithelial components of the glomerulus may respond to independent stimuli. 

Vernier and Birch-Anderson (1963) demonstrated that the vascular 
indentation of the primitive glomerulus arises from the adjacent mesenchyme. 
The endothelium had an adjacent basal lamina which fused, at the periphery, 
with the lamina densa of the visceral epithelial cell. The third glomerular 
cell type, the mesangial cell, has been shown to enter the glomerulus along 
with the endothelial cell. The mesangial cell has been shown to be i~ commu­
nication with smooth muscle cells, and recently Barajas (1979) has postu­
lated that their physiologic function is to regulate glomerular blood flow. 

1.2. Matrix 

As pointed out previously, the peripheral basal lamina can be seen to 
result from fusion of a basal lamina from glomerular visceral epithelial cells 
and ingrowing endothelial cells. The role that each cell plays in synthesis of 
the fused structure is not clear. We studied the developing kidney with 
affinity-purified antibodies to collagen types I, III, and IV and to two other 
basal lamina components, laminin and a heparan-sulfate-containing proteo­
glycan. We found that the fused basal lamina stained positively for type IV 
collagen, the proteoglycan, and laminin. The basal lamina of the rounded 
structure into which the glomerular tufts were invaginating also stained 
positively for these elements. The interstitium of the kidney contained 
antigens recognized by antibody to type III collagen. In the nephrogenic 
zone we were unable to demonstrate positive staining with antibodies either 
to the helical domain of type I collagen or to type I procollagen. 

In collaboration with Dr. Jay Bernstein we were able to further dissect 
the origin of molecular structure of the basal lamina. In this in vitro model 
notochord and primitive renal tissue are on opposing sides of a millipore 
filter in organ culture. Glomerular development proceeds to formation of a 
complex, folded structure. Podocytes develop into branched structures with 
mature pedicels and filtration slit membranes. There is an adjacent basal 
lamina. Immunocytochemical staining reveals that this basal lamina contains 
collagen (type IV), laminin, and the basal lamina proteoglycan. Interestingly, 
this development proceeds in the absence of penetration of the stalk by 
endothelial or mesangial cells. Thus, not only does glomerular development 
proceed in the absence of the associated vasculature, but it appears that the 
visceral epithelial cell can synthesize and deposit the components of the 
adjacent basal lamina. 

1 . .1. Peripheral Vascular Loop Segment 

There are three components of the basement membrane: the visceral 
epithelial cell layer, the basal lamina, and the endothelial cell layer. The 
basal lamina zone consists of the lamina rara externa, the lamina densa, and 
the lamina rara interna. 
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1.3.1. Visceral Epithelial Cell Layer 

The epithelial cell has relatively few in vivo markers. It has a dense 
glycocalyx, and several techniques have been used to demonstrate surface 
receptors for C3b (Shin et al., 1977). Its role in the synthesis of the basal 
lamina was alluded to previously. We have isolated these cells in vitro and 
shown that they retain their surface C3b receptors (Killen and Striker, 1979). 
We have not been able to consistently demonstrate a response of these cells 
to mitogens derived from macro phages or platelets. They synthesize type IV 
collagen which exists as a dimer of high-molecular-weight procollagen chains 
(Crouch and Bornstein, 1979). The chain composition was estimated to be 
[nIh n2 by SDS polyacrylamide gel electrophoresis with a molecular weight 
of 178,000. The epithelial cells also synthesized proteoglycans. 

The major glycosaminoglycan retained in the cell layer was heparan 
sulfate (Striker et al., 1980). The medium contained both heparan sulfate 
and chondroitin 4,6-sulfate. Recently it was found that the medium proteo­
glycans consisted of two molecular species which could be isolated by 
chromatography on DE52 cellulose (F. M. Farin and G. E. Striker, unpub­
lished). It remains to be seen whether the two different glycosaminoglycans 
segregate on the individual proteoglycans or exist as a mixture or both. 
Visceral epithelial cells in vitro also synthesize a high-molecular-weight gly­
coprotein (Killen and Striker, 1979). Approximately 60% is absorbed to a 
gelatin-sepharose column and precipitable by affinity-purified antibody to 
plasma fibronectin. A smaller fraction is precipitable by antibody to laminin 
(kindly provided by Dr. George Martin, National Institute of Dental Re­
search). These data on fibronectin synthesis cannot be used to shed light on 
the controversy of whether this material is present on the peripheral vascular 
loop because epithelial cells have been shown to synthesize fibronectin in 
vitro when they are dividing. However, upon reaching confluence they switch 
to the synthesis of laminin. 

1.3.2. Basal Lamina 

The basal lamina has been shown to contain sialoglycoproteins (Mohos 
and Skoza, 1969), principally in the lamina rara externa. Recently, using 
histochemical techniques and specific digestion methods, Kanwar and Far­
quhar (1979a,b) have shown that the basal lamina contains heparan sulfate 
as its major glycosaminoglycan. They were also able to demonstrate synthesis 
of a proteoglycan containing heparan by perfusing a kidney with 25S and 
analyzing isolated glomeruli. Since the pioneering studies, first of Krakower 
and Greenspan (1951) and then of Kefalides and Winzler (1966), many 
investigators have reported on the isolation and characterization of the 
collagenous composition of the whole glomerular matrix. These studies have 
depended on enzymatic degradation of the intact structure for isolation of 
the collagen chains (Kefalides and Winzler, 1966). Since these studies have 
begun, it has become clear that type IV collagen is less resistant to proteolysis 
than other collagen types (Crouch and Bornstein, 1979), that the n2 chain 
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is more easily degraded than the al monomer (Sage et ai., 1979), and that 
there are a number of specific degradation products (Daniels and Chu, 1975; 
Tryggvason et al., 1980). In addition to these disclaimers, it should be 
recognized that analyses of whole glomeruli include the mesangial region as 
well as the peripheral vascular loop. There is reason to believe from 
biosynthetic (Striker et al., 1976) and immunohistologic data (Scheinman et 
al., 1980) that this region contains other collagen types. Immunohistologic 
studies demonstrate that the peripheral basal lamina contains type IV collagen 
(Schein man et al., 1980). There is a controversy about whether fibronectin 
is located in this region (Courtnoy et al., 1980). 

1.3.3. Endothelium 

The endothelial cell can be identified in vivo and in vitro because of its 
cellular content of factor VIII antigen (Jaffe et al., 1973) and surface 
localization of angiotensin-converting enzyme (Johnson and Erdos, 1978). 
Sage et al. (1979) have recently shown that these cells synthesize collagen 
types III and IV. They also identified a new collagen type which was relatively 
sensitive to proteases, including thrombin. Gamse et al. (1978) showed that 
these cells synthesized several glycosaminoglycans in vitro, including heparan. 
Recently, Jaffe et al. (1973) demonstrated that endothelial cells isolated from 
human umbilical vein synthesize fibronectin and suggested that they were 
the source of plasma fibronectin. The isolation and propagation of glomerular 
endothelial cells have recently been reported (Striker et al., 1984a). Cells 
containing factor VIII antigen can often be found in primary isolates of 
glomerular cells; however, they can only be successfully passaged in the 
presence of plasma-derived growth factor. 

1.4. The Mesangium 

The mesangium is bounded by the lamina densa on one aspect and the 
endothelium on the other. The cellular composition is of at least two types. 
One is derived from the primitive mesenchyme and resembles a smooth 
muscle cell morphologically (Yamada, 1955). This cell, in common with many 
mesenchymal cells, will endocytose adjacent macromolecules (Farquhar et al., 
1961). It also responds to mitogens derived from platelets and macrophages 
with brisk proliferative response (Striker et al., 1980). The other cell derives 
from the circulation and appears to be the principal cell responsible for the 
phagocytosis of material deposited in the glomerulus (Striker et al., 1979). 
The mesangial matrix can be differentiated from the lamina densa in vivo 
by guanidine treatment (Huang, 1979). By immunofluorescence microscopy 
types IV and V collagen have been localized to this region (Scheinman et al., 
1980). Mesangial cells have been shown to localize injected angiotensin II to 
their surface in vivo and to contract in response to this substance in vitro 
(Ausiello et al., 1980; Sraer et al., 1974). We have isolated the contractile 
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mesangial cell in vitro and studied its biosynthetic products (Striker et at., 
1980; Killen and Striker, 1979). Collagen types I, III, and IV were identified. 
Compared to smooth-muscle cells isolated from the accompanying renal 
artery, mesangial cells synthesized more of both types III and IV collagen. 
The total amount of collagen synthesized per cell was similar to the arterial 
cell and considerably greater than the visceral epithelial cell. Like this latter 
cell type, mesangial cells also synthesized fibronectin and laminin. Their 
glycosaminoglycan pattern was much more complex. Dermatan, chondroitin 
4,6, and heparan sulfates were all present in medium and cell layer. From 
these in vitro data it was suspected that type I collagen would be found in 
the mesangium; however, this was not the case in normal glomeruli. 

2. Future Directions 

There remains a considerable body of information about the normal 
glomerulus which is either unclear or unknown. The in vitro studies of the 
biosynthesis of matrix constituents have barely begun, and nothing is known 
about its turnover. Furthermore, only isolated cells or organ cultures have 
been examined. Specific mixing experiments have not been conducted. 

The influence of inflammatory cells and their mediators on matrix 
synthesis and degradation should be investigated. Neutrophils (Gader et at., 
1980; Mainardi et at., 1980) and macrophages (Werb et at., 1980) contain 
proteolytic enzymes, including collagenases, which can degrade matrix con­
stituents. 

In addition to these in vitro studies, the composition of the matrix in 
clinical renal disease should be further examined utilizing the probes now 
available (Striker et at., 1984b). 

Finally, the effect of specific alterations in matrix components might 
yield useful information on the localization of material deposited in glomeruli. 
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3 
The Role of Fixed (Native) and Planted 
Antigens in Glomerular Disease 

Curtis B. Wilson 

The humoral mechanisms of immunologic injury causing glomerulonephritis 
(GN) and potentially tubulointerstitial nephritis can be classified on the basis 
of the solubility of the antigens involved (Table 1) (Wilson and Dixon, 1981) 
Soluble antigens in circulating or extravascular fluids, upon reaction with 
antibody, lead to immune complex (IC) formation. Circulating IC can attain 
widespread vascular deposition, or their localization may be confined pri­
marily to the glomerulus, which appears to be a particularly susceptible site. 
Circulating IC can form involving exogenous antigens, generally from 
infectious agents, or endogenous antigens, such as nuclear materials or 
tumor-associated antigens (Wilson and Dixon, 1981). IC formation also 
occurs extravascularly, as in the Arthus reaction (Cochrane and Janoff, 1974), 
in experimental thyroiditis (Clagett et at., 1974), and in some tubulointerstitial 
renal diseases in which tubular antigens, including Tamm-Horsfall protein, 
have been implicated (Unanue et at., 1967; Hoyer, 1980). 

Antibodies can also react directly with insoluble (kidney-fixed) antigens 
(Table 1) (Wilson, 1979; Wilson and Dixon, 1979; Couser and Salant, 1980). 
Tissue-fixed antigens may be either structural components of the kidney, 
such as glomerular basement membrane (GBM) and other non-GBM capillary 
wall materials, or substances from some extrarenal source that are trapped 
or planted within the glomerulus or potentially other renal structures. Once 
an immune reaction has occurred and antibody has deposited in the glomer­
ulus or extraglomerular renal tissue by either mechanism, mediation systems 
are brought into play, leading to tissue injury. Depletion studies have clearly 
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Table 1. Categorization of Antibody-Induced Renal Injury Based on the Solubility and 
Location of the Antigens Involved 

Antibodies reactive with soluble antigens 
Soluble antigens in the circulation 

Circulating immune complex disease 
Exogenous antigens-e.g., drugs, microbial antigens 
Endogenous antigens-e.g., nuclear proteins, tumor antigens 

Soluble antigens in the extravascular fluids 
Extravascular immune complex disease 

Experimental models-Arthus reaction, tubular antigens 
Antibodies reactive with insoluble or tissue-fixed antigens 

Structural antigens of the kidney 
Classic basement membrane antigens 

GBM antigens 
TBM antigens 

Other nonclassical glomerular capillary wall antigens 
Experimental models-glomerular antigens in rats (Heymann's nephritis), rabbits 

Exogenous or endogenous antigens trapped or "planted" in the kidney 
Experimental models-e.g., immunoglobulin, immune complexes, mesangial deposits, 

charged molecules, lectins, ?bacterial products, ?DNA 

shown a role for complement, polymorphonuclear leukocytes (Cochrane, 
1978), and recently monocytes/macrophages (Schreiner et at., 1978; Hold­
sworth et at., 1981) in certain stages of glomerular damage in experimental 
animals. 

1. Nephritogenic Basement Membrane Antigens 

1.1. Experimental Anti-Basement Membrane Antibody Diseases 

Of tissue-fixed antigens that react deleteriously with antibody, the GBM 
has been recognized as a nephritogenic antigen from experiments dating 
back through the work of Masugi in the 1930's to the original observation 
of Lindemann in 1900, who showed the nephrotoxicity of heterologous 
antikidney antisera (Unanue and Dixon, 1967). More recently, tubular base­
ment membrane (TBM) has been shown to be the nephrotogenic antigen in 
certain forms of tubulointerstitial nephritis (Andres and McCluskey, 1975; 
Wilson and Dixon, 1981). Experimentally, heterologous anti-GBM antibody­
induced GN occurs in two phases. The first or immediate phase is produced 
when a sufficient amount of antibody is administered. In the rat, this takes 
about 75 tJ.g of antibody per gram of kidney (Unanue and Dixon, 1965a). 
Seven to ten days after administration of the antibody, a second, autologous 
or delayed phase occurs when the host makes an immune response to the 
foreign or planted immunoglobulin that is bound to its glomerulus (Unanue 
and Dixon; 1965b). This phase of injury is the classic example of a planted 
antigen leading to glomerular injury. 
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Table 2. Anti-Basement Membrane Antibody Diseases in Man 

Anti-GBM antibodies are associated with: 
Combined pulmonary hemorrhage and glomerulonephritis (Goodpasture's syndrome) 
Severe, often rapidly progressive glomerulonephritis 
Occasionally milder, sometimes remitting forms of glomerulonephritis 
Pulmonary hemorrhage presenting as idiopathic pulmonary hemosiderosis 
Recurrent or de novo glomerulonephritis after transplantation 

Anti-TBM antibodies are associated with: 
Tubulointerstitial nephritis 

Complicating anti-GBM glomerulonephritis 
Complicating immune complex glomerulonephritis 
Some drug-associated tubulointerstitial nephritis 
Rarely primary tubulointerstitial nephritis 
Recurrent or de novo tubulointerstitial nephritis after transplantation 

Other anti-basement membrane antibodies may be responsible for: 
Choroid plexus injury 
Intestinal injury 
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Several models of both anti-GBM and anti-TBM antibody-induced 
diseases have been produced in experimental animals by active immunization 
with GBM, GBM-like antigens isolated from the urine, or TBM (Wilson and 
Dixon, 1981). For example, sheep immunized with GBM in adjuvant develop 
a fulminant proliferative GN, with immunologic evidence of anti-GBM 
antibodies bound to the GBM (Steblay, 1962). Furthermore, anti-GBM 
antibodies recovered from their circulations transfer the disease to normal 
sheep (Lerner and Dixon, 1966). 

1.2. Anti-Basement Membrane Antibody Diseases in Man 

In 1967, Lerner and associates demonstrated the immunopathologic role 
of anti-GBM antibodies in a series of patients with GN and linear deposits 
of IgG along their GBMs (Lerner et at., 1967). Anti-GBM antibodies, either 
obtained from the circulations of these patients or eluted (acid pH) from 
their renal homogenates, were capable of transferring GN to subhuman 
primates. The immunopathogenicity of anti-GBM antibodies in human GN 
was further confirmed when glomerular injury recurred in a renal transplant 
placed in one of these patients who had demonstrable circulating anti-GBM 
antibodies. With the help of many collaborators located around the United 
States and abroad, we have been able to identify almost 700 patients with 
anti-GBM antibodies. As the series grows, an increasingly larger spectrum 
of clinical manifestations emerges (Table 2). About 61 % of the patients have 
a condition called Goodpasture's syndrome, consisting of pulmonary hem­
orrhage and GN. About 37% have GN alone, and 2% have their clinical 
disease confined to the lung. GN is often rapidly progressive but may be 
milder and self-remitting. Anti-TBM antibodies accompany the anti-GBM 
antibodies in about 70% of instances (Lehman et at., 1975). At least two types 
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of anti-TBM antibodies are associated with anti-GBM disease, one reacting 
with the TBM of only a few tubules and the other reacting diffusely with 
the TBM of all cortical nephrons. Anti-TBM antibodies also occasionally 
complicate IC-induced GN and drug-related renal injury, for example, in 
association with methicillin-related tubulointerstitial nephritis (Border et at., 
1974). There are also a few patients who may have primary tubulointerstitial 
anti-TBM disease (Andres and McCluskey, 1975; Wilson and Dixon, 1981): 
The choroid plexus basement membrane is an occasional additional site for 
the reaction of anti-basement membrane antibodies (Wilson and Dixon, 
1981). We have seen one patient with intractable diarrhea and neplirotic 
syndrome who had anti-basement membrane antibodies that reacted with 
the basement membrane of the jejunum in addition to the TBM (Wilson 
and Dixon, 1981). Even transplanted kidneys may provide a reactive site, 
and a complication of this surgical procedure is the recurrence or de novo 
production of both anti-GBM and anti-TBM antibodies (Wilson and Dixon, 
1973). 

Very little is known about the stimuli that initiate spontaneous autoim­
mune anti-GBM antibody responses. Since the anti-GBM antibody response 
is usually transient, the stimulus may also be short-lived. Although no obvious 
stimulus has been identified as common to an appreciable number of patients, 
some possible stimuli, such as influenza A2 infection, hydrocarbon solvent 
and drug exposure, and renal injury, are associated temporally with the 
onset of disease in a few patients (Beirne and Brennan, 1972; Wilson and 
Dixon, 1973; Border et at., 1974; Beirne et at., 1977). Occasionally, immu­
nologic renal injury can precede the formation of anti-GBM antibodies, as 
in membranous GN (Klassen et at., 1974) or systemic lupus erythematosus 
(Wilson and Dixon, 1981). We have three patients in our series who have 
developed anti-GBM antibody after treatment of Hodgkin's disease or other 
lymphomas. Others have noted this association (Kleinknecht et at., 1979). It 
may be that stroma of the lymph node, particularly after treatment with 
radiation for lymphoma, may in some way induce anti-GBM antibodies in 
occasional patients much as lymphoid stroma induced anti-GBM antibodies 
in anti-lymphocyte globulin preparations some years ago (Wilson et at., 1971). 
Differences in basement membrane antigens also occur between individuals, 
which, as will be discussed later, have contributed to the formation of anti­
GBM and/or anti-TBM antibodies after renal transplantation (Wilson, 1980a). 
Basement membrane antigens are also present in the urine (and serum) 
(McPhaul and Dixon, 1969; Willoughby and Dixon, 1970). When concen­
trated and reinjected, the urinary antigens can induce nephritogenic anti­
GBM antibodies in experimental animals (Lerner and Dixon, 1968). Similar 
antigens conceivably could lead to induction of- anti-basement membrane 
antibodies in man. 

Several years ago, we developed a radioimmunoassay for anti-GBM 
antibodies utilizing as an antigen a collagenase-solubilized GBM preparation 
(Wilson et at., 1974a). Other assays are available for the same purpose but 
involve somewhat different methods of GBM antigen solubilization (reviewed 
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in Wilson and Dixon, 1981). The collagenase-solubilized GBM antigen blocks 
the reaction of anti-GBM antibodies with basement membranes detectable 
by indirect immunofluorescence, suggesting that the antigen mixture contains 
most, if not all, the relevant nephritogenic GBM antigens. Th antigen is 
nephritogenic in animal studies. 

The reactive antigen can be characterized by polyacrylamide gel electro­
phoresis (PAGE) (Holdsworth et at., 1979). When the immune precipitates 
of human anti-GBM antibodies and collagenase-solubilized antigens are 
analyzed by PAGE, two peaks of reactivity having molecular weights of 
approximately 54,000 and 27,000 are identified. These reactive peaks have 
about an 80% homology on peptide map analysis. Some reactive material 
does not enter the gel. It is possible to isolate the reactive antigen peaks by 
immunoabsorption. Amino acid analysis of the material purified by immu­
noabsorption reveals that there is no hydroxyproline or hydroxylysine, 
indicating its noncollagenous nature. The antigenic mixture has significant 
amino acid differences from the whole isolated GBM, having considerably 
more serine, glutamic acid, and lysine, and less proline, valine, methionine, 
isoleucine, leucine, tyrosine, phenylalanine, and arginine. Qualitative assess­
ment of the carbohydrate content of the reactive materials suggests a 
heteropolysaccharide content. It is possible to obtain fractions that are 
enriched for either the 54,000- or the 27,000-molecular-weight peaks. 
Although all sera with anti-GBM antibodies react with both fractions, most 
sera bind better to the fraction enriched for the 54,000-molecular-weight 
peak. Samples from a few patients react preferentially with the fraction 
enriched for the 27,000-molecular-weight material, and several sera react 
similarly with both fractions. Thus, individuals vary somewhat in reactivity, 
which may allow for further subdivision of the anti-GBM antibody patient 
population. 

The immunoabsorbent-purified GBM antigen material detects anti­
basement membrane antibodies in almost all patients who have other 
immunopathologic features of anti-basement membrane antibody disease 
(Wilson, 1980b). There is little quantitative difference in the levels of antibody 
binding between patients with Goodpasture's syndrome and those with anti­
GBM antibody-induced GN alone, implying that the different clinical pres­
entations are not related to the quantities of anti-GBM antibody detected. 
For positive identification, serum must be obtained early in the course of 
disease, since the production of circulating anti-GBM antibody is transient, 
disappearing within a mean duration of about 15 months (range 1-58 
months). We have seen one woman who had three bouts of Goodpasture's 
syndrome over an ll-year period, with reasonable documentation of anti­
GBM antibodies during the first and last episodes (Dahlberg et at., 1978). 
Some differences in the anti-basement membrane antibodies of patients with 
Goodpasture's syndrome and those with GN alone are suggested by the 
relative extent of non renal basement membrane reactivity demonstrated 
some years ago by using immunofluorescence (McPhaul and Dixon, 1970). 
We have just completed a survey of circulating anti-lung basement membrane 
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antibodies in 60 patients with anti-GBM antibody-induced Goodpasture's 
syndrome compared to 60 patients with anti-GBM antibody-induced GN 
only. Samples from patients with Goodpasture's syndrome reacted with lung 
basement membrane antigens, as tested by indirect immunofluorescence, 
much more frequently than did those with GN alone. Since the clinical 
division between the two groups is rather arbitrary, some of the overlap may 
reflect incorrect clinical classification. 

The observation that anti-GBM antibody production is transient (Wilson 
and Dixon, 1973) has generated enthusiasm for aggressive treatment to 
hasten the decline of antibody production and remove antibody already 
present in the circulation. This is done with immunosuppressive regimens­
including steroids, cyclophosphamide, and other immunosuppressive 
drugs-and plasma exchange to remove 4-5 liters of plasma every day, 
replacing the plasma volume with physiologic fluids that do not contain 
antibody (Lockwood et at., 1975; Johnson et at., 1978). Individual episodes 
of pulmonary hemorrhage do not correlate well with levels of detected anti­
GBM antibody. For many patients, clinical problems such as infection and 
physiologic disturbances, as in fluid overload (Rees et at., 1977; Johnson et 
at., 1978), bring on a bout of pulmonary hemorrhage which can be very 
severe and actually life-threatening, although generally short-lived. At the 
moment, combined plasma exchange and plasmapheresis therapy are in 
favor (Lockwood et at., 1979). Evaluation must await carefully controlled 
clinical trials which are in progress (Johnson et at., 1979). In the most 
advanced trial, some improvement has been noted in patients treated with 
immunosuppressive regimens and plasmapheresis compared with those 
treated with immunosuppression alone; however, the number of patients 
studied is still small. From the random data available to us from individual 
patients at many centers (patients not treated in a uniform manner), benefits 
are suggested. In patients with only mild-to-moderate renal damage, only 
20% who were untreated retained adequate renal function to support life 
without dialysis. About 40% of those treated with steroids and immunosup­
pressive agents alone and 70% of those treated with combined steroids, 
immunosuppression, and plasma exchange therapy had initial improvement 
with maintenance of adequate renal function. We do not yet know how many 
of these with initial improvement will eventually deteriorate and lose renal 
function but some do so in a matter of months (Johnson et at., 1978; Finch 
et ai., 1979). 

Often, patients with anti-GBM antibody disease lose renal function and 
are considered for renal transplantation. As noted earlier, one of the most 
convincing pieces of evidence demonstrating the nephrotoxicity of human 
anti-GBM antibodies was the observation of recurrent GN in kidneys trans­
planted into patients while circulating anti-GBM antibodies were present 
(Lerner et at., 1967; Wilson and Dixon, 1973). Iftransplantation is postponed 
until anti-GBM antibody has largely disappeared from the circulation, 
patients do not usually develop clinically severe recurrences when heavily 
immunosuppressed for transplant management. Whether the patient's ability 
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to produce autoimmune anti-GBM antibody responses has disappeared, or 
whether this function is simply blunted by the immunosuppressive regimen, 
remains to be evaluated fully. This question could be answered recently in 
a woman who had classic anti-GBM antibody-induced Goodpasture's syn­
drome (Almkuist et at., 1981). Circulating anti-GBM antibody had disap­
peared after nephrectomy and remained absent over a 2-year period of 
follow-up. The patient was then transplanted with an identical twin kidney, 
without the usual transplant immunosuppression. She soon redeveloped 
circulating anti-GBM antibody and had clinical and immunopathologic 
evidence of recurrent anti-GBM antibody-induced GN. Subsequently, im­
munosuppression and plasma exchange terminated the antibody response, 
and graft function was preserved. The initial nonimmunosuppressed course 
allowed redevelopment of the anti-GBM antibody response, apparently 
stimulated by antigens in the identical twin kidney. 

We have been interested recently in the differences in nephritogenic 
basement membrane antigens between individuals as another potential 
inducer of anti-basement membrane antibody responses in the renal trans­
plant population (Wilson, 1980a). There are strain and individual differences 
in basement membrane antigens in animals and in man. For example, the 
brown Norway rat contains a nephritogenic TBM antigen that the Lewis rat 
lacks (Lehman et at., 1974a). Anti-TBM antibodies can be induced in a Lewis 
rat by transplanting it with a TBM antigen-positive kidney from a brown 
Norway X Lewis F 1 hybrid (Lehman et at., 1974b). We have seen one similar 
example in a man who lacked the usual nephritogenic TBM antigens in his 
own kidneys, and who, upon receiving two separate kidney grafts, each with 
the normal TBM antigens, developed anti-TBM antibodies both times (Wilson 
et at., 1974b). 

Some kind reds of individuals with the heteditary kidney disease termed 
Alport's syndrome lack the usual nephritogenic GBM antigens (McCoy et at., 
1976). One individual with Alport's syndrome who lacked the nephritogenic 
GBM antigens in his own kidney developed anti-GBM antibodies when 
transplanted with a normal kidney (Wilson, 1980a). Researchers in England 
recently found that patients with anti-GBM antibody-induced Goodpasture's 
syndrome had a high frequency of DRW2 alloantigen (Rees et at., 1978). 
Whether such a genetic distribution, if confirmed, relates to the antibody 
response or to the distribution of GBM antigens remains to be determined. 

2. Other Nephritogenic Glomerular Capillary Wall Antigens 

These newly recognized nephritogenic immune systems differ from the 
classical GBM antigenic mechanisms described previously only in the nature 
of the antigens involved (Table 1). We sometimes elute antibody from human 
GN kidneys that appears to react with antigens like those from the animal 
models to be discussed, suggesting that human counterparts of these models 
will be identified. 
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2.1. Structural Glomerular Antigens 

By immunofluorescence study, 30-40% of older New Zealand white 
rabbits have evidence of GN (Verroust et at., 1974). Their glomerular disease 
is characterized by irregular, granular deposits of immunoglobulin and 
complement in the glomerular wall which are suggestive of those seen in Ie 
types of GN. By electron microscopy, irregular, nearly continuous electron­
dense deposits are seen along the subepithelial aspect of the GBM. The 
electron-dense deposits are not as distinct and circumscribed as deposits 
usually associated with Ie GN. The immunoglobulin eluted from these 
kidneys reacts with the glomerular capillary wall of normal rabbits (by indirect 
immunofluorescence) (Woodroffe et at., 1978). The reaction of the eluate is 
somewhat irregular, with reactive sites appearing to extend away from the 
epithelial aspect of the GBM. When the fixation of the eluted antibody was 
evaluated at the ultrastructural level with immunoperoxidase techniques, 
binding was detected in the areas where the epithelial cell foot processes 
attach to the GBM (Neale and Wilson, 1978). This, then, is an example of a 
nonclassic GBM glomerular capillary wall antigen that is involved in spon­
taneous GN. The physicochemical nature of this new nephritogenic antigen 
remains to be defined. A radioimmunoassay is being developed to detect the 
antibody in rabbits and in turn may prove useful in extending our under­
standing of similar systems to man. 

Another GN that seems to involve the direct reaction of antibody with 
glomerular capillary wall antigens is the model developed by Heymann and 
colleagues in the late 1950s, employing rats immunized with rat kidney 
suspensions in adjuvant (Heymann et at., 1959). By immunofluorescence, 
rats with Heymann's nephritis have granular immunoglobulin and comple­
ment deposits along the GBM, and by electron microscopy, electron dense 
deposits are present on the subepithelial aspect of the GBM. The immuno­
fluorescence deposits are not as round and circumscribed as those usually 
associated with circulating Ie deposits, but are rather more geographic in 
nature, suggesting that they may outline structures within the glomerular 
capillary wall. In 1967, it was found that eluates from these kidneys reacted 
with renal tubular brush border antigens of the proximal renal convoluted 
tubule, leading to the postulate that this disease was an autologous Ie 
disease involving formation and glomerular deposition of antibody and renal 
tubular brush border antigen (Edgington et at., 1967, 1968). A crude extract 
of renal tubules (termed FxlA) was found which induced the lesion, and a 
28 S lipoprotein purified from the FxlA (termed RTE-ex-5) could induce 
the illness when given in very small quantities (Edgington et at., 1968). In the 
mid-1970s, a model with similar immunopathologic findings was induced 
using heterologous anti-FxlA antibodies (Barabas and Lannigan, 1974; 
Feenstra et at., 1975). Recent studies indicate that the glomerular binding of 
the heterologous anti-FxlA antibodies proceeds slowly over several days 
(Salant et at., 1980). In 1978, in vivo and in vitro studies using perfused 
kidneys suggested that the heterologous anti-FxlA antibodies bound to 
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antigen already present in the glomerulus (Couser et ai., 1978; Van Damme 
et al., 1978). The antibody was infused in such a way as to exclude the 
presence of circulating antigen and subsequent IC formation. 

A question then arose regarding the nature of reactivity in the active 
Heymann's nephritis model. We found that eluates of kidneys from rats with 
Heymann's nephritis contained antibody that could bind to an antigen(s) 
present within normal rat glomerular capillary walls (Neale and Wilson, 
1979). The antibodies binding to the glomerular capillary wall were present 
in lower dilutions than those also present that bound to the renal tubular 
brush border antigens, as had been observed earlier by Edgington et ai. 
(1967, 1968). By using an immunoperoxidase electron microscopic method, 
it was possible to localize the reactive antigen in the glomerular wall in a 
scattered granular distribution concentrated along the subepithelial aspect 
of the GBM (Neale and Wilson, 1979). Similar eluates bind to glomeruli 
when passed through the isolated perfused kidney described previously 
under circumstances in which IC formation is excluded. This process shows 
that the eluted antibody can bind directly to the glomerulus (T. J. Neale, W. 
G. Couser, and C. B. Wilson, unpublished observations). These studies, 
however, neither exclude an additional role of tubular antigen-antibody IC 
in this model, as postulated by Edgington et ai. (1967), nor do they provide 
information regarding a separation, if any, between glomerular and tubular 
antigens and the antibody reactivities to them. 

Based on the rabbit and rat models, the concept of direct antibody attack 
against glomerular antigens can be expanded to include not only the GBM 
but at least two other glomerular capillary wall antigens. These antigens are 
concentrated around the epithelial cell foot processes in the rabbit model 
and are present as scattered granular accumulations along the subepithelial 
aspect of the GBM in the Heymann's nephritis model. 

2.2. Planted Glomerular Antigens 

Materials normally exogenous to the glomerulus may become trapped 
or planted within the glomerular capillary wall for subsequent nephritogenic 
immune reaction. As mentioned earlier, heterologous anti-GBM antibody in 
the autologous phase of experimental anti-GBM antibody-induced GN is a 
classic example of a planted nephritogenic antigen. In IC-induced GN, the 
IC becomes a source of planted antigen (or antibody) for continued inter­
action of antibody (or antigen) from the circulation. In experimental situa­
tions, it is possible to show that antibody or antigen alone can bind to the IC 
deposits. Once an IC lesion starts, it can in theory be perpetuated by 
interactions of either antigen or antibody alone from the circulation, as they 
react with previously planted IC. The most convincing evidence that materials 
from the circulation interact with planted IC in the serum sickness models 
is the situation in which extreme antigen excess is created purposely; just as 
IC are dissolved in vitro by such a manipulation, they are removed quanti­
tatively from the glomerulus (Wilson and Dixon, 1971). As a result, the 
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rabbit with chronic serum sickness GN recovers completely if treatment 
begins before irreversible damage is done (Wilson, 1974). Extreme antigen 
excess treatment also rapidly terminates specific antibody production, pro­
viding another therapeutic benefit. 

Other planted antigens are known or have been discussed. Material 
taken up in the mesangium can react with antibody and in turn can cause 
GN (Mauer et at., 1973). It has also been suggested that DNA may combine 
with the GBM for subsequent IC formation in situ when anti-DNA antibody 
is present (Izui et at., 1976, 1977). If so, this mechanism could playa part in 
some of the autoimmune anti-DNA diseases that are inducible with bacterial 
lipopolysaccharide or parasites. 

Just as antigen and antibody can combine with deposited IC in situ, other 
antibodies formed by the host to components of the IC deposit, for example, 
anti-idiotypic antibody, rheumatoid factor, or potentially immunoconglutin­
ins, might add to the deposit and thus increase phlogogenicity. Once a nidus 
of planted antigen is present, continuing development of the inflammatory 
lesion is possible. 

We were interested to see if material that binds to the glomerular 
capillary wall for physicochemical reasons could serve as a nephritogenic 
planted antigen. We used the lectin concanavalin A (Con A), which binds to 
carbohydrate in the glomerular capillary wall (Golbus and Wilson, 1979). 
Con A infused into the renal artery of a rat binds to the glomerular capillary 
wall in a pattern determined by how much is given and the time sequence 
of sampling; the localization is rather linear early and becomes more irregular 
and scattered later. Passively administered antibody reacts with the planted 
Con A-incited GN (Golbus and Wilson, 1979). In quantitative terms, when 
sufficient Con A is infused to plant 75 fJ.g/g of kidney, glomerular injury 
occurs when about 70 fJ.g/g of the administered anti-Con A antibody binds. 
As mentioned earlier, it takes a similar amount (about 75 fJ.g) of anti-GBM 
antibody per gram of kidney to induce immediate phase anti-GBM antibody 
injury in the rat (Unanue and Dixon, 1965a). Con A planted in the kidney 
of a rat previously immunized to Con A also incites glomerular injury by 
interaction of the autologously formed antibody. This lectin model clearly 
establishes the nephritogenic potential of antigens fixing to the glomerular 
capillary wall for any of a variety of physicochemical reasons, including 
charge characteristics of the polyanionic glomerular capillary wall by attract­
ing cationic substances such as protamine, ruthenium red, and other cationic 
dyes (Farquhar, 1978). Some infectious organisms pathogenic for man have 
materials with lectinlike properties, suggesting similar potentials. Occasion­
ally, patients have bacterial antigen localized within the glomeruli, but little 
or no immunoglobulin, suggesting the possibility that bacterial antigens bind 
directly to the glomerulus (Treser et at., 1969; Hyman et at., 1975; Pertschuk 
et at., 1976), in turn serving as planted antigens for in situ IC formation 
within the glomerular capillary wall. 
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3. Conclusion 

In conclusion, the nephritogenic immune reactions involving tissue-fixed 
antigens, either structural components of the kidney or foreign materials 
trapped there, have been reviewed. Our current understanding of anti-GBM 
antibody disease has been outlined. The spontaneous or induced models of 
nonclassic GBM or planted glomerular capillary wall antigens in nephrito­
genic immune reactions with the potential human counterparts have been 
summarized. Research in the area of nephritogenic immune reactions 
involving tissue-fixed antigens must progress on several interrelated fronts 
in both man and experimental systems. We need to improve methods of 
identification to understand incidence, clinical pathologic correlates, and 
natural history. The role of nephritogenic reactions involving nonclassic 
GBM and planted antigens in human GN must be determined. The physi­
cochemical nature of the nephritogenic antigens, their physiology, metabo­
lism, and genetic determinants need to be understood. The factors that lead 
to the induction of the nephritogenic "autoimmune" antibody responses 
must be explored through basic immunology and clinical observations. 
Additional information on humoral and cellular mediation systems, and in 
particular factors influencing progression of immune renal injury, is needed. 
Manipulation of these factors may provide therapeutic benefit. The thera­
peutic efforts currently being tried need to be evaluated in large and well­
controlled trials to judge their real value. Attempts to develop immunologi­
cally specific interruption of the nephrito'genic immune reactions should be 
the goal for effective and lasting management. This is an exciting area and 
one in which meaningful progress can be expected. This progress will in 
turn decrease the number of individuals facing the expensive and less than 
satisfactory management of end-stage renal failure. 
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Deposition of Circulating Immune 
Complexes in Glomeruli 

Mart Mannik 

4 

Experimental and clinical investigations have established the relationship 
between circulating immune complexes and the deposition of immune 
complexes in glomeruli. In spontaneous disease models, in models induced 
by antigen administration, and in human glomerulonephritis the principal 
locations of immune complexes are in the subendothelial, mesangial, and 
subepithelial areas. The presence of immune complexes in glomeruli can 
result from local formation, as reviewed in the paper by Dr. Curtis B. Wilson, 
or from deposition of these substances from circulation. The purpose of this 
review is to consider the pertinent information on glomerular deposition of 
circulating immune complexes. 

The known and potential variables related to the mechanisms that lead 
to glomerular deposition of circulating immune complexes are numerous. 
The categories of variables include: (1) the characteristics and quantity of 
circulating complexes and (2) the structural and functional features of the 
glomerular capillaries. 

1. Characteristics of Immune Complexes 

The essential features of immune complexes are antigens, antibodies, 
and the nature of the union between these reactants. 

1.1. Antigens 

Antigens can range from small molecules (e.g., hap tens) to macromole­
cules, cells, or microbes. A consideration of soluble, circulating immune 
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complexes and their deposition in glomerular structures excludes the dis­
cussion of particulate immune complexes, e.g., antibody-coated red cells or 
antibody-coated microorganisms. The chemical nature of antigens influences 
the biologic properties of the formed antigen-antibody complexes. The 
valence of antigens, defined as the number of antigenic determinants for a specific 
antibody, alters the nature of formed complexes. Antigens may range from 
uni- to multivalent for a given antibody, and they may possess one or many 
different antigenic determinants. The physical size and charge of antigens 
influence the biologic properties of formed antigen-antibody complexes. 
Finally, antigens alone may bind to glomeruli or interact with cell receptors 
thereby altering the fate of circulating immune complexes. 

1.2. Antibodies 

Antibodies in immune complexes may belong to the IgG, IgA, IgM, 
IgD, or IgE classes of immunoglobulins that will dictate the biologic activities 
of immune complexes, including complement activation and interaction with 
receptors on phagocytic cells. The valence of IgG, monomeric IgA, IgD, and 
IgE is 2, whereas the polymeric IgA and IgM have higher valences, depending 
in part on the physical size of antigens. 

1.3. The Lattice of Immune Complexes 

Defined as the number of antigens and number of antibody molecules 
in a given immune complex, the lattice of immune complexes has an 
important role in the expression of biologic properties of these materials. 
The valence of antigens dictates the lattice of immune complexes. Monovalent 
antigens at best can form Ag2Ab r complexes. Large-latticed immune com­
plexes and immune precipitates cannot be generated. Even bivalent antigens 
do not build a sufficient lattice to form a precipitate. Only multivalent 
antigens form large-latticed soluble complexes and immune precipitates. The 
degree of antigen excess in relation to the point of maximal precipitation 
also alters the lattice of complexes; i.e., in very high degrees of antigen excess 
only small-latticed complexes are formed (e.g., AgrAbr, Ag2Ab r, or Ag2Ab2 ). 

Furthermore, low-avidity antibodies tend to form small-latticed complexes, 
and at very low concentrations of the reactants the formed complexes shift 
toward formation of small-latticed complexes, even when the antigen­
antibody ratio and antigen valence favor formation of large-latticed com­
plexes. Thus, a number of features can alter the lattice of circulating immune 
complexes. 

1.4. Characteristics of Circulating Immune Complexes That Influence 
Glomerular Deposition 

In chronic serum sickness models of glomerulonephritis subendothelial, 
mesangial, and subepithelial deposits of immune complexes were encoun-
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teredo In these models it was not possible to distinguish with certainty between 
local formation of antigen-antibody complexes and deposition of immune 
complexes from circulation. The injection of characterized, preformed 
immune complexes into experimental animals has elucidated several variables 
that influence glomerular deposition of complexes. These studies have 
focused on the use of antibodies of the IgG class of immunoglobulins with 
few exceptions. Rifai et al. (1979) used mouse plasmacytoma (MOPC-31S) as 
a source of IgA antibodies to the dinitrophenyl (DNP) group to form immune 
complexes with DNP-BSA conjugates. Upon injection into mice these 
preformed immune complexes localized principally in the mesangial area. 
Furthermore, soluble, preformed immune complexes prepared with IgA 
antibodies and dextrans as antigens, varying in size and in isoelectric point, 
localized after intravenous injection in the mesangial area, most likely because 
of rapid removal of these antigens from circulation and formation of large­
latticed complexes (Isaacs and Miller, 1983). Aggregated human IgM as a 
surrogate for immune complexes localized upon injection into rats in the 
mesangial and subendothelial areas (Kijlstra et al., 1978). All subsequent 
comments will be confined to immune complexes containing the IgG class 
of antibodies. 

The total load or concentration of immune complexes in circulation 
influences the extent of their deposition in glomeruli. A relatively small 
amount of circulating antigen was deposited in glomeruli in acute or chronic 
serum sickness models (Wilson and Dixon, 1970, 1971). A small fraction of 
i~ected, preformed complexes deposited in kidneys (Arend and Mannik, 
1971). The concentration of circulating immune complexes is a dynamic 
balance between the rate of immune complex formation and the rate of 
immune complex removal. Very little is known about the rate of immune 
complex formation in spontaneous disease models and human diseases. The 
hepatic mononuclear phagocyte system (Kupffer cells) plays the key role in 
removal of soluble circulating immune complexes. Large-latticed immune 
complexes (defined as containing more than two antibody molecules, i.e., 
> Ag2Ab2 ) were effectively removed from circulation by the Kupffer cells 
owing to interaction with Fc receptors, whereas small-latticed complexes 
(Ag1Ab1, Ag2Ab1, Ag2Ab2 ) persisted longer in circulation than large-latticed 
complexes (Mannik et al., 1971; Arend and Mannik, 1971; Mannik and 
Arend, 1971; Haakenstad and Mannik, 1976). The hepatic uptake of immune 
complexes was saturable and resulted in prolonged circulation and enhanced 
glomerular deposition of complexes (Haakenstad and Mannik, 1974; Haak­
enstad et al., 1976). When the mononuclear phagocyte system was activated 
in mice with Corynebacterium paroum, clearance of circulating immune com­
plexes was enhanced and glomerular deposition decreased in comparison to 
control mice (Barcelli et al., 1981). 

The injection of preformed immune complexes into unimmunized 
animals has shown that circulating immune complexes deposit only in the 
subendothelial and mesangial areas of glomeruli and not in the subepithelial 
area, when they were examined both by immunofluorescence and by trans-
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mission electron microscopy. These studies were all done in mice, using 
rabbit antibodies to BSA (Okumura et at., 1971), to HSA (Haakenstad et at., 
1976), or to DNP'BSA (Koyama et at., 1975). 

Several lines of evidence suggested that only large-latticed immune 
complexes (>Ag2Ab2 ) were deposited from circulation into the subendo­
thelial and mesangial areas. First, when mixtures of large-latticed and small­
latticed complexes were administered, deposition in glomeruli progressed 
only while large-latticed complexes persisted in circulation, and the deposits 
declined in intensity while small-latticed complexes remained in circulation 
(Haakenstad et at., 1976). Second, when only small-latticed complexes were 
administered, achieved by preparing HSA-anti-HSA complexes at 50-fold 
antigen excess, no glomerular deposition was seen over a 4-day period 
(Mannik and Haakenstad, 1977; Haakenstad et at., 19S2). Third, when 
preformed large-latticed immune complexes were allowed to deposit in the 
mesangial and endothelial areas, then the administration of excess antigen 
resulted in release of all extracellular complexes, by conversion of large­
latticed to small-latticed immune complexes (Mannik and Striker, 19S0). 

The role of antibody avidity in deposition of immune complexes in 
glomeruli has been examined by several investigators, but only some examples 
will be considered here. In one study preformed complexes were prepared 
at SO-fold antigen excess from ovalbumin and rabbit antibodies to ovalbumin, 
using either high- or low-avidity antibodies (Germuth et at., 1979a,b). The 
injection of preformed immune complexes made with low-avidity antibodies 
resulted in epithelial deposits, detected by immunofluorescence microscopy 
and by electron microscopy. In contrast, when complexes prepared with 
high-avidity antibodies were injected, the complexes were localized in the 
mesangial area. The difference was attributed to the variation in antibody 
avidity. Three points are of note in relation to these experiments. First, free 
ovalbumin, with a molecular weight of 40,000, persists in circulation of mice 
for a short time with half of the material removed in less than 10 min. 
Therefore, the injected SO-fold excess antigen is quickly removed from 
circulation. Second, the complexes prepared at SO-fold antigen excess most 
likely were small latticed. Third, the lattice of complexes prepared with low­
and high-affinity antibodies would differ mainly in the dissociation into free 
antigen and free antibody. The most likely explanation for the observed 
results is that with rapid loss of excess antigen, the complexes with high­
avidity antibodies were converted to large-latticed complexes and localized 
in the mesangial area. On the other hand, with loss of excess antigen, the 
complexes with low-avidity antibodies dissociated into free antigen and free 
antibody, thus creating alternating presence of antigen and antibody with 
repeated injections and resulting in local formation of immune complexes 
in the subepithelial area, as demonstrated experimentally by Fleuren et at. 
(19S0). 

The conclusion of Koyama et at. (197S) that immune complexes made 
with high-avidity antibodies and DNP29 ' BSA localized in the mesangial area 
and immune complexes made with low-avidity antibodies and DNP29 ' BSA 
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resulted in no glomerular deposition also is best explained on the basis of 
the lattice of formed complexes. The former combination of reactants 
resulted in large-latticed and the latter in small-latticed complexes. The same 
authors also showed that antigen valence influenced glomerular localization 
of complexes. Complexes prepared with DNP29· HSA and antibodies with 
moderate avidity localized in the mesangial area, but complexes with the 
same antibody and DNP7 • BSA had only minimal deposition in glomeruli. 
The latter complexes most likely consisted only of small lattices under the 
conditions used. These observations indicate that the influence of antibody 
avidity in glomerular localization of complexes is expressed through varying 
lattice formation and the ability of complexes made with low-avidity antibodies 
to dissociate into free antigen and free antibody. 

Several investigations have explored the interaction between the fixed 
negative charge on the glomerular capillary wall and variations in the charge 
of immune complexes. Gallo et al. (1981) showed that positively charged 
immune complexes decorated the fixed negative charges of mouse laminae 
rarae interna and externa, but the development of immune deposits was not 
further followed since the observations were only extended to 1 hr after 
injection of the immune complexes. Gauthier et al. (1982) showed that 
cationized antibodies alone or small-latticed (Ag2Ab2 , AglAbt) immune 
complexes prepared with these antibodies persisted only for a few hours in 
glomeruli. In contrast, immune complexes with larger lattices and containing 
cationized antibodies initially bound to the fixed negative sites in the lamina 
rara interna and then condensed into extensive, subendothelial deposits in 
the capillary loops. With passage of time these deposits tended to migrate 
toward the mesangial area (Gauthier et al., 1982). Immune complexes with 
cationic antigens have a comparable sequence of deposition. Immune com­
plexes with negatively charged antibodies deposited in the mesangial area, 
indicating that at least some part of mesangial deposition of immune 
complexes is not dependent on charge-charge interactions (Gauthier et al., 
1984). 

The significance of charge-charge interactions in the planting of antigens 
for in situ formation of immune complexes has been examined in detail both 
with passive models in rats (Oite et al., 1982) and with active models in rats 
and rabbits (Oite et al., 1983; Border et al., 1982). The conclusion has been 
reached that cationic molecules with molecular sizes up to and above 400,000 
can penetrate the glomerular basement membrane to form immune com­
plexes in the subepithelial area as seen in membranous glomerulonephritis, 
whereas proteins with molecular weight of 900,000 and above do not 
penetrate the lamina densa (Vogt et al., 1982). Accordingly, small-latticed 
immune complexes may reach the subepithelial area if the molecular weight 
does not exceed 900,000. In one study the conclusion was reached that 
immune complexes can indeed reach the subepithelial area, using complexes 
that were covalently cross-linked with a two-stage cross-linking reagent, but 
the size of the injected complexes was not carefully defined (Caulin-Glaser 
et al., 1983). Thus, some uncertainty remains with regard to the passage of 
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intact immune complexes through the lamina densa of the glomerular 
basement membrane. On the other hand, Vogt et ai. (1982) have suggested 
that immune complexes localized in the subendothelial area may dissociate, 
pass through the lamina densa as separate molecules of antigen and antibody, 
and reform immune complexes in the subepithelial area. 

The sequence of deposition of circulating immune complexes in glo­
merular structures by electron microscopy is of some interest. After the 
intravenous injection of a single bolus of immune complexes (Haakenstad et 
ai., 1976), electron-dense deposits were first seen in endothelial fenestrae 
and the subendothelial area, particularly adjacent to the mesangium. This 
was followed by development of mesangial deposits. When the large-latticed 
complexes cleared from circulation, then the visible deposits disappeared 
first from the endothelial fenestrae, then the subendotheial area, and 
eventually from the mesangial area. The injected immune complexes in these 
preparations were soluble and ranged up to about 22 S on ultracentrifugation, 
obviously not approaching the size of deposits visualized by electron micros­
copy in tissue specimens. Therefore, during the glomerular filtration process 
at the glomerular capillary wall a rearrangement or condensation of immune 
complexes must occur to form precipitates that become visible by electron 
microscopy. During this process the excess antigen must not become concen­
trated locally since otherwise precipitates would not be achieved. The 
formation of the precipitates or large aggregates as visible deposits appears 
to depend on immunospecific reactions since (1) the immune deposits are 
dissolved by large amounts of excess antigen (Mannik and Striker, 1980); (2) 
when in mice immune deposits developed simultaneously with ferritin and 
with fibrinogen as the antigens, the immune deposits were segregated by 
electron microscopy to those containing ferritin and those containing 
fibrinogen without mixed deposits (Kubes, 1977). 

Proof for condensation of immune complexes into larger lattices was 
provided with a system where covalent bonds could be established between 
the haptenic group and antibody-combining site after complexes with a 
desired lattice had been formed (Mannik et ai., 1983). The complexes that 
had a fixed lattice and were not able to precipitate initially interacted with 
glomerular structures to the same extent as complexes that were not covalently 
cross-linked. With passage of time the cross-linked complexes disappeared 
from glomeruli in less than 8 hr, whereas the non-cross-linked complexes 
persisted and evolved into large, electron-dense deposits. The necessity of a 
precipitating antigen-antibody system for development of electron-dense 
immune deposits in the subepithelial area was demonstrated by using varying 
hapten density on a carrier protein (Agodoa et ai., 1983). With nonprecipi­
tating antigen-antibody systems and cationic antigens, transient immune 
deposits were present by immunofluorescence microscopy, and electron­
dense deposits did not evolve. When precipitating antigen-antibody systems 
were used, then the deposits persisted by immunofluorescence microscopy 
and electron-dense deposits evolved. These series of experiments emphasized 
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the requirement for precipitating antigen·-antibody systems for development 
of persisting glomerular immune deposits. 

The preceding discussion of rearrangement of soluble immune com­
plexes into immune precipitates during deposition in glomeruli raises the 
question of how a variety of protein aggregates form deposits in glomeruli, 
including aggregated albumin, aggregated IgG, and aggregated IgM (Michael 
et at., 1967; Kijlstra et at., 1978). The answers to this question are not known. 
Polymers of IgG, however, are known to undergo nonimmunospecific 
protein-protein interactions (Nardella and Mannik, 1978) that may explain 
formation of large deposits, again provided that local concentration increases 
owing to either filtration process or electrostatic interactions. 

The current concepts on the role of the nature of circulating immune 
complexes on glomerular deposition can be expanded by the study of 
deposition of a carefully characterized spectrum of antigen-antibody com­
plexes containing varying antibodies and varying antigens. The concepts 
derived from experimental animals can be applied to the characterization of 
circulating immune complexes in human diseases. 

2. Structural and Functional Features of Glomerular Capillaries in Relation 
to Deposition of Circulating Immune Complexes 

The role of the negative charge on the glomerular capillary wall in 
deposition of circulating immune complexes was considered in the preceding 
section. 

The role of the C3b receptors in localization of circulating immune 
complexes in glomeruli remains uncertain. These receptors have been 
identified with certainty only in human and primate glomeruli and were 
identified only on epithelial cells (Carlo et at., 1981). When preformed 
immune complexes were injected into mice, mouse C3 accumulated in 
glomerular deposits with some delay (Haakenstad et at., 1976), indicating 
that the antigen-antibody deposits formed in glomeruli prior to binding C3. 
Complement components can solubilize already formed immune complexes 
(reviewed by Takahashi et at., 1980) or prevent formation of immune deposits 
(reviewed by Schifferli and Peters, 1983). The tissue deposition of such 
immune complexes with attached components of complement has not been 
examined. 

The purposeful and known alteration of the glomerular structure or 
function should help to clarify the mechanisms of glomerular deposition of 
immune complexes. The bulk of completed work in this area has been 
directed at the deposition and removal of immune complexes or surrogates 
of immune complexes in the mesangium. This topic was recently reviewed 
by Michael et at. (1980). 

The prior deposition of ferritin-antiferritin complexes in the mesangial 
areas of rats delayed the egress and appeared to have enhanced the deposition 
of aggregated human IgG, used as a surrogate for immune complexes (Keane 
and Raij, 1980). Ford and Kosatka (1980) suggested enhanced deposition of 
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circulating immune complexes jn mice when prior immune complexes were 
formed in the mesangium, but kinetics of deposition were not examined, 
and the systems used may hate caused some of the observed changes. The 
binding of antibodies to rat glomerular basement membrane (Mauer et al., 
1974) and the treatment of rats with aminonucleoside of puromycin (Mauer 
et al., 1972) enhanced the deposition of aggregated human IgG in the 
mesangium and probably thereby delayed the egress of this substance from 
the mesangium. The mechanisms for these alterations in mesangial deposition 
of the surrogates of immune comp~exes remain uncertain. Furthermore, the 
reduction of endothelial fenestrae did not impair the mesangial deposition 
of the same probe for mesangial function (Keane and Raij, 1981). Bilateral 
obstruction of ureters resulted in initially decreased and subsequently en­
hanced accumulation of aggregated human IgG in glomerular mesangium 
of rats (Raij et al., 1979). , 

A decrease of mesangial dephsition of injected, preformed, immune 
complexes was observed in rats t~at had subepithelial deposits of immune 
complexes as part of the inducefi autologous immune complex nephritis 
(Schneeberger et al., 1980). In t~ese experiments some loss of the injected 
immune complexes occurred in urine as part of the induced proteinuria. 

All these experiments collectively show that know alterations of the 
glomerular structure and function can alter the deposition of immune 
complexes in glomeruli. The meaning of these observations, however, in 
relation to the mechanisms of immune complex deposition from circulation 
remains to be elucidated. 
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Cystic Diseases of the Kidney 



Renal Cystic Disease as the Target of 
Research 

Kenneth D. Gardner, Jr. 

1. Introduction 

5 

Cystic diseases account for 10% of all end-stage kidney disease (Cleveland 
and Fellner, 1979). Through Medicaid and Medicare their treatments cost 
our society about $200 million annually. Federal support for research into 
these conditions-their cause(s), prevention, arrest, and detection-approx­
imates $500,000 a year. That is to say, of every federal dollar spent on renal 
cystic disease, more than 99 cents goes for treatment; less than 1 cent goes 
for research. This pittance of $500,000 reflects not defective central man­
agement but rather a relative lack in the field of interested, qualified 
investigators who are competitive for federal research dollars. 

This section is intended to stimulate, intrigue, and inform the non-cyst­
ites among us about where we have been in renal cystic disease and where 
we might go. Our ultimate goal is the arrest, prevention, or cure of these 
often lethal, most certainly costly, disorders. 

2. Cyst Formation 

In his classic essay on adult polycystic kidney disease (APKD), Dalgaard 
(1957) noted a relatively constant pattern of clinical evolution among 
hundreds of subjects: pain, then enlargement, and finally failure of kidney 
function. He postulated that cysts, progressively enlarging, compress other­
wise normal adjacent renal tissue until it is unable to function. In brief, in 
APKD, Dalgaard attributed renal failure to cyst expansion. 
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In the quarter century that has ensued, researchers of cystic kidney 
disease have sought answers to three questions that are inherent in Dalgaard's 
postulate: Why do cysts form? Why do they enlarge? Does their enlargement 
cause renal failure? 

In the susceptible kidney, cysts conceivably could form for a variety of 
reasons. Increased compliance of tubular basement membrane or increased 
intraluminal pressures-the consequence of obstruction, increased filtration, 
or decreased net reabsorption of water-c~)Uld cause tubular walls to blow 
out. Fibrosis in the interstitium could pull on tubular walls, causing them to 
pouch out. Tubular cells could grow into the interstitium, undergo central 
necrosis, and leave a cystic cavity communicating with the nephrons. A tubule 
could elongate, become redundant, and lose its common wall. Adjacent 
tubules could coalesce, giving rise to cysts between nephrons. 

Three of these possibilities can be laid quickly to rest. Microdissection 
and microscopic examination of susceptible and developing cystic kidneys 
do not reveal interstitial fibrosis, evidence of looping, or coalescence of 
tubules (Baert, 1978). Evidence has accumulated, however, to support both 
the "blowing out" and the neoplasia hypotheses. Virchow saw solutes plugging 
tubules in adult polycystic disease and cited obstruction as its cause (Editorial, 
1969). Several other European pathologists described cellular proliferation 
in APKD, sometimes to the point of neoplasia (Nauwerck and Huischmid, 
1893). 

More recently the "blowing out" and the neoplasia hypotheses have been 
the subject of both clinical and laboratory investigations. The clinical studies, 
primarily of APKD, group themselves into three major categories: morpho­
logic studies, inulin and isotope perfusion, and cyst fluid analyses. 

Microdissection and reconstruction studies reveal that cysts are focal 
dilations or appendages of nephrons (Lambert, 1947). In APKD they occur 
at various sites, most commonly in the loop of Henle and along the collecting 
tubule and duct. 

Inulin perfusion studies have yielded conflicting results. Earlier studies 
demonstrated that inulin enters and accumulates in cysts in the polycystic 
kidney (Lambert, 1947; Bricker and Patton, 1955). More recent observations, 
however, contradict this finding (Muther and Bennett, 1980). 

In Sweden, Jacobson and his co-workers (1977) injected tritiated water 
into cysts in vivo and serially sampled the cyst fluid thereafter. The concen­
trations of tritiated water in cyst fluid fell with time. Turnover rates of cyst 
fluid were calculated to be as high as lOO ml/day, far in excess of the single­
nephron glomerular filtration rate in the human kidney. The question of 
how such high turnover rates might occur was not answered. 

Analyses of cyst fluid have yielded several findings of interest: Cysts 
contain fluid whose compositions resemble that of proximal or distal tubular 
fluid (Gardner, 1969; Huseman et at., 1980). Sodium concentrations may 
range, for example, in a bimodal distribution from highs of 150 to lows of 
1 or 2 mEq/liter. In cysts with low sodium concentrations, amino acids reach 
concentrations of 50 mEq/liter (Gardner, 1969). Cyst fluid osmolality ap-
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proximates that of plasma. "Hippurates" appear in low concentrations in 
both proximal and distal cysts (Huseman et al., 1980). 

The results of these studies of clinical material have led to conclusions 
that, in APKD at least, cysts communicate with nephrons, are functional, 
and do contribute to the formation of urine. They shed little, if any, light 
on the question of pathogenesis. 

During these clinical studies, however, several investigators measured 
intracystic hydrostatic pressures Uacobson et al., 1977; Huseman et al., 1980). 
The findings are surprisingly consistent. The conclusions are not. Hydrostatic 
pressures are elevated in some cysts, but not all, of virtually all cystic kidneys 
studied in vivo. Do these findings confirm or deny the presence of obstruction? 
The question is under debate. 

Dunnill and co-workers (1977) added a new dimension to our under­
standing of renal cystic disorders when they described the morphology of 
acquired cystic disease in humans. Noncystic kidneys of patients on chronic 
hemodialysis may undergo new cell growth and cyst formation. Studies of 
the composition and dynamics of cyst fluid in these kidneys have not been 
performed. Nonetheless it now is clear that renal cystic disease in man can 
be acquired as well as inherited. 

Because clinical material is relatively scarce and difficult to study, 
laboratory models of renal cystic disease have been given increasing attention. 
They consist, like their human counterparts, of both inherited and acquired 
disease. The former occurs in rats, cats, pigs, and mice. The latter is produced 
primarily by the feeding of cystogenic chemicals to rats. Of the two varieties, 
acquired cystic disease is the more widely studied. It resembles human disease 
in that cysts form and enlarge in once-normal kidneys. 

Structurally, the animal models, too, display new cell growth, primarily 
along collecting tubules and ducts (Evan et al., 1979). It is visible as hyperplasia 
and micropolyp formation. It occurs in inherited and in acquired disease. It 
appears, before cysts form, along collecting tubules in response to the 
cystogens diphenylamine (Evan et al., 1978) and nordihydroguaiaretic acid 
(Evan and Gardner, 1979). Sometimes the polyps that develop appear to 
partially obstruct nephrons. 

Functionally, in the chemically induced models intracystic hydrostatic 
pressures are elevated (Evan et al., 1978) or may rise in response to the 
introduction by microperfusion of fluid into dilated proximal tubules on the 
surface of the kidney (Evan and Gardner, 1979). Water filtration and 
reabsorption rates, as measured by micropuncture techniques, appear to be 
intact. The excretion of tritrated inulin is delayed from these nephrons. 
From observations such as these, the conclusion has been drawn that cystic 
nephrons are partially obstructed (Evan et al., 1979). 

A second school of thought about pathogenesis has sprung from the 
study of another chemical model, that induced in rats by the feeding of 
diphenylthiazole (DPT) (Carone et al., 1974). In that model fewer than 5% 
of dilated, cystic nephrons had elevated pressures. To explain cyst formation 
the concept was invoked that DPT increases the compliance of tubular 
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basement membrane, allowing the normal transmural pressure gradient of 
some 5 mm Hg to distend the wall. This concept focuses on the prevalence 
of nephrons with normal pressures rather than on those with elevated 
pressures. As is the case with human disease, then, the significance of some 
normal and some elevated hydrostatic pressures in the models has given rise 
to controversy (Gardner, 1981). 

3. Summary 

To summarize, I have highlighted evidence that supports roles for 
neoplasia, disordered cell growth, obstruction, and altered mural compliance 
in the pathogenesis of renal cysts. The new cell growth that occurs in cystic 
kidneys both in inherited and in acquired disease, both in human and in 
animal, implicates neoplasia. The occurrence of polyps across species lines 
and in pathogenetically dissimilar forms of renal cystic disease strengthens 
the likelihood that neoplasia plays a role in cyst formation. The facts that 
polyps may partially occlude lumens, that intracystic pressures are increased, 
and that the excretion of [3H]inulin is delayed from cystic nephrons, all 
favor obstruction. Altered mural compliance is suggested by the observation 
that pressures are not elevated in most tubules of one cystic model (DPT). 

Based on occasional publications, three additional, possible contributors 
to renal cyst formation need to be mentioned: There is a chance that cystic 
renal disease may result from nonspecific tubular damage. When the papillary 
region of rabbit kidneys is excised, tubules dilate and corticomedullary cysts 
form (Cuttino et al., 1977). The renal lesion produced by lead is characterized 
by cysts late, but by acute tubular necrosis early, in its course (Boyland et al., 
1962). Small cysts were noted by Oliver in the kidney from a patient with 
recurrent episodes of paroxysmal cold hemoglobinuria (Oliver et at., 1951). 

It also may be that aging contributes to cyst formation. Simple cysts, at 
least, increase in frequency with age. Baert and Steg (1977) believe their 
origin lies in collecting tubular diverticulae, which also become more prevalent 
as the kidney approaches senesence. 

Finally, there is the theme of the cystogenic metabolite, introduced by 
McGeogh and Darmady (1975) from experience with the chemical cystogens. 
They were the first to suggest that some product of an inherited defect in 
metabolism might favor the formation of renal cysts. 

Among questions that future research into renal cystic disease might 
answer are the following: 

1. What is a "cyst"? Are morphologists satisfied that dilated tubules 
are cysts or must cysts be fluid-filled sacs with no, one, or two, but 
not more, communications with the nephron? 

2. Are diverticula forerunners of cysts? What is the difference between 
them? 

3. Could accelerated aging explain the process of cyst formation? 
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4. In fact, is there a cystogenic metabolite? Need we do other exper­
iments, besides transplanting noncystic kidneys into patients whose 
native cystic kidneys have failed and then waiting to see if the 
transplanted organs become cystic? 

5. Is tubular wall compliance, normally low, increased in the kidney 
susceptible to cyst formation? -

6. Why is tubular cell growth altered in the several forms of renal 
cystic disease? Is it response to injury, an inherited defect in tubular 
cell replication, or what? Is it restricted to only cystic diseases of 
the kidney? 

7. Why do cysts form and enlarge? 
8. Does their enlargement lead to progressive renal disease? 
9. Could pharmacologic intervention limit cyst growth and thereby 

slow, arrest, or prevent costly end-stage renal disease? 
10. Does water get into cysts and if so, how? 

In this section, a group of investigators, whose special interests are 
directly or indirectly relevant to renal cystic disease, review several aspects 
of this entity. Drs. Bernstein and Evan review the morphology of inherited 
and of acquired renal cystic disease in man and animals. Dr. Toback seizes 
on the proliferative element and reviews the subject of ordered and disor­
dered growth of renal tubular cells. Drs. Grantham and Bennett present the 
issues surrounding the movement and passage of molecules, including inulin 
and water, into and out of cysts. Dr. Welling correlates cyst function with 
cyst wall structure. Dr. Holmes presents studies of early polycystic kidney 
disease. We seek to answer the most practical question of all: Can we cure 
renal cystic disease by stopping the growth of cysts? 
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Morphology of Human Renal Cystic 
Disease 

Jay Bernstein 

1. Introduction 

6 

This chapter contains a discussion of certain morphologic features of 
autosomal dominant, adult polycystic kidney disease (APKD) in relation to 
current theories of pathogenesis. The principal theories are (1) obstruction 
of tubular lumina by epithelial hyperplasia and (2) increased compliance of 
tubular walls secondary to an abnormality in the tubular basement membrane. 

The first of the two hypotheses has old roots and was revived recently 
by Evan and Gardner (1979), who observed epithelial hyperplasia in exper­
imental cystic disease. The observation was then confirmed in human cystic 
kidneys by Evan, Gardner, and Bernstein (1979), demonstrating the relevance 
of the experimental models to the clinical disease. The second hypothesis, 
suggested on the basis of experimental observations by Carone et ai. (1974), 
was supported by Grantham and colleagues (Cuppage et ai., 1980; Huseman 
et ai., 1980) in clinical studies of solute concentrations and hydrostatic 
pressures in human cystic kidneys. Their data indicate that cysts probably 
occupy relatively short segments of nephrons, and they found the pressures 
in most cysts to lie within the normal range of transmural tubular pressure. 
They have interpreted their findings to mean that portions of tubules dilate 
without increased pressure and, hence, without obstruction, perhaps as the 
result of increased stretchability of tubular basement membranes. 

The morphologic observations provide no insight into the etiology of 
APKD. They do not serve to differentiate between a developmental abnor­
mality in nephrogenesis leading to malformation and an inherited defect in 
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Figure 1. The kidney in an "early" 
stage of APKD contains numerous 
cysts with wen-preserved intervening 
parenchyma. The patient was a 
young adult, asymptomatic for renal 
disease, who died of a ruptured cer­
ebral aneurysm, and postmortem ex­
amination showed renal and hepatic 
cysts. Hematoxylin and eosin stain, 
x 10. 

metabolism leading to abnormal tubular components. Either could theoret­
ically set the stage for progressive cyst formation, although the distinction 
does carry implications for potential therapeutic intervention and pharma­
cologic mediation of the abnormality. 

2. Distribution of Cysts 

Most of us are acquainted with the gross appearance of terminal APKD, 
in which the kidney is greatly enlarged and in which the parenchyma appears 
to be replaced entirely by cysts. Cysts in early stages of APKD are restricted 
and localized in their distribution, which is sometimes disseminated and 
sometimes segmental, and not all nephrons are affected. Eulderink and 
Hogewind (1978) have demonstrated focal nephronic involvement of neph­
rons in young infants with what appears to have been incipient APKD. I 
have illustrated the point that cysts early in the course of APKD are focally 
distributed and that the intervening parenchyma is histologically normal 
(Bernstein, 1979) (Fig. 1). Although I assumed then that APKD progresses 
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Figure 2. The kidney in a late stage of APKD contains large cysts, and the intervening 
parenchyma is severely atrophic, with glomerular sclerosis, tubular atrophy, and interstitial 
fibrosis. Vascular sclerosis is inconsequential. The parenchymal atrophy may have contributed 
more to renal insufficiency than parenchymal replacement by cysts. Periodic acid-Schiff stain, 
x40. 

through the involvement of additional nephrons, Huseman et al. (1980) have 
estimated that only a small proportion of the nephrons are likely to be 
affected. Indeed, microscopic examination of the end-stage lesion shows a 
surprisingly large amount of solid renal parenchyma, and it appears unlikely 
from visual impression alone that the disease progresses to renal insufficiency 
simply because of cystic replacement of the parenchyma. It appears more 
likely that renal insufficiency results in large part from secondary effects on 
the adjacent parenchyma. The remaining parenchyma is atrophic and 
sclerotic (Fig. 2), perhaps from the pressure of enlarging cysts, perhaps from 
circulatory impairment. 

Several earlier morphologic studies have shown, in relation to the 
observations of Huseman et al. (1980) on the functional localization of cysts 
to segments of nephrons, that cysts do indeed occupy relatively small segments 
of nephrons. Localized nephronic dilatation was shown by Lambert (1947) 
in his reconstructions of sectioned kidneys and by Heggo (1966) and Baert 
(1978) in their microdissections. Baert showed a predilection of the cysts for 
Henle's loops and the collecting tubules, confirming Heggo's observations, 
and he showed localized dilatations of proximal and distal convolutions. 
Incidentally, he found no evidence of abnormal ductal branching or abnormal 
nephronic attachment to ducts, and he also found the kidneys to contain 
many normal nephrons. He suggested that the cysts might arise from tubular 
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Figure 3. A small cyst is lined with hyperplastic epithelium that is thrown into intracystic polyps 
and papillae. Note severe fibrosis of the surrounding parenchyma. Hematoxylin and eosin stain, 
x50. 

diverticula (Baert and Steg, 1977), which increase in number with age, but 
diverticula are ordinarily restricted to the distal tubule (Darmady and 
MacIver, 1980). 

The occurrence of segmental cyst formation can be interpreted to mean 
that there are localized points of predilection, i.e., that some segments 
ordinarily have weaker walls or thinner basement membranes than other 
segments and dilate preferentially, even were the basement membrane to be 
diffusely abnormal. It also might mean that any hereditary weakness of the 
wall must be accompanied by a local factor, such as obstruction, to account 
for segmental involvement. 

3. Evidence of Local Obstruction 

Our finding of polypoid epithelial hyperplasia within cysts (Fig. 3) was 
an unexpected observation which assumed immediate significance because of 
its obvious resemblance to the morphologic findings in experimental cystic 
disease. Studies carried out by Evan and Gardner (1979) had shown that the 
dilated ducts in experimental nordihydroguaiaretic acid-induced cystic dis­
ease contained epithelial polyps and that luminal obstruction could be 
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Figure 4. The epithelium lining the cyst is hyperplastic and forms small intracystic polyps with 
vascular cores. Epon section, Azure II-methylene blue stain, x 400. 

inferred from functional studies. The polyps in APKD result from epithelial 
hyperplasia (Fig. 4), and polyps are sometimes so numerous within individual 
cysts that they might be regarded as forerunners of neoplasia. Scanning 
electron microscopy shows the linings of some cysts to be literally studded 
with polyps, and it shows polyps also to be located at the distal ends of the 
cysts in position to have occluded the lumens (Evan et al., 1979). 

4. Epithelial Hyperplasia in Other Types of Cystic Diseases 

The theory according prime importance to luminal obstruction gains 
support from the presence of epithelial hyperplasia in several other forms 
of renal cystic disease, both hereditary and acquired . Each of the conditions 
also postulates a weakness of the tubular basement membrane, but none has 
been demonstrated. The epithelial hyperplasia, however, is apparent on 
microscopic examination. For example, in end-stage renal disease, particu­
larly in patients receiving long-term hemodialysis, the kidneys become cystic 
in association with epithelial hyperplasia (Dunnill et al., 1977; Krempien and 
Ritz , 1980). Cell proliferation can lead to neoplasia, and the kidneys can 
become considerably enlarged as the result of disseminated cyst formation. 

In localized cystic disease, a form of renal cystic disease that appears to 
be nonhereditary and nonprogressive (Cho et al., 1979), cyst formation is 
limited to one portion of one kidney and is accompanied by epithelial 
polypoid hyperplasia. Cyst formation in tuberous sclerosis and in von Hippel­
Lindau disease is associated with epithelial proliferation (Bernstein, 1979), 
which in von Hippel-Lindau disease places the patient at considerable risk 
of developing renal cell carcinoma. 
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In all these conditions cyst formation has been associated with epithelial 
hyperplasia. Is it necessary also to have increased tubular compliance? 
Perhaps, but the evidence is lacking. 

5. Tubular Enlargment Results from Increased Intratubular Pressure 

If cysts enlarge as the result of luminal obstruction, there has to be 
increased transmural pressure. The studies of cyst pressures in excised 
kidneys carried out by Huseman and colleagues (1980) failed to demonstrate 
such increases, but the measurements were carried out on nephrectomized 
kidneys. Although the statement is unsupported by objective data, I have an 
impression that excised cystic kidneys are softer and flabbier than the same 
kidneys in situ with intact circulation. Even though the artery and vein of an 
excised kidney are firmly ligated, considerable fluid is lost through disrupted 
hilar lymphatics. I assume that pressure is also lost. Others (Bjerle et at., 
1971) have found increased pressures. 

In the absence of actual measurements and direct evidence, certain 
circumstantial evidence comes to mind. I indicated earlier that cystic kidneys 
contain considerable residual parenchyma that has undergone atrophy, with 
glomerular sclerosis, tubular atrophy, and interstitial fibrosis (Fig. 2). The 
atrophy and sclerosis are sometimes most marked around cysts or between 
adjacent ones. The effect appears to have resulted from pressure, although 
it also could have resulted from ischemia. The arteries in cystic kidneys are 
not especially or consistently sclerotic, but splaying and stretching could have 
the same effect as luminal vascular obstruction. 

Therefore, it is of some interest to observe that the cysts in APKD are 
regularly surrounded by layers of smooth muscle cells and that the neigh­
boring interstitium also contains smooth muscle (Bernstein, 1979) (Fig. 5). 
Whether the cells result from hyperplasia of existing elements or metaplasia 
of other stromal elements, the phenomenon is present in both early and late 
specimens. I interpret the muscular hyperplasia to be a response to increased 
pressure and tension. Precedent for this interpretion lies in studies of arterial 
muscular hypertrophy in experimental hypertension (Wiener et at., 1977). 
Smooth muscle increases as a response to increased arterial tension, and I 
hypothesize that similar changes take place in the stroma surrounding renal 
cysts. The muscle fibers may differentiate from fibroblasts, as they do in 
experimentally obstructed kidneys (Nagle et at., 1973), but the fibers in APKD 
do not have the ultrastructural characteristics of myofibroblasts. 

6. Summary 

The morphologic features of APKD indicate that cysts arise as localized 
dilatations of nephrons and ducts as the result of luminal obstruction. The 
obstruction appears to result from polypoid epithelial hyperplasia. An 



6 • Morphology of Human Renal Cystic Disease 53 

Figure 5. The cyst is lined with flattened epithelium resting on a thickened basement membrane 
and is surrounded by smooth muscle cells. The smooth muscle fibers are separated by bundles 
of collagen fibers. Electron micrograph, x 7500. 

inherited defect in basement membrane, leading to increased tubular com­
pliance, may be present and may be enhanced by that local obstruction. 
There are several preferential sites of cyst formation-Henle's loop and the 
collecting tubule-where there may ordinarily also be inherent weakness of 
the tubular wall or basement membrane. The morphologic evidence indicates · 
that only a minor proportion of nephrons are involved in the process and 
that progression of the disease results from atrophy and sclerosis of the 
remaining parenchyma. Such structural alteration and functional compro­
mise could result from ischemia, but there is also morphologic evidence of 
increased tubular tension, which may be expected to have compromised the 
adjacent parenchyma. 
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Morphology of Polycystic Kidney 
Disease in Man and Experimental 
Models 

Andrew P. Evan and Kenneth D. Gardner,jr. 

1. Introduction 

7 

Although diagnosis of polycystic kidney disease has been possible for many 
years, we still have only a limited understanding of the pathogenesis of the 
disease, partly because of the difficulty in obtaining human cystic kidneys in 
different stages of cyst formation. At present only a few human kidneys with 
early-onset polycystic changes have been evaluated for both structural and 
functional changes (Baert, 1978). Therefore, growing attention has been 
given to various animal models that possess lesions that mimic human 
polycystic kidney disease (Goodman et at., 1970; Carone et at., 1974; Gardner 
et at., 1976; Evan and Gardner, 1976, 1979; Evan et at., 1979). There are 
presently three types of animal models for experimental polycystic kidney 
disease: (1) chemically induced, (2) traumatically induced, and (3) genetically 
transmitted. The chemically induced models have received the most attention 
in that a large number of compounds have been reported to produce cysts 
in small laboratory animals. Furthermore, these models allow opportunity to 
follow the acquisition and sequential growth of cysts. Of the various renal 
cytogens, three compounds, all of which are antioxidants, have received the 
greatest attention. These substances are diphenylamine (DPA), nordihydro­
guaiaretic acid (NDGA), and diphenylthiazole (DPT). 
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Figure I. These low-magnification light micrographs show the progression of cystic changes 
in animals treated with NDGA for I week (a), I month (b), and 6 months (c). Note the 
appearance of dilated collecting tubules (arrow) within the cortex and medulla by I week. By I 
month both dilated (arrow) and cystic nephrons are clearly seen. The number and size of the 
cysts appear to increase with time (c). a, x 4; b, x 4; c, x 4 (Reprinted from Gardner and Evan, 
1979, with permission.) 
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Figure 2. A higher-magnification light micrograph of the cortex from an animal treated with 
NDGA for 2 months. Numerous cysts of various sizes are found (arrow), some containing cast 
material. No other changes are noted. x 75. 

2. Chemical Models 

The chemically induced models have several morphologic features that 
appear to be similar to human polycystic kidney disease. First, cyst formation 
may be seen throughout the kidney. DPA and NDGA produce cysts that 
occupy the entire cortex and outer medulla, thus resembling the adult type 
of human polycystic disease. DPT causes dilation of some collecting tubules 
which extends from the kidney capsule to the tip of the papilla. These 
changes mimic the infantile type of human polycystic disease. 

Second, the size of the cysts as well as the number appears to increase 
with time. Figures Ia-c show the progression of cystic changes in animals 
that have been treated with NDGA for I week (Fig. Ia), I month (Fig. Ib), 
and six months (Fig. Ic). It should be noted that at six months not all cysts 
are of the same size. Figures Ia-c also show an overall increase in kidney 
size with time. 

Third, the cystic changes are induced in kidneys that were once struc­
turally normal. Figure 2 shows the entire length of the cortex from a NDGA-
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Figure 3. A microdissected collecting tubule from a rat treated for 1 month with NDGA. The 
lower end (arrow) of the tubule appears normal; however, it slowly dilates and twists upon itself 
as one progresses up this segment. The upper portion shows frank cysts. x 180. (Reprinted 
from Evan and Gardner, 1979, with permission.) 

treated animal. The only change noted is dilation of portions of the nephron. 
A this time, no changes are seen in the interstitium as fibrosis, or in the 
vascular system. This observation has held true for all the chemically induced 
models in which a thorough morphologic investigation has been performed. 

Fourth, microdissection studies reveal the dilated and cystic segments of 
the nephron to be located initially along the collecting tubules. These 
observations are in agreement with Potter's work (1972), which shows the 
collecting duct to be the principal site of involvement in all forms of human 
polycystic kidney disease. Recently Baert (1978) examined two cases of adult 
polycystic disease at early onset and found cystic dilations along some 
proximal and distal tubules, loops of Henle, and collecting tubules. Figure 
3 shows a collecting tubule from an animal treated with NDGA for 1 month. 
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Figure 4. A latex-filled collecting tubule that 
was microdissected from a rat treated for 6 
months with NDGA. A large cyst (c) of the 
collecting tubule was located just beneath the 
kidney capsule. The tubule narrows quickly at 
its outflow end. x 150. (Reprinted from Evan 
and Gardner, 1979, with permission.) 
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The lower end of the tubule appears normal. However, as one progresses 
up the collecting segment, the lumen dilates and the tubular wall twists upon 
itself, suggesting increased growth. At the upper pole obvious cysts can be 
seen. Occasionally, we are able to analyze superficially placed cysts by both 
structural and functional techniques. Figure 4 shows a latex-filled collecting 
tubule with a larger cyst in contact with the kidney capsule. As one follows 
this segment, there is an abrupt change in the luminal diameter from dilated 
to normal size. This kind of observation suggests partial obstruction, while 
the cyst is obviously continuous with the rest of the nephron. 

These last examples resemble those cystic collecting tubules in adult 
polycystic disease. As mentioned previously, DPT produces a cystic lesion 
that mimics infantile disease. By microdissection, an entire collecting tubular 
arcade (Fig. 5) appears dilated beginning at the duct of Bellini. 

So far, we have shown that the experimentally induced model of cystic 
disease in some ways mimics human disease. However, the observations do 
not shed light on any possible pathogenetic mechanisms of the disease. While 
examining the renal tissue from an animal that had been exposed to NDGA 
for 2 weeks, we noted areas of cellular hyperplasia along the walls of some 
dilated collecting tubules (Fig. 6). By tracing these same tubules through 
serial sections, we noted an area of obstruction at the outflow end. The 
tubule appeared to be obstructed by a polyplike growth extending into the 
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Figure 5. A light micrograph of a collecting duct arcade from an animal treated with DPT for 
I month. Dilation of the tubules begins as early as the duct of Bellini (arrow). The extent of 
dilation varies between tubules. x 100. 

tubular lumen (Fig. 7). By carefully examining numerous light microscopic 
sections, we were able to find several cysts that were cut longitudinally 
thereby revealing a polyp at the outflow end of that tubule. In order to 
examine greater numbers and areas of dilated tubules and to obtain a three­
dimensional image of cyst walls, we employed the scanning electron micro­
scope. Figure 8 is a scanning electron microscopic picture (SEM) of a cyst 
from a NDGA-treated rat. The cyst wall changes from normal to hyperplastic 
epithelium near the tubular outlet. Associated with the cellular hyperplasia 
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Figure 6. A light micrograph showing several cross sections of dilated collecting tubules from 
an animal treated with NDGA. Portions of the cyst wall possess hyperplastic cells (arrows). At 
the exit of one dilated collecting tubule, a polypoid structure (P) is noted partially obstructing 
this segment. x 170. (Reprinted from Evan and Gardner, 1979, with permission.) 

is a polyp positioned at the outflow end of the cyst such that it could partially 
obstruct the nephron. The hyperplastic cells are irregular in shape (Fig. 9) 
and often pile upon themselves forming focal polyps (Figs. 9 and 10) along 
the cyst wall. 

Hyperplasia in these models is further identified by doing a tritiated 
thymidine study or by counting nuclei seen on cross section (Evan et at., 
1978; Evan and Gardner, 1979). Although we are clearly showing hyperplasia 
in our experimental models, this is by no means a new idea related to human 
polycystic disease. Nauwerck and Huischmid (1893) as early as 1883 showed 
hyperplasia in the cyst wall in adult polycystic kidney disease. These authors 
suggested that the proliferating cells were growing away from rather than 
into the cyst lumen. 

The morphologic data mentioned in this chapter in combination with 
functional observations define conditions that suggest increased resistance 
to outflow from dilated and cystic nephrons. Findings in the chemically 
induced models have led us to hypothesize that polypoid hyperplasia partic-
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Figure 7. At a higher magnification the polyp is clearly seen. Numerous elongated cells are 
clustered such that they project into the tubular lumen. x 1300. (Reprinted from Evan and 
Gardner, 1979, with permission.) 

ipates in cyst formation in susceptible kidneys by increasing resistance to the 
outflow of tubular urine. 

To strengthen the hypothesis, we examined several congenital models 
of polycystic disease (Crowell et at., 1979). By scanning electron microscopy 
a congenital polycystic kidney from a kitten shows many dilated collecting 
tubules (Fig. 11). The overall pattern of tubular dilation resembles that of 
the infantile type of human polycystic disease. As dilated collecting tubules 
are followed into the inner medulla, areas of hyperplasia and of polyp 
formation are noted (Fig. 12). Similar changes are seen in the piglet model 
of congenital polycystic disease. 

3. Human Disease 

In order to establish the presence, extent, and distribution of cellular 
hyperplasia and/or of polyp formation in humans, we have examined adult 
polycystic disease. We established the presence of polypoid hyperplasia in 
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Figure 8. Scanning electron micrograph of a cyst from a NDGA-treated rat. Portions of the 
wall possess normal cells (arrow); however, as one progresses to the outflow end of the cyst 
hyperplastic cells are noted (double arrow). Situated within the tubule is a polyp (P) which is 
partially obstructing the outflow. x 100. 

each kidney by light, transmission, and scanning electron microscopy. Figure 
13 shows an area of hyperplasia along the cyst wall and the association of 
numerous focal polyps. A fortuitous fracture of a large cyst is seen in Fig. 
14. At the upper end of the cyst. several focal polyps are noted. As one 
progresses to the outflow end of the cyst a small polyp is found. The polyp 
is again associated with an area of hyperplasia. 

4. Summary 

In summary, the earliest dilated tubules in models are localized to the 
collecting tubule. Commonly the wall is characterized by hyperplastic cells. 
At the outflow end of cysts, one frequently finds polyps that appear to be 
causing complete, partial, or intermittent obstruction. Distal to the site of 
polypoid hyperplasia, lumens return to normal diameter. As a possible means 
of regulating or arresting the development of polycystic kidney disease, 
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Figure 9. SEM of a cyst wall from a DPT-treated animal. Numerous cells of irregular shape 
and distribution are noted (arrows). x 650. (Reprinted from Evan and Gardner, 1976, with 
permission.) 

Figure 10. SEM of a cyst from a NDGA-treated animal showing a focal polyp (arrow). x 50. 
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Figure II. SEM of the cortex from a congenital polycystic kitten. Numerous dilated tubules 
are noted extending to the kidney capsule (arrow). X 35. 
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Figure 12. At a higher magnification hyperplasia (arrow) and polypoid formation are noted 
in the collecting tubules of the inner cortex. x 1500. 
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Figure 13. SEM of large cyst 
from an adult type of human 
polycystic kidney. The cyst wall is 
lined by numerous hyperplastic 
cells as well as several polyps (P). 
x 180. (Reprinted from Evan et 
al., 1979, with permission.) 

Figure 14. A fortuitous fracture 
of a large cyst from a human 
polycystic kidney reveals focal po­
lyps (arrow) and a discrete polyp 
(P) positioned at the outflow end 
of the cyst. x 40. (Reprinted from 
Evan et al., 1979, with permis­
sion.) 

67 
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future studies must explore the mechanisms that control renal cell growth. 
Particular attention should also be directed toward understanding the 
mechanisms causing acquired cystic disease of the kidney and the appearance 
of renal cell carcinoma after long-term hemodialysis (Dunnill et at., 1977). 
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Ordered and Disordered Growth of 
Renal Cells 

F. Gary Toback 

1. Cellular Hyperplasia and Renal Cysts 

8 

Hyperplasia of tubular cells has been linked to cystic disease of the kidney 
for more than a century (Sturm, 1875). A sequence of events leading from 
tubular cell hyperplasia to cyst formation is proposed in Fig. 1. First, there 
must be an inciting cause of cell proliferation and perhaps a genetic or 
acquired predisposition to respond to it. Once cell growth is initiated, 
proliferating epithelial cells pile up on the tubular wall and form adenomatous 
masses. These masses or polyps are thought to partially obstruct the passage 
of fluid down the nephron, thereby raising intratubular pressure, dilating 
the tubule wall, and eventually causing cysts to form. 

Evan, Gardner, and colleagues (Evan and Gardner, 1979; Evan et at., 
1978; Gardner et at., 1976) obtained physiologic and morphologic support 
for this sequence by studying the evolution of diphenylamine- and nordi­
hydroguaiaretic acid-induced cysts in rats. They also identified epithelial cell 
polyps in the kidneys of adults with inherited polycystic kidney disease and 
suggested that partial tubular obstruction may play a pathogenetic role in 
this disease in man (Evan et at., 1979). Acquired tubular cell hyperplasia, 
adenoma, and cyst formation have also been reported in the kidneys of long­
term hemodialysis patients whose initial disease was glomerulonephritis 
(Ishikawa et at., 1980). 

These observations support the pathogenetic sequence that links renal 
cell hyperplasia with cyst formation. This chapter reviews factors involved 
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Figure 1. A pathogenetic sequence relating proliferation of renal tubular cells and cyst 
formation. 

in growth control of kidney cells in the rat and in culture. Although cyst 
formation does not occur in these model systems, increased understanding 
of the mechanisms that initiate and control 'cell growth could be of value in 
defining the pathogenesis of cystic disease of the kidney. 

2. Renal Growth during Potassium Depletion 

In 1937 Schrader, Prickett, and Salmon reported that feeding rats a 
potassium-deficient diet induced renal growth. Subsequent studies revealed 
that cellular hyperplasia and hypertrophy occur in the kidneys, whereas 
overall body growth is retarded (Gustafson et al., 1973; Liebow et al., 1941). 
In the renal papilla, all cell types become filled with lysosomes which have a 
multivesicular appearance (Aithal et al., 1977a; Spargo, 1964). In the inner 
stripe of red medulla, growth is associated with adenomatous hyperplasia in 
the collecting tubules (Oliver et al., 1957). Scanning electron microscopy (EM) 
reveals numerous polyplike projections that appear to fill and perhaps 
obstruct the collecting tubule lumen (Toback et al., 1976). Similar papillary 
projections have been observed in the kidneys of patients with adult polycystic 
disease (Evan et al., 1979). 

Autoradiography was used to quantify the extent of cell division in the 
collecting tubules and other cell types in this renal zone (Toback et al., 1979). 
Rats were given [3H]thymidine intraperitoneally; 1 hr later the kidneys were 
removed, and slices of inner red medulla were cut and processed for 
autoradiography. DNA synthesis for new cell growth was estimated by 
counting labeled nuclei. Figure 2 shows that during potassium depletion the 
percent of labeled nuclei increased two- to fivefold in the collecting tubules, 
thick limbs of Henle's loop, and interstitium. Repletion with potassium for 
3 days halted cell proliferation and reduced the frequency of labeled nuclei 
to values that were similar to or less than control. 

Membrane metabolism was studied during potassium depletion because 
organelles, endoplasmic reticulum, and surface structures must be formed 
in the growing cells. Phospholipid synthesis was measured as a marker of 
cell growth since cellular membranes are composed largely of phospholipids 
and proteins. The synthesis of phosphatidylcholine, the major renal phos­
pholipid, occurs primarily via the Kennedy pathway in the kidneys of normal 
and of potassium-depleted rats (Toback et al., 1977b; Rouser et al., 1969; 
Kennedy and Weiss, 1956) (Fig. 3). In this pathway, choline is phosphorylated 
to phosphorylcholine, which then reacts with cytidine triphosphate (CTP) to 
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Figure 2. Effect of dietary potassium depletion and repletion on cell proliferation in the inner 
stripe of kidney red medulla. The percent of labeled nuclei in tissue from rats potassium 
depleted for 3-4 weeks was higher than in control animals in collecting tubules, thick limbs of 
Henle's loop, and interstitium. Values in animals potassium repleted for 3 days were lower than 
in controls in collecting tubules and thin limbs of Henle's loop and capillaries. (Reprinted from 
Toback et ai., 1979, with permission.) 

form cytidine diphosphocholine, the immediate precursor of phosphatidyl­
choline. An increased rate of choline incorporation into membrane phos­
pholipids occurs during the onset of growth and immediately precedes 
formation of new cellular membranes in the rodent kidney (Toback et at., 
1974, 1976, 1977a). 

Increased phosphatidylcholine biosynthesis was observed in the papilla 
as early as 18 hr after rats were fed the potassium-deficient diet and was 
associated with phospholipid accumulation in the tissue (Toback et at., 1976). 
In the inner stripe of red medulla and inner cortex an increase in synthesis 
was observed by 36 hr and persisted for at least 34 days. Thus, enhanced 
phosphatidylcholine biosynthesis was associated with lysosome biogenesis in 
papilla, adenomatous hyperplasia in inner stripe of red medulla, and 
hyperplasia and hypertrophy in cortex. 

To define the biochemical mechanism by which potassium depletion 
stimulates phospholipid synthesis during the initiation of renal growth, 
precursor uptake and enzyme activities were measured in cortical tissue 
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Figure 3. Pathway of phosphatidylcholine biosynthesis. (Reprinted from Toback and Havener, 
1979, with permission.) 
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Figure 4. Effect of molecular charge on tissue accumulation. Inner cortical slices from the 
kidneys of control and potassium-depleted rats were incubated for 10 min and the accumulation 
of each substrate was determined. (Reprinted from Toback and Havener, 1979, with permission.) 

(Toback and Havener, 1979; Toback et at., 1977b). Figure 4 compares tissue 
accumulation of choline, ethanolamine, lysine, and arginine in renal slices 
from control and I-week potassium-depleted rats. The accumulation of each 
of these cationic phospholipid and protein precursors was enhanced in tissue 
from potassium-depleted animals. In contrast, the uptake of a variety of 
anionic and neutral precursors was decreased or unchanged. 

The specific activity of CDP-choline: 1,2-diacylglycerol cholinephospho­
transferase, the last enzyme in the pathway, was assessed in cortical homog­
enates. Enzyme activity was up to 33% higher in potassium-depleted animals. 
Activity was increased further by reducing the medium concentration from 
150 mM to 100 mM in the reaction mixture to simulate the observed 
decrement in intracellular potassium concentration that occurs during po­
tassium depletion. Enzyme activity also was enhanced in microsomal prepa­
rations of normal cortical tissue by decreasing the potassium concentration 
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(Havener and Toback, 1980). Activities of the three other enzymes of the 
Kennedy pathway, choline kinase, choline phosphate cytidylyltransferase, 
and phosphatidate phosphohydrolase, were not increased during potassium 
depletion. 

These findings suggested that potassium depletion enhanced renal 
cortical phosphatidylcholine formation by an effect on two steps of the 
pathway. Accumulation of the precursor choline was increased as part of a 
generalized cellular avidity for cations, possibly to maintain electroneutrality 
during potassium loss. Stimulation of cholinephosphotransferase. activity 
could facilitate utilization of the accumulated phospholipid precursor and 
thereby increase phosphatidylcholine synthesis for new membrane and 
organelle biogenesis during the initiation of renal growth. 

Cell proliferation during potassium depletion also was associated with 
increased glycolysis, decreased mitochondrial energy production, and a 
reduction of the Pasteur effect (Toback et at., 1979; Aithal and Toback, 
1978; Aithal et at., 1977b). These aberrations in energy metabolism simulate 
the bioenergetic pattern observed in cancer cells (Wu and Racker, 1963). 
Unlike neoplastic cell growth, the biochemical and morphologic changes 
induced during potassium depletion are reversible. Thus, the return of 
potassium to the diet leads to regression of hyperplastic cells, correction of 
bioenergetic defects, and breakdown of accumulated phospholipid (Toback 
et at., 1979; Ordonez et at., 1977). 

3. Potassium Depletion and Renal Cyst Formation 

A link between tubular cell proliferation, potassium depletion, and renal 
cyst formation was suggested by Perey, Herdman, and Good in 1967. These 
workers found that a single injection of 9-fluoroprednisolone, a long-acting 
steroid, given to neonatal rabbits induced hypokalemia and cyst formation 
in cortical collecting tubules. Of interest, was that cyst formation was "almost 
completely prevented" by daily injections of potassium chloride. These results 
suggested that a decrease in the serum or tissue potassium concentration, or 
both, could be important in the pathogenesis of cyst formation. This may be 
a special case, however, because serum and renal concentrations of potassium 
are normal in rats with diphenylamine-induced cystic disease. Thus, the 
exact relationship between steroid administration, potassium depletion, tu­
bular cell hyperplasia, and renal cyst formation remains uncertain. 

4. Renal Growth in Culture 

In renal cells grown in culture several factors have been identified that 
contribute to growth control. These are hormones and growth factors in 
normal serum, low-molecular-weight nutrients, and inhibitors produced by 
the cells (Holley et at., 1977, 1978a,b). 
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Figure 5. Effect of NaCI on growth of 
confluent cultures of BSC-l cells. Cells 
were plated in Dulbecco-modified Ea­
gle's medium with 1 % calf serum and 
grown to the density shown on day 0 on 
the graph. Sets of plates were then 
changed to media containing 0.1 % calf 
serum with (O) or without (e) added 
NaCI (25 mM). Media were subsequently 
changed twice a week. (Reprinted from 
Toback, 1980, with permission.) 

Recent studies have suggested that the first event during the onset of 
cell growth may be a sudden increase in the influx of sodium ions (Koch 
and Leffert, 1979; Smith and Rozengurt, 1978; Johnson et at., 1976). Na+ 
might also playa role during the initiation of kidney growth during potassium 
depletion. In these animals there is increased uptake of Na + in muscle and 
of cationic amino acids and phospholipid precursors in growing kidney 
(Toback and Havener, 1979; Heppel, 1940). To test the hypothesis that Na+ 
ions mediate the onset of renal growth, N aCI was added to cultures of 
monkey kidney epithelial cells from the BSC-l cell line (Toback, 1980). The 
effect of NaCI was studied in high-density cultures to simulate the low 
proliferative activity of kidney cells in vivo. Figure 5 shows the growth of 
BSC-l cells in the presence of added NaCl. On day 0 of the experiment, a 
solution of NaCI sufficient to raise the medium Na+ concentration by 25 
mM was added to half the cultures. The control cultures were maintained 
at the normal Na+ concentration of 155 mM. The results indicate that cell 
growth occurred at a faster rate at the higher Na + concentration. Additional 
experiments excluded the possibility that this effect was a consequence of an 
increment in the chloride concentration or osmolality of the medium. Thus, 
Na + appeared to act as a mediator of the molecular events that initiate cell 
proliferation. In vivo, growth factors or hormones in the serum might mediate 
the increase in N a + flux achieved in these experiments by raising the medium 
N a + concentration. 

Increasing the availability of a nutrient molecule such as glucose can 
also induce more renal cells to proliferate. In Fig. 6, the growth of BSC-l 
cells at the usual medium glucose concentration of 25 mM is compared to 
growth in the presence of 100 mM glucose (Holley et at., 1978a). The growth 
rate was increased about 50% by this fourfold increase in the glucose 
concentration. 

Lithium also was found to induce proliferation of renal cells in culture, 
as shown in Fig. 7 (Toback, 1980). The addition of sufficient LiCI to raise 
the medium concentration to 2.5 mM in high-density cultures increased the 
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Figure 6. Effect of normal and high concentrations of glucose on growth of confluent cultures 
of BSC-I cells. Cells were plated in medium containing 25 mM glucose and 10% serum and 
grown to the density shown on day 0 on the graph. Sets of plates were then changed to media 
containing 10% serum with (&) or without (e) added glucose (100 mM). (Reprinted from Holley 
et ai., 1978a, with permission.) 

growth rate for 1 week. However, growth ceased by day 10. Light microscopic 
examination at that time revealed indistinct plasma membranes and a decrease 
in cytoplasmic density. Longer exposure to lithium resulted in a decrease in 
cell number. These observations in cell culture are reminiscent of the toxic 
effect of lithium on renal tissue in some patients (Burrows et at., 1978). 
Changes suggestive of tubular necrosis and dilatation of the distal nephron 
also have been reported in patients and animals after lithium treatment 
(Lindop and Padfield, 1975; Evan and Ollerich, 1972). Of interest is the 

Figure 7. Effect of LiCI on growth of confluent 
cultures of BSC-l cells. Cells were plated in medium 
with I % calf serum and grown to the density shown 
on day 0 on the graph. Sets of plates were then 
changed to media containing 0.5% serum with (~) 
or without (e) LiCI (2.5 mM). (Reprinted from 
Toback, 1980, with permission.) 
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work of Hestbech and co-workers (1977), who described numerous cortical 
and some medullary cysts in the kidneys of two patients after long-term 
lithium exposure. 

5. Conclusions 

A variety of substances appear to play a role in the initiation of renal 
cell growth. Some of these are sodium chloride (Toback, 1980) and ammo­
nium acetate (Berman et al., 1979), which augment the growth of renal cells 
in culture, and testosterone (Korenchevsky et al., 1933) and thyroxine (Katz 
and Lindheimer, 1973), which increase renal mass in rats. Unknown factors 
in the serum appear to mediate compensatory renal growth after unilateral 
nephrectomy (Lowenstein and Stern, 1963; Ogawa and Nowinski, 1958). 
Epidermal growth factor, which is a normal constituent of human blood and 
urine, stimulates the growth of renal epithelial cells in culture (Carpenter 
and Cohen, 1979; Holley et al., 1977). It is not yet known if this polypeptide 
plays a role in the regulation of renal growth in man. Inhibitors of kidney 
cell growth produced by the cells may also play an important role in the 
regulation of renal growth in vivo (Holley et al., 1978b, 1980; Lozzio et al., 
1975). 

It seems likely that growth-promoting factors, ions, nutrients, and 
inhibitors interact with each other so that the initiation of growth may 
represent a summation of various proliferative and inhibitory influences on 
the cell (Holley, 1975). Study of the mechanism of action of these diverse 
substances would provide a fund of knowledge which could form the basis 
for understanding the causes of renal disease and thereby permit the design 
of treatments to prevent or to ameliorate it in susceptible or afflicted 
individuals. 
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Movements of Salts and Water into 
Cysts in Polycystic Kidney Disease 

Jared Grantham 

1. Cyst Structure and Function in Polycystic Kidney Disease 

9 

The cysts in polycystic kidney disease (PKD) derive from different nephron 
segments (Potter, 1972; Lambert, 1947; Bricker and Patton, 1955). Recent 
studies from our laboratory confirmed the earlier study of Gardner (1969) 
which showed that the cysts are capable of maintaining steep solute concen­
tration gradients between cyst fluid (CF) and plasma (Cuppage et at., 1980; 
Huseman et at., 1980). 

1.1. Cyst Function 

The cysts can be divided into general groups on the basis of the sodium 
concentrations: proximal cysts (Na CF/serum = 1.0) and distal cysts (Na 
CF/serum < 0.4) (Fig. 1). Confirmation of the hypothesis that cysts arise 
from nephrons is obtained when one examines the concentrations in cysts 
designated as proximal or distal on the basis of the sodium concentration 
(Figs. 2-5). In proximal cysts the concentrations of K, CI, H +, creatinine, 
and urea are nearly equal to the serum values, whereas the distal cyst values 
are quite different. In distal cysts the sodium, chloride, and pH values are 
lower than in serum, whereas the potassium, creatinine, urea, and glucose 
levels are higher than in serum in both azotemic and nonazotemic patients. 
The distribution of these solutes conforms to the expectations for fluid in 
prolonged contact with proximal and distal renal epithelium. 

Jared Grantham • Department of Medicine, University of Kansas School of Medicine, Kansas 
City, Kansas 66103. 
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Figure 1. Distribution of cyst fluid sodium concentrations in 271 individual cysts from eight 
patients. Hemodialysis, five azotemic patients who were nephrectomized prior to renal trans­
plantation. Posttransplant, two nonazotemic patients whose cystic kidneys were removed several 
weeks after a successful cadaveric allograft. Organ donor, one nonazotemic subject with PKD 
whose kidneys were donated for renal transplantation. Note the biomodal distribution of sodium 
concentrations in the cysts. (Reprinted from Huseman et ai., 1980, with permission.) 

1.2. Cyst Structure 

Morphological studies of the walls of cysts show the presence of a single 
layer of epithelial cells joined at their apices by "tight" or "loose" junctional 
complexes (Cuppage et al., 1980). Those cysts with "tight" apical junctions 
had solute concentrations in the fluid typical of distal nephrons, whereas 
those cysts with "loose" junctions had fluid typical of proximal tubules. The 
separate analysis of structure and function strongly suggests that the epithe­
lium lining cyst, though dedifferentiated with respect to surface characteristics 
(e.g., brush borders and basolateral infoldings), functions throughout the 
life of the patient. 

2. Human Findings 

Studies in two nonazotemic patients who had their polycystic kidneys 
removed several weeks after they had received cadaveric renal allografts 
showed that the solutes in proximal cysts had equilibrated with plasma (Figs. 
2-5). These serendipitous studies showed that proximal cyst walls are 
permeable to most endogenous solutes (electrolytes, creatinine, and urea). By 
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Table 1. Solute Distribution in Distal Cysts of Five Azotemic Patients 
and in One Patient following Renal Transplantationa 

Creatinine (mg dl- I) 

Azotemic patients Posttransplant patient 

Cyst 
Serum 
Ratio 
Cyst 

Serum 
Ratio 

49 
12.4 
3.95 

92.0 
79.1 
1.16 

50 
17 

2.94 
60 

113 
0.53 

a The eFts ratios of urea + creatinine are reduced from 0.29 in the azotemic to 0.18 
in the posttransplant patient. 
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contrast electrolyte gradients were preserved in distal cysts, although the 
creatinine and urea levels decreased to a small extent indicating that distal 
epithelium was slightly permeable to solutes (Table 1). The transplanted 
patients' cyst values were referenced with the azotemic serum values to 
permit comparison with the cyst fluids from the azotemic subjects. As shown 
in Table 1, the distal cyst fluid-to-serum ratios of creatinine and urea were 
higher in five azotemic patients than in the distal cysts of the nonazotemic 
patient who had received a successful allograft. 

These studies of solute permeability are in agreement with the work of 
others who showed that tritiated water moved readily across the cyst walls 
Uacobsson et at., 1977). Since the cysts are permeable to water, creatinine, 
and urea, it seems certain that electrolyte gradients in renal cysts are 
maintained by active cellular transport. 

Analysis of hydrostatic pressure differences across the walls of cysts (Fig. 
6) shows that the pressures are of a magnitude expected in normal renal 
tubules. 

A recent observation in our laboratory that also bears on the functional 
significance of renal cysts deserves mention. We removed a polycystic kidney 
from an azotemic patient who had been given gentamicin and clindamycin 
for several days prior to nephrectomy. We found that gentamicin levels were 
higher in proximal than in distal cysts, in keeping with the observations of 
Muther and Bennett (1980). However, the clindamycin levels were much 
higher in distal (acidic) than in proximal (normal pH) cysts. Since gentamicin 
is highly polar and clindamycin is relatively nonpolar and very lipid soluble, 
we suggest that certain drugs, such as clindamycin, may accumulate prefer­
entially in distal cysts owing to their high permeability through the cyst wall 
and their propensity to be dissociated and "trapped" in acidic fluid. 

In this same patient we learned that the P02 of cyst fluid may range 
from anaerobic (no oxygen) to levels of oxygen equal to that of normally 
oxygenated blood. Furthermore, some of the so-called "chocolate cysts" (cysts 
containing heme products) were packed with lipid bodies, i.e., cells that 
contain polarizing lipid droplets typical of the oval fat bodies seen in the 
urine of patients with nephrotic syndrome and lipiduria. This latter obser-
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Figure 6. Hydrostatic pressures in cysts. 

vation suggests that in some cysts there is considerable "turnover" of cells, 
since the lipid-laden cells were also found in the epithelium lining the cyst 
walls. 

From the foregoing, it seems reasonable to conclude that cystic nephrons 
continue to function to some extent throughout the life of the patient. In 
the remainder of this chapter, I will consider how this information may help 
us to understand the pathogenesis of cyst formation. 

3. Mechanisms o/Cyst Formation 

A cyst can form in only a limited number of ways in a nephron segment, 
as shown diagrammatically in Fig. 7. In normal nephrons plasma is filtered 
into the tubules, and about 99% of the water and solutes is reabsorbed. 
Transtubule pressure measured in laboratory animals shows values ranging 
from about 11 mm Hg in proximal convoluted to about 5 mm Hg in distal 
convoluted tubules. In the diagram, the pressure is depicted as coiled springs 
pushing outward. Fluid movement is shown by the solid arrows. 

3.1. Obstruction 

If a nephron segment is obstructed, either by a cast or by an abnormal 
growth of cells, the pressure inside the tubule proximal to the obstruction 
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Figure 7. Mechanisms of cyst for­
mation. Solid lines indicate fluid 
movement. Dashed-coiled lines 
with arrowheads indicate pressure. 
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will be increased initially. If the obstruction is total, several studies suggest 
that the tubular pressure will actually decrease owing to a sharp reduction 
in glomerular filtration rate (GFR) several hours after the obstruction is 
placed (Wilson, 1980). Thus, complete obstruction might not cause persistent 
hypertension in the renal tubule. Alternatively, partial obstruction would 
permit GFR to continue at some reduced level and would also cause pressure 
to be chronically increased. In human PKD, we found no evidence for an 
increase in hydrostatic pressure; rather the pressures were in a range expected 
for normal nephrons (Fig. 6). Electron microscopy did not show evidence of 
increased pressure within the cyst, but as Dr. Bernstein has pointed out, one 
might interpret the atrophy of adjacent noncystic nephrons to reflect some 
degree of pressure atrophy. If pressure increases by a small magnitude, not 
detectable by our measurements, and is instrumental in the formation of 
cysts, we must then explain why the cysts start out as focal dilatations for 
nephron segments, rather than as a generalized expansion of whole nephrons 
when the collecting segments are obstructed. 

3.2. Secretion 

Fluid secretion has been suggested as a possible cause of cyst formation. 
Secretion is a reasonable mechanism since hippurates have been shown to 
cause fluid secretion in proximal tubules (Grantham et al., 1973) and the 
fluid of distal cysts contains unidentified osmotic solutes (probably amino 
acids) which could cause fluid movement in the cysts (Table 2). A secretion 
process would require distal obstruction since fluid secreted into the segment 
would simply drain into the pelvis of a normal nephron. The most damaging 
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Table 2. Nominal Composition of Cyst Fluids in Azotemic 
Patients in Steady State 

Proximal Distal 
(mmoleslliter) (mmoleslliter) 

Na+ 138 4.8 
K+ 5.1 25.3 
CI- 96 18.3 
HCOi 25 1.0 
PO~- 5.0 15.1 
Ca2 + 3.9 4.0 
Glucose 5.8 14.1 
Urea 25 32.9 
Creatinine 1.7 4.3 
Hippurate 2.8 1.4 

Total 308.4 121.2 
Osmolality 290 301 

evidence against fluid secretion is the finding that the creatinine levels are 
equal to or greater than the plasma creatinine levels in proximal and distal 
cysts. Secretion of fluid would dilute rather than concentrate the creatinine 
in the cysts. 

3.3. Increased Compliance 

The final alternative involves a focal increase in the compliance of nephron 
segments. The tubular basement membrane (TBM) normally determines the 
distensibility of tubules in response to hydrostatic pressure (Welling and 
Grantham, 1972). According to this view, the tubular basement membrane 
is weakened, because of either defective synthesis or abnormal breakdown. 
This causes the tubular segment to expand to an abnormal degree with 
normal intratubular pressures. This mechanism does not require distal 
obstruction, although any factor that would increase intratubular pressure 
would facilitate the formation of the cyst. In this way cysts would fill with 
unabsorbed glomerular ultrafiltrate because the resistance to fluid flow into 
the cysts would be equal to or less than the resistance to flow through the 
remainder of the nephron and collecting system. The basement membrane 
"defect" could be due (1) to synthesis of abnormally compliant TBM, or (2) 
to synthesis of increased amounts of TBM which allows cells to grow in the 
radial direction. On the one hand, cystic disease may be viewed as a problem 
of defective synthesis of a supportive framework; on the other hand, the 
disease may be considered a defect in the growth of tubular epithelium. 

3.4. Summation 

In summary, we know that in adult PKD the cysts arise from nephrons 
and collecting segments. The cells dedifferentiate, losing some of the normal 
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surface features, yet they retain their basic solute transport and permeability 
characteristics. 

4. Unresolved Questions 

Some unresolved questions are 

1. What are the mechanisms of renal insufficiency? Specifically, to what 
extent do compression, recruitment of new nephrons to form cysts, 
and/or altered tubuloglomerular feedback contribute to renal fail­
ure? 

2. Are the lining cells genetically programmed to form cysts, or are 
the cells passengers hanging onto a superstructure (TBM) that is 
abnormally compliant? 

3. Can advantage be taken of the different electrolyte and solute 
concentrations in the cysts for diagnostic purposes or for the selective 
accumulation of drugs in the cysts? 

ACKNOWLEDGMENT. The author thanks Janet Rosberg for secretarial assist­
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Movement of Organic Molecules into 
Cysts 

William M. Bennett, Curtis G. Wickre, 
and Richard S. Mutlrer 

1. Introduction 

10 

Patients with polycystic kidney disease and intercurrent urinary tract infection 
may develop perinephric abscesses despite prolonged antibiotic treatment 
directed against susceptible urinary pathogens (Sweet and Keane, 1979). 
Sweet and Keane (1979), during a 31/2-year period of observation, found 
that 8 of 24 dialysis patients with polycystic kidney disease developed 
symptomatic urinary infections. Of these, five patients developed perinephric 
abscesses despite more than 2 weeks of antibiotic treatment. This type of 
experience suggests that cystic nephrons may not achieve adequate concen­
trations of antibiotics for sterilization of infected fluid. Poor drainage of 
cystic nephrons due to outflow obstruction also might contribute to poor 
therapeutic response. 

Impaired renal function in patients with polycystic kidney disease is 
likely to contribute to poor results by decreased filtration of drugs or by 
poor diffusion through damaged parenchyma, despite therapeutic antibiotic 
concentrations in serum. This is analogous to other patients with upper­
urinary-tract infection and advanced renal disease, where adequate tissue or 
urinary antibiotic concentrations are difficult to obtain (Bennett et at., 1977). 
However, patients with infected simple renal cysts do not respond well to 
antibiotic therapy (Patel et at., 1978) either. The fact that these patients 
usually have well-preserved renal function suggests that antibiotic movement 

William M. Bennett, Curtis G. Wickre, and Richard S. Muther • Division of Nephrology, De­
partment of Medicine, Oregon Health Sciences University, Portland, Oregon 97201. Supported, 
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into cystic nephrons may be dependent on mechanisms other than glomerular 
filtration. This chapter reviews what is currently known about antibiotic 
movement into cysts. As data have accumulated, it has become evident that 
such studies provide insight not only into the treatment of infection, but also 
into cyst physiology and into the transport of other organic molecules by 
cyst walls. 

2. Simple Cysts 

Simple renal cysts contain fluid that is in equilibrium with extracellular 
or interstitial fluid. Steg found no penetrance of amoxicillin, minocycline, 
or rifampicin into simple cysts (Steg, 1976). Other reported cases of infection 
treated medically have shown poor responses to penicillins (ampicillin, 
penicillin G, nafcillin) and to streptomycin. In fact, only a solitary patient 
who was treated with chloramphenicol improved on medical treatment alone 
(Deliveliotis et ai., 1967). Muther and Bennett (1980) recently measured 
simultaneous levels of gentamicin in urine, serum, and cyst fluid from three 
patients treated with full therapeutic doses of the antibiotic. Despite creatinine 
clearances of 40, 52, and 80 ml/min, respectively, only one patient achieved 
measurable gentamicin in the cyst. In that patient, the concentration was 
24% of the serum concentration and 0.6% of that found in urine. An 
additional patient with a creatinine clearance of 78 ml/min was given 
trimethoprim-sulfa methoxazole. Neither drug could be detected in the cyst 
(Deliveliotis et ai., 1967). From these data, it would seem that surgical drainage 
would be preferable to antibiotic therapy for infected simple renal cysts. 
Changes in permeability due to infection, per se, could alter antibiotic 
penetrance, but this has not been investigated systematically. Patients with 
solitary cysts might prove to be ideal subjects for studies of transport kinetics 
of other organic molecules as well as of antibiotics. 

3. Cysts in Patients with Adult Polycystic Kidney Disease 

Few studies have examined penetration of antibiotics into cysts of patients 
with polycystic kidney disease. We obtained cyst fluid from seven patients 
with typical adult polycystic kidney disease. All patients had bilaterally 
enlarged kidneys and positive family histories. Four patients were on main­
tenance dialysis, and another patient had a creatinine clearance of 15 mVmin. 
Two patients had normal renal function but came to medical attention 
because of severe abdominal pain related to massive cyst enlargement. .All 
patients were treated with antibiotics in full therapeutic dosage (or 36-48 
hr prior to cyst fluid sampling. Simultaneously with aspiration of cyst fluid, 
serum and urine samples were obtained for antibiotic concentrations. Eighty 
cysts were sampled, ranging in volume from 1.5 to 967 ml. Of the 80 cysts 
sampled, 62 were proximal, as classified by the method of Huseman et ai. 
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Table 1. Mean Concentration of Antibiotics in Serum, Urine, and Cyst Fluid in Patients 
with Polycystic Kidney Diseasea 

No. Cyst: serum Cyst: urine 
Drug patients Serum Urine Cyst ratio ratio 

Gentamicin 3 2.3 11 0.59 (33) 0.26 0.05 
Tobramycin 2 3.7 28 0 (5) 0 0 
Cephapirin 3 46 448 8.8 (43) 0.19 0.02 
Ticarcillin 1 400 47 (20) 0.12 
Ampicillin 4.7 660 0 (1) 0 0 
Erythromycin 4.3 32 3.4 (4) 0.79 0.16 

• All concentrations in J1g/ml. Numbers in parentheses indicate number of cysts punctured. 

(1980), on the basis of cyst fluid-to-serum sodium ratios of greater than 0.9. 
Sixteen cysts were of distal nephron origin, as judged by cyst fluid-to-serum 
sodium ratios of less than 0.2. Two cysts were of indeterminant origin. Three 
patients had proximal cysts only sampled. The results for the antibiotics 
studied with simultaneous urine and serum values are shown in Table 1. 
Table 2 depicts antibiotic concentrations in proximal and distal cysts. In 
general, all drugs tested penetrate cysts poorly. Proximal cysts seem to 
achieve higher concentrations for all drugs except cephapirin. However, 
only one distal cyst was punctured in patients receiving cephapirin, so that 
firm conclusions are hazardous. Only one patient had infected cysts at the 
time of these studies. Despite adequate serum levels and sensitive bacteria, 
sterilization of the cyst was not achieved prior to surgical treatment. 

Penicillins and cephalosporins are handled in the normal kidney by the 
organic acid transport system. Clearances of these drugs exceeded glomerular 
filtration rates, and proximal tubular secretion has been demonstrated. Thus, 
since the cysts of patients with polycystic kidney disease presumably arise 
from single nephrons and have filtration rates of approximately 10 - 8 

liters/min (Huseman et at., 1980), drugs transported as organic acids should 
be transported into cysts better than drugs that depend primarily on 
glomerular filtration, such as aminoglycosides. The surprising appearance 

Table 2. Comparison of Antibiotic Levels between Proximal and Distal Cystsa 

Drug 

Gentamicin 
Tobramycin 
Cephapirin 
Ticarcillin 
Ampicillin 
Erythromycin 

No. 
patients 

3 
2 
3 
1 

Serum 

2.3 
3.7 

46 
400 

4.7 
4.3 

Cyst fluid 

Proximal 

1.04 (19) 
0 (2) 
8.1 (42) 

135 (7) 
0 (1) 
3.4 (4) 

a All concentrations in J1g/ml. Numbers in parentheses indicate number of cysts punctured. 

Distal 

0(14) 
0 (3) 

38 (1) 
0(13) 
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Table 3. Mean Cyst Fluid, Serum, and Urine Concentrations of Inulin and PAH following 
Their Continuous Intravenous Infusion in Two Patients with Normal Renal Functiona 

Patient 1 Patient 2 

Inulin PAH Inulin PAH 

Serum 0.78 6.30 0.53 3.14 
Cyst fluid 0 1.44 0 0 
Urine 14 515 2.8 95 
Cyst: fluid 0 0.23 0 0 

a All concentrations in mg/dl. Values in patient 1 are the mean of 13 proximal cysts. Values in patient 2 are 
from one 250-ml proximal cyst. 

of gentamicin in proximal cysts suggests that these cationic drugs may gain 
access to cysts by a transtubular route. Basolateral transport of aminoglyco­
sides, although quantitatively not important in normal animals, has been 
implied from renal cortical slice studies (Kluwe and Hook, 1978). Collier et 
al. (1979) showed that only 75% of renal gentamicin uptake could be 
eliminated by rendering an isolated perfused rat kidney nonfiltering. 

In two patients with normal renal function, prolonged infusions of 
inulin and para-aminohippurate (PAH) were performed. Results are shown 
in Table 3. In one patient, PAH was detected in proximal cysts in a 
concentration 23% that of serum values. The other patient, who had only a 
solitary 250-ml proximal cyst punctured, had no PAH detected. Neither 
patient achieved measurable inulin concentrations in cysts. Unfortunately, 
no distal cysts were available from these patients for study. Bricker and 
Patton (1955) and Lambert (1947) found inulin in cysts shortly after intra­
venous injection. It is difficult to reconcile these results with the present 
studies. It is possible that inulin might enter cysts by diffusion across 
epithelium whose permeability is altered by distention. A similar explanation 
might be offered for gentamicin entrance into cyst fluid. 

It is obvious that further study of organic molecules and their movement 
into cyst fluid might be fruitful in unraveling mechanisms of cyst growth as 
well as leading to more rational drug therapy of infected cysts. 
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11 
Kinetics of Cyst Development in Cystic 
Renal Disease 

Larry W. Welling and Dan]. Welling 

1. Introduction 

The cysts in polycystic renal disease are always filled with fluid. In this 
chapter we consider the accumulation of that fluid to be a primary event in 
cyst production, consider the source of that fluid, and then ask whether or 
not the amount and rate of cyst filling and growth can give us additional 
information about their cause. 

2. Mass Balance 

Figure 1 shows a hypothetical nephron segment in which a central 
region is predisposed to cystic dilation by some as-yet-unknown mechanism. 
Arrows represent volume flows. IV'n is the proximal inflow and is equal to 
the single nephron glomerular filtration rate (GFR) plus or minus any 
secretory or reabsorptive flux that may have occurred upstream. lv, is 
secretory volume flux from peritubular medium to tubule lumen and 
probably requires an osmotic difference to be effective. IVab is reabsorptive 
volume flux from lumen to peritubular medium and may derive from active 
or passive processes. IVoul is the distal outflow and may be influenced by 
partial or complete distal obstruction. For reference,]v'n andlvout are assigned 
a wide range of normal values to accommodate a variety of species and 
circumstances. In general,]v, is small or negligible whereaslvab may represent 
a considerable fraction of the IV'n' 

The mass balance equation for this situation is dVldt = IV'n + lv, -
IVab - IVoul in which the rate of volume change, dVldt, in the segment is seen 

Larry W. Welling • Veterans Administration Medical Center, Kansas City, Missouri 
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Figure 1. Hypothetical nephron segment predisposed to cystic dilation. Arrows represent 
volume flows. 

to be critically dependent on the four fluid fluxes. In the steady state, dVldt 
is zero. In the growing cyst, dVldt is positive, equal to the net filling rate and 
thus equal to the rate of cyst growth. Because dVldt reflects several flows 
which might vary independently with time, the change in cyst volume with 
time may have different patterns. Figure 2 shows three possibilities: a linear 
cyst growth pattern in which dVldt is constant, a faster-than-linear pattern in 
which dVldt is increasing, and an apparently self-limiting growth pattern in 
which dVldt gradually decreases to zero. 

Because single-nephron GFR, and thus probably jVin' is reported to be 
normal until late in the polycystic kidney disease process, and because jv, 
probably remains negligible, these different growth patterns presumably 
reflect different relative values of the reabsorptive flux, jVab' and the distal 
outflow,jvout' It is interesting to consider the reabsorptive fluxes and outflows 
in each of the most frequently proposed mechanisms for renal cyst formation, 
namely, ballooning or blowout, basement membrane defect, and cellular 
hyperplasia with or without polyp formation. 
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Figure 2. Possible cyst growth patterns. 
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Table 1. Linear Cyst Growth 

Cyst volume 
(ml) 

0.1 
1 

10 
100 

dVldt: 5 nllmin 

14 days 
140 days 

3.8 years 
38 years 

3. Review o/Cyst Models 

3.1. Balloon Model 

Time 

50 nllmin 

1.4 days 
14 days 

140 days 
3.8 years 

97 

In the balloon theory, partial or complete distal obstruction reduces the 
IVout such that, in response to continuing proximal filling,lvin' there occurs 
a cystic change analogous to the filling of a stretchable balloon. Historically, 
it is implied that the cellular and basement membrane mass remains constant 
and reasonably normal during this dilation process and simply becomes 
stretched and attenuated to accommodate the increasing surface area of the 
cyst. In that case, IVab might conceivably remain constant, and if IVout also 
were constant though reduced from normal, fairly rapid and linear cyst 
growth would occur. The mass balance equation then would equal a constant 
value in the range of 0 to approximately 50 nVmin. The time, t, required 
to achieve a given cyst volume, V, is given by the equation t = (V -
VO)I(jVin - IVout + lv, - IVab) in which Vo is the starting normal volume of 
about 10- 5 m!. Listed in Table 1 are representative calculations in which 
dVldt has been assigned a reasonable maximum value of 50 nVmin or an 
arbitrary minimum value of 5 nl/min. It is interesting that the smaller cysts 
predicted at the earliest times are consistent with those observed experimen­
tally. That is, in rat kidneys made cystic by use of diphenylthiazole, diphen­
ylamine, or nordihydroguaiaretic acid, Carone et ai. (1974), Gardner et ai. 
(1976), and Evan and Gardner (1979) each have reported occasional cysts of 
0.2-ml volume at about 35 days and under flow conditions probably not too 
dissimilar from the 5 nl/min situation. It is possible also that the occasional 
100-ml cysts observed in adult polycystic disease may have grown over periods 
as great as 38 years. However, before this evidence is taken as support for 
the balloon theory or for the presence of linear growth patterns, additional 
facts must be considered. First, the larger cysts in the rat models and in 
human disease are not the general rule but rather are far outnumbered by 
much smaller cysts. Second, the initial postulate of constant and normally 
transporting cellular and basement membrane mass in the stretching cyst 
wall is untenable on geometric grounds. As shown in Table 2, if cell and 
basement membrane mass did indeed remain constant during cyst growth, 
the average 7.5-lJ.m cell height and 0.25-lJ.m basement membrane thickness 
of the parent nephron would become attenuated to 0.25 and 0.01 IJ.m, 
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Table 2. Attenuation of Constant Cell and Basement 
Membrane (BM) Mass 

Tubule OD Cell height BM thickness 
(mm) (ILm) (ILm) 

0.04 7.5 0.25 
1 0.25 O.oI 

10 0.025 0.001 

respectively, in cysts only 1 mm in diameter and to angstrom dimensions in 
l-cm cysts. Although some wall thinning is observed in some cystic nephrons, 
it is not invariable and never is to these predicted extremes, even in very 
large cysts. Third, Fig. 3 illustrates the relationship between trans tubular 
hydrostatic pressure and the outer diameters of isolated, distally occluded, 
intact nephron segments or tubule basement membranes from rabbits 
(Welling and Grantham, 1972). Although all the segments and membranes 
are seen to be moderately stretchable in the physiologic pressure range of 
perhaps 5-20 cm H20, it is quite apparent that, if the basement membrane 
is normal in compliance and in quantity, no amount of obstruction or luminal 
pressure could produce even I-mm cysts. Finally, if one does not require 
the maintenance of constant absorptive flux during cyst wall stretching and 
allows instead a more probably progressive decrease in transport function, 
zero transport, or even cell death, the result would be, as shown in Fig. 2, 
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Figure 3. Relationship between transtubular hydrostatic pressure and outer diameters of rabbit 
proximal SI and S2 segments and cortical collecting tubules (CCT). (Adapted from Welling and 
Grantham, 1972.) 
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NORMAL-

TRANSTUBULAR PRESSURE 

Figure 4. Comparison of compliance curves for normal and hypothetical abnormal tubule 
basement membrane. 

either a faster-than-linear cyst growth pattern or a linear pattern with slope 
greater than in the original constant flux situation. Then one would predict 
a larger ratio of large to small cysts and thus a picture even less consistent 
with the rat model and human disease observations. For all these reasons, 
our analysis does not support the balloon or blowout theory as presented 
historically and can accommodate other obstruction theories only if they 
include the possibility of changing reabsorptive flux and avoid the problems 
of attenuation and limited tubule distensibility. 

3.2. Membrane Defect Model 

The second of the most frequently proposed cyst growth mechanisms 
incorporates a basement membrane defect that might be analogous to the 
known effects of collagenase on tubule basement membranes. Stated simply, 
it is proposed that the compliance or stretchability of a presumably defective 
basement membrane would not decrease with increasing distention as does 
the normal membrane in Fig. 4. but rather would become effectively infinite 
(Carone et at., 1974). This in turn would tend to dissipate the proximal to 
distal pressure gradient in the tubule, decrease the driving force for ]vout> 
and allow an accumulation of] Vin' Large cysts might then develop at normal 
or even subnormal tubule pressures. It should be noted that the arguments 
concerning cyst size distribution, cell and basement membrane attenuation, 
and maintenance of cellular transport capacity used against the balloon 
model apply here as well. Therefore, unless the membrane defect model is 
supplemented by the possibility for changing reabsorptive flux and avoidance 
of attenuation, it cannot be supported by our analysis. 
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Table 3. Saturation Cyst Growth 

(jv'b IAo ) 
(nl/min . em) 

10 

0.1 

3.3. Saturation Filling Model 

Volume (diameter) 

I-em Cylinders 

3 X 10- 4 ml 
(0.2 mm) 

3 x 10- 2 ml 
(2mm) 
3 ml 

(20 mm) 

Spheres 

1.4 X 10- 3 ml 
(1.4 mm) 
1.4 ml 
(14 mm) 

1400 ml 
(140 mm) 

The third proposed cyst growth mechanism incorporates cellular growth 
or hyperplasia during cyst growth and proves to be the most interesting for 
two reasons. First, if the possibility of cellular hyperplasia is added to an 
obstruction model or to the membrane defect model, both can be made 
acceptable. Second, concomitant cell growth and cystic dilation can produce 
the characteristic, self-limiting cyst growth pattern indicated by the lower 
broken line in Fig. 2, a pattern we shall refer to as saturation filling. 

Saturation filling is described by the equation (jVin - IVau, + Iv,) = 
(jVab/AO)A and is a situation in which the reabsorption capacity IVab per unit 
tubule surface area Ao is maintained constant and greater than zero during 
cyst growth and during the enlargment of the cyst wall surface area A. For 
example, it would occur if growth of absorbing cyst lining cells kept pace 
with the increasing surface area of the cyst and thereby maintained normal 
cell spacing and density in a single-layer epithelium. Thus, as the cyst surface 
area increases so does the total absorptive capacity of the cyst wall. Cyst 
growth then ceases when that total absorptive capacity comes to equal the 
algebraic sum of the other volume flows previously available for cyst growth. 
Using the reference values from Fig. 1, that volume flow would be, maximally, 
50 nl/min. 

In favor of this viewpoint are the findings of Carone et al. (1974), Evan 
and Gardner (1979), and Cuppage et al. (1980) that normal cell size and 
spacing are indeed found in cyst epithelium. Further support is provided by 
the sample calculations in Table 3. That is, if saturation filling does occur in 
human and experimental disease, one might expect to find large populations 
of cylindrical dilated tubules or spherical cysts of sizes predicted from the 
reasonable range of absorptive capacities in the left column. It should be 
noted that the 10 and 1 nl/min' cm absorptive capacities are approximately 
equivalent to those seen in normal proximal and in distal nephron segments. 
Although the available observations are few, we do find that the smaller of 
the calculated cyst sizes are reasonably compatible with the more usual, 
smaller cysts seen in rat models and human disease and that the larger 
calculated sizes might correspond to the few larger cysts observed. Further-
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Figure 5. Suggested manner of tubule cell growth induced by tubule dilation. 
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more, to account for the occasional very large cysts, one can easily accept 
the possibility of damaged or otherwise poorly functioning cyst epithelium. 
The calculations using the 0.1 absorption capacity would reflect such a 
situation. Circumstantial evidence for a poorly functioning epithelium is 
provided by the several published electron micrographs in which the cyst 
lining cells are somewhat reduced in height and, more important, lack the 
complex array of lateral intercellular channels which have been correlated 
in our laboratory with the cellular capacity for active volume reabsorption 
(Welling et ai., 1978). 

4. Proposed Mechanism 

Having now arrived at our choice of saturation as a reasonable model 
for cyst growth, two additional points remain for consideration. The first is 
a reconciliation between the distal obstruction and basement membrane 
defect models and what might be termed the saturation model. The second 
is a brief discussion of research procedures that might be used to test the 
validity of our conclusions. 

One overriding consideration in the saturation model is an apparent 
coordination between cyst growth rate and the rate at which cell growth 
occurs to maintain an approximately normal reabsorptive capacity per unit 
surface area. Although the concept of contact inhibition might be involved 
to assure normal epithelial size and density, one still must find a reasonable 
initiating stimulus which, in the context of a developing disease state, must 
presumably be pathologic. We propose two possibilities. First, as illustrated 
by the difference between the first and the second tubule diagrams in Fig. 
5, moderate tubule dilations are possible within the range of physiologic 
transtubular pressure. Pathologic distal obstruction, possibly by means of the 
epithelial polyps demonstrated by Evan and Gardner (1979), then could 
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produce moderate cellular stretching and attenuation which, in turn, might 
trigger cellular hyperplasia sufficient to return cell size to normal, as in the 
third diagram. Furthermore, if each new cell were allowed to produce its 
normal allotment of basement membrane, the trans tubular pressure could 
return to normal and thereafter fluctuate between normal and only slight 
elevation as the cycle is repeated and as the cyst grows and expands 
progressively. The second possibility is similar to the first but incorporates 
the basement membrane defect model as proposed by Carone et al. (1974). 
Cellular attenuation and the triggering of hyperplasia then could occur with 
only trivial elevations of tubular pressure and without the need for significant 
distal obstruction. Basement membrane attenuation could be prevented if 
the new cells again were allowed to produce new, but now presumably 
abnormal, membrane in appropriate quantity. 

It should be noted that in both proposed mechanisms the role of 
transtubular pressure is simply to induce sufficient wall stretching to trigger 
a single event of cellular hyperplasia. The pressure then could return to 
normal from which point it might again build up and trigger a second 
hyperplasia event. Cycles of this type presumably could continue for long 
periods of time. If the new cells maintain any degree of transport capacity, 
the cyst eventually would reach a saturation volume at which point no further 
pressure fluctuations would occur and cyst growth would cease. If the new 
cells lack or secondarily lose their transport capacity, there would be no 
saturation volume and cyst growth might continue indefinitely. If a polycystic 
kidney contained both transporting and nontransporting cysts and if, as 
supported by the cyst function studies of Gardner (1969) and of Huseman 
et al. (1980), the transporting cysts predominate, one would expect a low 
ratio of large to small cells, as is in fact observed. 

5. Proposed Experimental Approach 

The conclusions we have reached here have been based on comparisons 
of predicted events to a very few and often incomplete experimental 
observations. To continue our approach and to validate our viewpoints, the 
following experimental procedures will be required. First, to evaluate the 
possibility of basement membrane defect, attempts should be made to 
measure the compliance characteristics of cyst walls. Second, it is critically 
important that we obtain data on cyst growth characteristics and particularly 
the average, and median sizes and the distribution of sizes of all cysts in 
samples obtained at numerous time intervals. Third, because of the expected 
differences between the absorptive capacities of proximal and of distal 
nephron cysts, careful recording of cyst type must accompany the measure­
ments of cyst growth pattern. Finally, as in the work already begun by Evan 
and Gardner, careful examination must be made for evidence of cellular 
hyperplasia and for evidence of obstructive mechanisms. 



11 • Cyst Development in Cystic Renal Disease 103 

References 

Carone, F. A., Rowland, R. G., Perlman, S. G., and Ganote, C. E., 1974, The pathogenesis of 
drug-induced renal cystic disease, Kidney Int. 5:411. 

Cuppage, F. E., Huseman, R. A., Chapman, A., and Grantham, j. j., 1980, Ultrastructure and 
function of cysts from human adult polycystic kidneys, Kidney Int. 17:372. 

Evan, A. P., and Gardner, K. D., Jr., 1979, Nephron obstruction in nordihydroguaiaretic acid­
induced renal cystic disease, Kidney Int. 15:7. 

Gardner, K. D., Jr., 1969, Composition of fluid in twelve cysts of a polycystic kidney, N. Engl. 
]. Med. 281:985. 

Gardner, K. D., Jr., Solomon, S., Fitzgerrel, W. W., and Evan, A. P., 1976, Function and 
structure in the diphenylamine-exposed kidney,]. Clin. Invest. 57:796. 

Huseman, R., Grady, A., Welling, D., and Grantham,j., 1980, Macropuncture study of polycystic 
disease in adult human kidneys, Kidney Int. 18:375. 

Welling, D. j., Welling, L. W., and Hill, j. j., 1978, Phenomenological model relating cell shape 
to water reabsorption in proximal nephron, Am. J. Physiol. 234:F308. 

Welling, L. W., and Grantham, j. j., 1972, Physical properties of isolated perfused renal tubules 
and tubular basement membranes,]. Clin. Invest. 51:1063. 



12 
Early Polycystic Kidney Disease 

Joseph H. Holmes and Patricia Gabow 

Over 700 persons either having polycystic kidney disease (PKD) or related 
to persons having that disease were studied at the University of Colorado 
Health Science Center for more than 20 years. (1-4) This study was begun in 
1960 when it was observed that the ultrasound image of the adult form of 
PKD was quite distinctive. (4) This distinctive pattern offered a potential for 
earlier diagnosis of PKD and for more effective family screening without 
the radiation exposure accompanying the excretory urogram. 

The primary goal of the authors was to obtain a clearer picture of the 
nonazotemic phase of PKD. Not only were the findings useful to facilitate 
earlier diagnosis, but they also were helpful in genetic counseling of all PKD 
persons planning to have children. Often PKD is not diagnosed until an 
affected person has had one or more children. Therefore, if genetic 
counseling is to be effective, PKD must be diagnosed earlier and family 
screening must be more effective. 

This report presents a number of broad issues which arose from the 
initial study of this patient group and which could be helpful to the practicing 
physician/nephrologist for management and treatment of affected persons 
and their families. 

The study group comprised 495 persons having early PKD and their 
family members. After a positive diagnosis of PKD in a patient, attempts 
were made to evaluate all other family members. In all persons, blood 
creatinine was below 3 mg/ 1 00 ml. 

The protocol, which has been followed with only minor variations 
throughout the 20-year study period, consisted of a history (including 
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complete questioning about the genitourinary system); a physical examina­
tion; and blood sampling for determination of BUN, serum creatinine, uric 
acid, SGOT, SGPT, and alkaline phosphatase values. Determination of serum 
sodium and potassium values was included for the last 215 patients seen. 
Blood calcium and phosphorus determinations were obtained in persons 
with a history of renal calculi. Hematological studies included hematocrit, 
hemoglobin, red cell count, white cell count, differential count, red blood 
cell indices, and platelet counts, which were done on the last 215 patients 
seen. 

Routine urinalysis Jon a fresh specimen was performed for aU patients. 
In addition, the majority collected 12- (7 P.M. to 7 A.M.) or 24-hr urine 
specimens for analysis of urea nitrogen, creatinine, uric acid, and, for the 
last 215 patients, sodium and potassium content also. 

Ultrasound examinations were obtained on 451 patients. Intravenous 
pyelograms were performed in approximately 100 subjects in conjunction 
with the ultrasound examination. 

At least four factors must be considered when classifying cystic disease 
of the kidney(5-7): (1) genetic relationship; (2) structural or anatomical aspects; 
(3) rate of cyst growth; and (4) relation to liver abnormalities (i.e., associated 
cystic disease or cirrhosis). 

In defining the genetic aspects, no method for identifying the gene and 
assessing its abnormality exists at present. Therefore, in diagnosing the adult 
form of PKD, a positive genetic history or evidence of polycystic disease in 
related family members is the most reliable factor. 

In 6% of subjects, a positive family history could not be obtained. The 
accuracy of this figure is difficult to ascertain because of difficulties inherent 
in obtaining family histories. For example, a patient said to have died of 
heart disease may have had associated PKD. Consequently, in each patient 
suspected of having spontaneous mutation (i.e., a negative family history), 
evaluation of both parents was attempted before a spontaneous mutation 
was considered. 

The advent of new imaging techniques, such as ultrasound, computed 
tomography (CT), or isotope scanning, has provided a means for more 
precise definitions and classifications. Study of the rate of cyst growth 
suggests that when there is no change in the cystic pattern for more than 15 
years, the cystic disease may not be genetic in origin because continued cyst 
growth is assumed to be a characteristic of the adult form of PKD. Finally, 
if concomitant liver cysts are present, the diagnostic chance of the disease 
being the adult form of PKD is increased significantly. The literature reports 
that liver cysts are present in 28-50% of patients with adult PKD.(6,8) This 
emphasizes the need to examine the liver for cysts in all persons suspected 
of having PKD. 

The diagnosis of PKD was based on one or more of the following 
criteria: a positive excretory urogram, a positive ultrasound, or direct obser­
vation of renal cysts at surgery. CT, isotopic studies, or angiogram were not 
done routinely in the series but were used only to confirm other studies. 
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The population was classified as having no evidence of PKD, suspic~ous 
for presence of PKD, or definite PKD. The 451 subjects with ultrasound 
data were classified as follows: without PKD if no cysts were detected; 
suspicious for PKD if less than a total of five cysts were detectable in both 
kidneys or cysts were present in only one kidney; definite PKD if cysts were 
detectable in both kidneys and totaled five or more. 

Eighty-one cases were diagnosed as suspicious for PKD. However, 
experience suggests that this group probably will evolve into two populations: 
(1) those who develop clear-cut PKD with more and larger cysts; and (2) 
those in whom the cyst pattern remains unchanged over a period of years. 
In five patients in the suspicious group, the ultrasound pattern of two or 
three cysts has remained unchanged over at least 15 years. This means that 
any patient in the suspicious group must be followed periodically until a 
final decision can be made. 

The PKD group was compared with the 254 uninvolved family members, 
and any significant difference between the two groups was considered a 
characteristic of the adult form of PKD. Such comparisons may not take into 
account unrecognized physical differences between involved families and a 
corresponding normal group. However, members of PKD families offer an 
environmental and genetic (unrelated to renal cyst growth) control. 

The clinical symptoms that occurred with greater frequency in the 
positive PKD group were nausea, headache, hematuria, hypertension, infec­
tions, back pain, and renal calculi. The physical examination findings 
occurring with greater frequency in the PKD group were hypertension, 
systolic murmur, abnormal fundoscopic examination, palpable liver, and 
peripheral edema. 

Hypertension (62%) was of particular interest because it was frequently 
the presenting symptom, usually discovered during routine physical exami­
nation. A blood pressure of greater than 150/90 mm Hg was considered to 
represent hypertension. The diagnosis of hypertension was based on the 
history, medical records, and/or measurements during physical examination. 
In the PKD group, the average age of diagnosis of hypertension was 33 
years. Hypertension often was diagnosed before there was overt evidence of 
cystic disease or of renal enlargement. 

The hypertension did not relate to the levels of BUN or serum creatinine. 
Blood uric acid levels were higher in the PKD group with hypertension. In 
any unexplained case of hypertension, family history was and should be 
checked for the possibility of PKD. 

Back pain, though present in more than 61 % of those having a positive 
PKD diagnosis, was a difficult symptom to evaluate. In most instan~es the 
patient tended to relate the back pain to lifting, unusual work, strain, or 
trauma. Back pain did not bring the patient in for his initial PKD diagnostic 
workup. The location of relevant pain varied and could be in the groin, in 
midabdomen just to the left of the umbilicus, in the lumbar region, or in 
the flank. 
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Nineteen percent of the PKD group complained of headaches. Head­
aches did not correlate significantly with the presence of hypertension. 

A few persons in this series with PKD noted intraabdominal pressure, 
belching, difficulty in eating because of a "full" feeling, constipation or 
diarrhea, and palpable abdominal masses. Most of the symptoms were vague, 
but might be explicable on the basis of increased intraabdominal mass. In 
each of these persons, the serum creatinine concentration was less than 3 
mg/IOO ml. 

In the PKD patients, the most significant findings on physical exami­
nation were a higher incidence of palpable kidneys, palpable liver, and 
abdominal tenderness. A palpable left kidney was noted in 51.2%, a palpable 
right kidney in 49.4%. Upper abdominal tenderness was present in 19%. 

Three other findings were of interest. (1) Abnormal funduscopic changes 
were noted in 22% of the PKD and correlated with hypertension. (2) It is 
interesting that a systolic murmur was present in 10.5% of the positive group 
and did not correlate with hypertension. (3) Edema was noted in 9.3% of 
the PKD group. The physical findings that appear to be the most significant 
for early diagnosis are hypertension, palpable kidneys, and palpable liver. 

Laboratory tests did not prove very helpful in diagnosis of early PKD. 
Routine urinalyses done at a time when patients were symptom-free also 
were not discriminating since abnormal urinalyses occurred with a high 
frequency in subjects considered to be unaffected family members. Single 
determinations of serum creatinine and BUN were not useful since most fell 
within the hospital laboratory's normal range. Blood urea and serum creat­
inine determinations were most useful in detecting progressive depression 
of renal function with time. Liver function tests were within normal limits 
in all groups. These tests were similar in those patients who had hepatic 
cysts and in those with no hepatic cysts. 

Hematuria, occurred in 31 % of patients with PKD according to history, 
is a distinctive symptom, and demands further renal workup. When cysto­
scope examination was negative, PKD was the most likely diagnosis. In 
managing hematuria in patients with PKD, the physician should follow a 
conservative program. Surgery is not indicated except for extreme emergen­
cies. Interestingly, a greater incidence of hematuria was found in PKD 
patients with hypertension than in those with no hypertension. 

Since urinary cultures were done only rarely, the diagnosis of genitour­
inary or "bladder" infection was made when the referring physician had told 
the patient that an acute episode of dysuria, hematuria, fever, and back pain 
that disappeared with antibiotic therapy was a "bladder infection." Only a 
third of the PKD group had a history of infection. In PKD patients who 
developed recurrent infections, it was appropriate to treat them vigorously 
and to follow them periodically. If the infection occured in a cyst, antibiotic 
therapy was continued for a longer period of time. Vigorous treatment and 
careful follow-up may prevent future renal damage. 
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Over the past 20 years, three new imaging techniques have altered 
significantly the diagnostic approach to PKD. The three techniques are 
ultrasound, CT scanning, and isotopes scanning.(8-12) 

Ultrasonography was more sensitive than excretory urography in de­
tecting PKD and in subjects suspicious for PKD. Routine excretory urograms 
appeared normal in 5 of 39 subjects with definite PKD diagnosed by 
ultrasonography. Excretory urography was suspicious in an additional six 
subjects. Excretory urography with nephrotomography was normal in 2 of 
16 subjects and suspicious in an additional subject evaluated with this 
radiological technique. One subject had a normal ultrasonogram and excre­
tory urogram, but an abnormal arteriogram consistent with PKD. 

CT, although effective in demonstrating cysts, has been used most often 
in this study to determine presence of complications such as cyst hemorrhage 
or cyst obstruction. CT has not proven useful for screening family mem­
bersY I) The problems associated with CT evaluation include patient prep­
aration, contrast administration, radiation exposure, and the difficulties in 
examination of young children without anesthesia. 

Ultrasound has made it possible to achieve an earlier diagnosis of 
PKDY-3,ll,12) Its major advantages include noninvasive ness and the ability 
to demonstrate cysts in both liver and kidney, during the same examination. 
Recent articles have suggested that ultrasound should be the imaging method 
of first choice whenever PKD is suspected.(8,9,ll,12) 

In addition, ultrasound can demonstrate pancreatic and ovarian cysts 
and cysts in the fetal kidney. This series includes four fetal cystic kidneys 
demonstrated by ultrasound. 

Liver cysts were demonstrated in 38% of the PKD subjects, a figure 
approximating those in the literature (range 36 to 50%).(6,8) It is likely that 
as ultrasonic techniques improve, liver cysts will be detected in a higher 
percentage of PKD patients. Liver cysts have been observed in persons in 
good health who have no family history of PKD. This might correspond to 
the presence of one or two renal cysts in individuals in normal populations, 
especially in many of the older age groups. 

The younger age group (under 18) always has presented a difficult 
diagnostic problem in classification of cystic disease of the kidneyY3) This 
group can be subdivided into several categories: (1) early appearance of cysts 
in subjects less than 18 years old with a definite family history of adult PKD; 
(2) those classified as suspicious, that is, five or fewer cysts; (3) multicystic 
kidney defined as cysts in only one kidney; (4) infantile PKD; (5) persons 
referred as having PKD later diagnosed as tuberous sclerosis; and (6) renal 
cystic disease and portal cirrhosis. Children referred to the University of 
Colorado group as PKD have had evaluations which reveal this spectrum of 
diagnoses. 

In those with adult PKD, early cyst growth sufficient for diagnosis occurs 
in about 8.5% before age 18. This finding is in contrast to a general belief 
that cysts in this disease are not detected until age 20 or 30. An additional 
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20% were classified as suspicious. In this group it is worthwhile to reexamine 
the child every 6 months to determine whether more cysts develop or to 
demonstrate a stable cyst pattern over successive years. 

The multicystic group all had a unilateral abdominal mass discovered at 
birth or shortly thereafter. Surgery was done in five of the six patients, and 
the cystic kidney was removed since the other kidney was declared normal 
at surgery. There was no positive family history of PKD. The term "multi­
cystic" as defined by most internists and urologists is restricted to kidneys 
enlarged unilaterally by cyst growth.(7,14) It is recommended that those 
patients diagnosed as having multicystic disease shortly after birth be followed 
conservatively and that greater restraint be exercised in performing surgery. 

The diagnosis of infantile PKD often is made by the pathologist. 
However, there may also be a distinctive X-ray image pattern, When PKD is 
found in three members of the same generation (as observed in one of the 
families) one should question whether the diagnosis of infantile PKD is 
correct. 

Two other cases of cystic disease occurred in the under-IS group. One 
was diagnosed eventually as tuberous sclerosis and the other had renal cystic 
disease with associated portal cirrhosis. Tuberous sclerosis is occasionally 
diagnosed as PKD, especially in the younger patient, before other diagnostic 
characteristics of this disease appear. 

With the use of ultrasound, the presence of the cysts in the fetal kidney 
before birth can be discovered, In three of the four cases discovered in utero, 
there was a family history of the adult form of PKD. All four cases had echo 
patterns of cystic disease that differed significantly from the pattern of 
infantile PKD. 

Because there are no data to indicate when these children might develop 
serious uremia, the screening routine has been changed, and young family 
members are checked with ultrasound in the first decade. If the result is 
negative, they need not be checked until later, perhaps in their twenties. 

One of the most common questions asked by at risk individuals is "What 
is the likelihood that I have PKD?" At the present time, little more can be 
offered than an explanation of autosomal dominant inheritance. In trying 
to detect early PKD in at-risk family members, a history of previous hematuria 
or hypertension may be helpful although these occur commonly in subjects 
considered negative. During the physical examination, careful attention 
should be given to blood pressure and to examination of abdomen, Careful 
palpation of kidneys and liver should be done. If a systolic murmur or 
edema is present, further diagnostic evaluation should be carried out. 
Laboratory studies on a single visit were not helpful in diagnosing or 
evaluating PKD, but for progressive changes over a period of time, they are 
clearly useful. 

If five or fewer cysts are detected in a person under age 30, it is 
impossible to make a positive diagnosis on a single visit. Consequently, these 
patients must be followed, and only when additional cysts appear on 
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subsequent visits can the diagnosis be established. Early in this study it was 
assumed that whenever two or three cysts were noted in a family member, 
that person would develop PKD, but this has not always been the case. More 
difficult diagnostically is the discovery of the first cyst after age 50, when 
one or two cysts may appear even in normal persons with no history of PKD. 
Long-term follow-up on this subset of patients is critical in order to develop 
a predictive index for subjects at risk. 

As a result of this study, a logical routine checkup for family members 
at risk has been devised. It was found that cysts grow slowly in most patients 
and that an evaluation every 2 or 3 years is probably sufficient. All patients 
who are planning a family should be checked at that time. 

Another question commonly asked by those who have PKD is "When 
will I require dialysis or renal transplantation and how long can I lead a 
useful working life? I want to make plans for my family or decide whether 
to have children or adopt a child." Sufficient longitudinal data have not been 
obtained on the group with uremia to predict the prognosis on any specific 
PKD patient. Furthermore, rate of cyst growth may vary considerably.(15) 
For example, one patient in this series had no evidence of cysts at the age 
of 17, yet at the age of 181/2 had multiple cysts in both kidneys. In contrast, 
an 82-year-old woman with 55-g cystic kidneys died of pneumonia with a 
BUN in the normal range. 

Patients frequently ask: "Can I alter the course of the disease by a special 
diet, drinking more fluids, being more active, or by special exercises?" No 
data regarding such measures have been accumulated in this disorder. 

One question often asked by younger subjects is whether they should 
participate in contact sports. When cysts are large, especially when they occur 
in the younger age group participating in contact sports like football, there 
may be merit to a restriction. On the other hand, if cysts are small, perhaps 
restriction may not be necessary. Three patients in this series suffered 
complications associated with trauma to the kidney area. 

Other important questions are how vigorously the hypertension should 
be treated in patients with PKD, and how many die of cardiovascular 
complications. Family histories often reveal a cardiac cause of death in a 
previous generation. Although the hypertension in PKD may not be severe, 
proper antihypertensive treatment in these patients is appropriate. However, 
no longitudinal study has demonstrated the impact of antihypertensive 
therapy on the natural history of the disease. 

Physicians have wondered whether PKD is a disease manifested only by 
multiple cyst growth in the kidney or whether it represents a systemic disease 
in which cyst growth in the kidney is only one manifestation. The high 
incidence of cyst growth in' the liver and pancreas in persons with PKD 
su pports the latter concept. (6) 

Further evaluation will be needed to assess the pathogenesis of this 
disease, particularly in relationship to its possible systemic nature. 
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1. Introduction 

The last decade witnessed a dramatic expansion of knowledge, both funda­
mental and clinical, about the metabolism of calcium and phosphorus, and 
about the regulation of bone structure and function in health and disease. 
Calcium and phosphorus are essential components of the skeleton, which 
regulate or modulate many biochemical and transport processes. Cystosolic 
and extracellular fluid concentrations of ionic calcium are maintained within 
narrow limits despite wide fluctuation in calcium intake. The circulating 
levels of phosphorus are controlled by many of the same factors responsible 
for regulating calcium metabolism, though to a less stringent degree. 

The regulation of mineral metabolism may be viewed as a coordinated 
multicomponent system including organs that are directly involved in mineral 
translocation-the intestine, the bone, and the kidney-and the principal 
hormones that control these trans locations-parathyroid hormone, calci­
tonin, and vitamin D metabolites. These hormones aid in controlling both 
the quantity and quality of the skeleton. Chronic progressive renal disease 
brings about a series of perturbations and distortions in the control systems 
responsible for mineral homeostasis. Basic advances in the understanding of 
the synthesis and metabolism of parathyroid hormone, vitamin D, calcium, 
and phosphorus in health have led to substantial progress in delineating the 
alterations in bone and the derangements in mineral metabolism brought 
about by renal disease. These, in turn, have led to significant clinical advances 
and to a more rational approach to treatment or prevention of these problems. 
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It is impossible within the context of this overview to describe the many 
advances that have occurred in recent years in understanding of mineral 
metabolism and its regulation. For an excellent and more comprehensive 
discuss,ion of the subject, the reader should consult recent texts(I,2) and 
reviews.(3-8) This overview will be limited to discussion of some'topics of 
current interest in the area of parathyroid hormone and of vitamin D 
metabolism and their interrelationships. 

2. Parathyroid Hormone 

Parathyroid hormone, an 84-amino-acid peptide, is synthesized in the 
parathyroid glands from proparathyroid hormone (90 amino acids) and 
pre pro parathyroid hormone (115 amino acids).(9) Parathyroid hormone 
secretion is inhibited by an increase and stimulated by a decrease in serum 
calcium. This feedback system of regulation involving the parathyroid glands 
is one of the most important homeostatic mechanisms for the close control 
of the concentration of calcium in extracellular fluid. Parathyroid hormone 
is elaborated in response to hypocalcemia, other ionic perturbations, and a 
variety of humoral stimuli, most notably beta-adrenergic stimulationyo,ll) 
Its principal effect is to raise circulating levels of ionized calcium by promoting 
bone resorption, renal tubular calcium reabsorption, and the renal conversion 
of 25-hydroxy D3 to l-a-25-dihydroxy D3, a potent stimulator of intestinal 
calcium absorption. In addition, parathyroid hormone promotes the renal 
excretion of phosphate, an effect that tends to raise serum calcium. The 
effects of the hormone at the level of kidney and bone seem to be mediated 
via cyclic AMP,<I2) 

Substantial evidence also has accumulated which indicates that the release 
of parathyroid hormone is mediated also by cyclic AMP. The evidence for a 
role of cyclic AMP in the secretion of parathyroid hormone is derived from 
several observations: (1) the preserice of adenylate cyclase activity in para­
thyroid tissue; (2) the ability of dibutyryl cyclic AMP, and theophylline, to 
stimulate hormone secretion; (3) the correlation between in vitro cyclic AMP 
production and hormone release; and (4) the fact that many parathyroid 
hormone secretagogues (a) stimulate cyclic AMP formation in parathyroid 
cells and (b) have effects on cyclic AMP and parathyroid hormone secretion 
that are similar in time course, kinetic characteristics, and dose-response 
relationships,<I3-15) Hypocalcemia, probably due to retention of phosphate 
and/or to decreased synthesis of 1,25-dihydroxy D3 by the diseased kidney, 
is probably the major cause of increased secretion of parathyroid hormone 
in uremia. The possible contribution of other stimuli (increased beta­
adrenergic activity, release of prostaglandins or secretin), which have been 
shown to augment parathyroid hormone secretion, to the increased release 
of the hormone observed in uremia has not been adequately explored. 
However, published data suggest, although not convincingly, that adminis­
tration of propranolol, a beta-adrenergic blocker, can decrease the levels of 
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parathyroid hormone in uremic subjects.(16) This observation raises the 
possibility that increased beta-adrenergic activity may be involved, partially 
in the increased secretion of parathyroid hormone observed in chronic renal 
disease. 

In addition to changes in calcium concentration, it has been postulated 
that the levels of circulating vitamin D metabolites may play a role in the 
regulation of parathyroid hormone release. The finding of specific binding 
sites for vitamin D metabolites within the parathyroid glands has led to the 
suggestion that these metabolites exert a direct effect on the parathyroid 
gland which is independent of the levels of serum calcium.(17) Canterbury et 
al. (I 8) have shown that intravenous administration of 24,25-dihydroxy D3 in 
the dog produces an acute suppression of parathyroid hormone (PTH) 
release in the absence of changes in extracellular fluid calcium. In addition, 
this same group has found that oral administration of 24,25-dihydroxy D3 
to dogs with chronic renal insufficiency and secondary hyperparathyroidism 
leads to a progressive decrease in the levels of circulating immunoreactive 
PTH even in the absence of changes in ionized or total serum calcium.(19) 
These results suggest a direct effect of some of the vitamin D metabolites 
on PTH release. It is possible that alterations in the levels of some of these 
vitamin D metabolites in uremia may be responsible in part for the increased 
secretion of PTH in patients with chronic renal disease. However, at present 
the evidence for a direct effect of the vitamin D metabolites on the secretion 
of PTH is controversial since the results reported by some investigators have 
not been confirmed by others, and contradictory data have also been reported. 
Data from our own laboratory indicate that administration of 1,25-dihydroxy 
D3 to uremic patients leads to a decrease in the levels of circulating 
parathyroid hormone only when an elevation in serum calcium occurs. When 
1,25-dihydroxy D3 is administered to uremic subjects but serum calcium 
levels are not allowed to increase, there is no detectable decrease in the levels 
of circulating immunoreactive PTH even after 6 months of administration 
of the D metabolite. 

Recent studies have reinvestigated the mechanisms underlying the 
inability of elevations in serum calcium to turn off PTH secretion in uremic 
subjects. It has been postulated that the increase in mass (hypertrophy) of 
the parathyroid glands in chronic renal disease underlies the unresponsive­
ness of the glands to the normal stimuli capable of "turning off' hormonal 
secretion. Previous studies in animals with normal parathyroid glands have 
suggested that a basal secretion of PTH ("calcium unresponsive") may persist 
even in the presence of marked hypercalcemia. If glandular mass is enlarged, 
there will be an increase in the basal rate of PTH secretion which may be 
independent of calcium control and may be sufficient to maintain elevated 
levels of the hormone even in the presence of hypercalcemia. This will, 
therefore, mimic the lack of suppression of glandular secretion by an 
appropriate stimulus (hypercalcemia). On the other hand, it is possible that 
a "true defect" of the hypertrophic parathyroid glands in uremia may lead 
to an altered response to the signals that normally "shut off' the secretion 
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of PTH. In an attempt to explore this possibility we have examined the 
kinetic behavior of the adenylate cyclase (the enzyme responsible for cyclic 
AMP generation and the release of parathyroid hormone) in membranes 
obtained from glands of normal animals or animals with experimental renal 
disease and from glands of normal or uremic individuals.(20) These studies 
indicate that the kinetic characteristics of the adenylate cyclase from hyper­
trophic glands are markedly different from those observed in normal glands. 
Maximal activation of the adenylate cyclase requires lower concentrations of 
Mg2+ in membranes obtained from hypertrophic than in normal glands. 
This change in the magnesium concentration required for the activation of 
the adenylate cyclase of hypertrophic glands is reversed by the addition of 
guanosine triphosphate (GTP) or its analogues to the incubation media. In 
addition, a similar degree of suppression of adenylate cyclase activity by 
external calcium requires a greater concentration of the cation in hyper­
trophic glands than in normal glands. These observations suggest that in 
addition to an increase in glandular mass, an intrinsic defect in the kinetics 
of the regulatory enzyme responsible for PTH secretion may underlie the 
lack of suppression of PTH release in patients with secondary hyperpara­
thyroidism. 

It has also become evident in recent years that most of the increased 
levels of serum immunoreactive PTH observed in uremic subjects is due to 
accumulation of carboxy terminal fragments of the hormone. Although the 
gland is capable of secreting both the intact hormone and fragments, a 
process that may be influenced both quantitatively and qualitatively by the 
concentrations of serum calcium, it is also clear that peripheral metabolism 
of the intact hormone contributes to the heterogeneous nature of circulating 
immunoreactive PTH.(21) Since the major site of catabolism of carboxy 
terminal PTH fragments is the kidney, via glomerular filtration rate (GFR), 
a progressive decrease in GFR as it occurs in chronic renal disease will result 
in accumulation of carboxy terminal fragments. Hence, the markedly elevated 
levels of PTH seen in chronic renal disease result from a combination of 
increased secretion of the hormone plus decreased degradation. Several 
investigators have postulated that these markedly increased levels of circu­
lating immunoreactive PTH may playa role in some of the manifestations 
of the uremic syndrome. There is no question that elevated levels of PTH 
contribute to the bone disease and to the electroencephalographic abnor­
malities seen in many patients with chronic renal disease, but no clear and 
convincing evidence has been provided for a role of PTH in causing some 
of the other manifestations of uremia that have been attributed to the 
hormone (e.g., anemia, carbohydrate intolerance, hyperlipidemia).(22) 

It is also clear that the peripheral metabolism of PTH(21) seems to be 
somewhat selective since certain organs are capable of extracting exclusively 
intact hormone (liver) and others only the amino terminal fragment (bone), 
whereas other organs, mainly the kidney, are capable of extracting from 
blood the intact hormone and both carboxy and amino terminal fragments. 
In addition, the peripheral metabolism of parathyroid hormone may be 
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Table 1. Potential Sites at Which Calcium May Influence 
Calcium Homeostasis 

1. The intraglandular synthesis of PTH 
2. The rate of release of PTH from the glands 
3. The proportion of intact PTH vs. PTH fragments released from 

the glands 
4. The rate of peripheral conversion of intact PTH to fragments in 

liver and kidney 
5. The effects of PTH or its fragments on target organs (bone, 

kidney) 

121 

controlled by the levels of serum calcium since experimental evidence 
indicates that calcium levels modify the rate of formation of PTH fragments 
in both liver and kidney.(23,24) The peripheral formation of PTH fragments 
may be necessary for the expression of the calcemic effect of the hormone. 
In adult perfused bone, extraction of immunoreactive PTH and a cyclic 
AMP response can be demonstrated only when the 1-34 biologically active 
fragment is used, but not when the 1-84 intact hormone is utilized for 
perfusion. Hence, conversion of the 1-84 intact hormone to fragments may 
be necessary for the calcemic effect of the hormone. It is also evident that 
calcium levels may control the physiologic response to the synthetic 1-34 
fragment of PTH at the level of both kidney and bone. Hence, calcium levels 
may exert regulation at multiple sites in the series of events that start with 
the synthesis of PTH and end with an effect of the hormone at the level of 
its target organs (see Table 1). 

The greater understanding of the mechanisms that control PTH secre­
tion has led to the search for potential means of achieving "medical 
parathyroidectomy." Certainly, elevations of serum calcium by dietary means 
or by the use of vitamin D metabolites will, in most instances, decrease the 
levels of circulating PTH. The demonstration by Canterbury et ai. (19) that 
24,25-dihydroxy D3 is capable of decreasing circulating levels of PTH in 
uremic dogs in the absence of elevations of serum calcium suggests that this 
agent may be of use. The observations of Caro et ai. (16) suggest that 
propranolol may be effective in decreasing PTH levels in uremia. In addition, 
Bourgoignie et ai. (25) have shown that cimetidine is capable of decreasing the 
levels of immunoreactive PTH in uremic subjects and animals with experi­
mental renal disease and hyperparathyroidism. Others, however, have not 
been able to reproduce these results.(26)Severe hypomagnesemia(27) as well 
as hypermagnesemia(28) of certain degree have also been shown to suppress 
PTH release. 

3. Vitamin D 

Substantial evidence has accumulated for a role of the kidney in the 
conversion of 25-hydroxy D3, a metabolite formed in the liver by hydroxyl-
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ation of vitamin D at the 25 position, into 1,25-dihydroxy D3. Although the 
measured plasma levels of 1,25-dihydroxy D3 are normal in patients with 
chronic renal disease at GFR values above 30 mllmin, a marked decrease in 
the circulating levels of this vitamin D3 metabolite are seen in patients with 
glomerular filtration rates below 25 ml/min.(29) In the presence of decreased 
renal mass the normal circulating levels of 1,25-dihydroxy D3 at GFR values 
of 30 ml/min or above may indicate an increased conversion of 25(OH)D3 
to 1,25(OHhD3 per unit of remaining renal mass. This adaptation may be 
due in part to increased levels of circulating PTH. The fact that a continuous 
and progressive renal adaptation in 1,25(OHhD3 production does not occur 
at GFR values below 25 mllmin may relate to the fact that at this level of 
GFR the external balance of phosphate is not maintained. At GFR values 
below 25 ml/min phosphate retention occurs when dietary phosphate intake 
is not restricted. Since phosphate has been shown to playa key role in the 
conversion of 25(OH)D3 to 1,25(OHhD3, it is possible that the development 
of hyperphosphatemia [which will decrease the conversion of 25(OH)D3 to 
1,25(OHhD3] is responsible for the lack of a further increase in the renal 
conversion per unit mass of 25(OH)D3 to 1,25(OHhD3 as renal mass 
decreases. This may then explain the decrease in the levels of circulating 
1,25-dihydroxy D3 at GFR values of 25 mllmin or below. 

It has also become evident in recent years that patients without pro­
gressive renal insufficiency but with the nephrotic syndrome may develop 
bone disease. (30) The sequence of events leading to bone disease in these 
patients seems to be influenced by the degree of proteinuria and hence the 
quantitative urinary losses of vitamin D-binding protein. Patients with the 
nephrotic syndrome have been found to have profoundly decreased levels 
of 25-hydroxy D3 and some decrease in 1,25-dihydroxy D3 levels. However, 
the major decrease is in the levels of 25-hydroxy D3, a .netabolite whose 
plasma concentrations are usually normal in patients with end-stage renal 
disease. The metabolite [25(OH)D3] usually is decreased in states in which 
the major component of histological bone disease is osteomalacia. The 
decreased levels of circulating 25-hydroxy D3 in the nephrotic syndrome 
may lead to a decreased total and ionized serum calcium and subsequently 
to elevated levels of immunoreactive PTH. Consequently, the bone disease 
will be characterized not only by the histological manifestations of osteoma­
lacia but also by those of hyperparathyroidism. It is not known at present 
whether patients who have had marked proteinuria during the natural 
history of their renal disease and subsequently develop progressive renal 
insufficiency have a greater histological component of osteomalacia on bone 
biopsy when compared to patients who were nonproteinuric during the 
evolution of their progressive renal disease. 

4. Bone 

Of recent interest in terms of bone metabolism is the isolation and 
characterization by Price et al.(31-34) of a new bone protein, bone-gla-protein 
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(BGP). BGP is a 49-amino-acid chain, molecular weight 5800, which contains 
three residues of the vitamin K-dependent amino acid, gamma-carboxyglu­
tamic acid. This protein is the most abundant noncollagenous protein of 
mammalian bone and is principally located in the bone extracellular matrix. 
In vitro studies have demonstrated that BGP is probably hound to hydroxy­
apatite in bone via the association between the carboxyglutamate side chains 
and the mineral surface. BGP is synthesized in cortical and cancellous bone 
cultures of calf and is fully gamma-carboxylated and synthesized at a rate of 
about 1 BGP molecule per molecule of tropocollagen. Although the bone 
cells that synthesize this protein have not been identified directly, the presence 
of 4-hydroxy proline at position 9 in the calf BGP sequence indicates that 
the protein has been modified by prolyl-hydroxylase, an enzyme found in 
osteoblasts. This indirect evidence suggests that BGP may be synthesized by 
osteoblasts. A radioimmunoassay against BGP has been recently developed, 
and it has been reported that BGP can be detected in increased amounts in 
the blood of individuals with different metabolic bone diseases. Additional 
work in this area may provide evidence for BGP levels in blood as a new 
and useful marker of bone disease, particularly of increased bone resorption. 
Preliminary evidence indicates that the levels of BGP are markedly elevated 
in the serum of uremic patients. Whether these increased levels are exclusively 
the result of increased bone resorption or due to a combination of increased 
bone resorption and decreased excretion of BGP by the kidney remains to 
be established. BGP may be a better marker of bone disease than alkaline 
phosphatase since it is not elevated in diseases of organs (i.e., liver) other 
than bone. 

ACKNOWLEDGMENT. The authors would like to thank Mrs. Patricia Ver­
plancke for her help in the preparation of this manuscript. 

References 

1. Rasmussen H, Bordier, P: The Physiological and Cellular Basis of Metabolic Bone Disease. 
Baltimore, Williams & Wilkins, 1974. 

2. Avioli LV, Krane SM (eds): Metabolic Bone Disease, Volumes I and II. New York, Academic 
Press, 1977, 1978. 

3. Parfitt AM: The actions of parathyroid hormone on bone: Relation to bone remodeling 
and turnover, calcium homeostasis, and metabolic bone diseases. I. Mechanisms of calcium 
transfer between blood and bone and their cellular basis: Morphological and kinetic 
approaches to bone turnover. Metabolism 25:809-844, 1976. 

4. Parfitt AM: The actions of parathyroid hormone on bone: Relation to bone remodeling 
and turnover, calcium homeostasis, and metabolic bone diseases. II. PTH and bone cells; 
bone turnover and plasma calcium regulation. Metabolism 25:909-955, 1976. 

5. Parfitt AM: The actions of parathyroid hormone on bone: Relation to bone remodeling 
and turnover, calcium homeostasis, and metabolic bone diseases. III. PTH and osteoblasts, 
the relationship between bone turnover and bone loss, and the state of bones in primary 
hyperparathyroidism. Metabolism 25:1033-1069, 1976. 

6. Parfitt AM: The actions of parathyroid hormone on bone: Relation to bone remodeling 
and turnover, calcium homeostasis, and metabolic bone diseases. IV. The state of bones 



124 11 • Some Complications of Chronic Renal Failure 

in uremic hyperparathyroidism-the mechanisms of skeletal resistance to PTH in renal 
failure and pseudohypoparathyroidism and the role of PTH in osteoporosis, osteopetrosis 
and osteofluorosis. Metabolism 25: 1157-1188, 1976. 

7. DeLuca HF, Schnoes HK: Metabolism and mechanism of action of vitamin D. Annu Rev 
Biochem 45:631-666, 1976. 

8. Hausler MR, McCain T A: Basic and clinical concepts related to vitamin D metabolism and 
action. N Engl] Med 297:974-983, 1977. 

9. Habener JF, PottsJT; Parathyroid physiology and primary hyperparathyroidism, in Avioli 
LV, Krane SM (eds): Metabolic Bone Disease, Volume II. New York, Academic Press, 1978, 
pp. 1-147. 

10. Kukreja SC, Hargis GK, Bowser EN, Henderson WJ, Fisherman EW, Williams GA: Role 
of adrenergic stimuli in parathyroid hormone secretion in man.] Clin Endocrinol Metab 
40:478-478, 1975. 

11. Brown EM, Hurwitz S, Aurbach DG: Beta-adrenergic stimulation of cyclic AMP content 
and parathyroid hormone release from isolated bovine parathyroid cells. Endocrinology 
100:1696-1702,1977. 

12. Peck WA, Klahr S: Cyclic nucleotides in bone and mineral metabolism, in Greengard P, 
Robison GA (eds): Advances in Cyclic Nucleotide Research, Volume 11. New York, Raven 
Press, 1979, pp. 89-130. 

13. Brown EM, Carroll RJ, Aurbach GD: Dopaminergic stimulation of cyclic AMP accumulation 
and parathyroid hormone release from dispersed bovine parathyroid cells. Proc Natl Acad 
Sci USA 74:4210-4213, 1977. 

14. Gardner DE, Brown EM, Windeck K, Aurbach GD: Prostaglandin E2 stimulation of 
adenosine 3' ,5' -monophosphate accumulation and parathyroid hormone release in dis­
persed bovine parathyroid cells. Endocrinology 103:577-582, 1978. 

15. Brown EM, Gardner DG, Windeck RA, Aurbach GD: Cholera toxin stimulates 3',5'­
adenosine mono phosphate accumulation and parathyroid hormone release from dispersed 
bovine parathyroid cells. Endocrinology 104:218-225, 1979. 

16. CaroJF, BurkeJF, Besarab A, GlennonJA: A possible role for propranolol in the treatment 
of renal osteodystrophy. Lancet 2:451, 1978. 

17. Golden P, Mazey R, Greenwalt A, Martin K, Slatopolsky E: Vitamin D: A direct effect on 
the parathyroid gland?] Min Electr MetaboI2:1-6, 1979 (editorial). 

18. Canterbury JM, Lerman S, Claflin AJ, Henry H, Normal A, Reiss E: Inhibition of 
parathyroid hormone secretion by 1,25-dihydroxycholecalciferol and 24,25-dihydroxycho­
lecalciferol in the dog.] Clin Invest 61:1375-1383, 1978. 

19. Canterbury JM, Gavellas G, Bourgoignie JJ, Reiss E: Metabolic consequences of oral 
administration of 24,25(OH)2D3 to uremic dogs.] Clin Invest 65:571-576, 1980. 

20. Bellorin-Font E, Martin K, Freitag J, Anderson C, Sicard G, Slatopolsky E, Klahr S: 
Altered adenylate cyclase kinetics in hyperfunctioning parathyroid glands.] Endocrinol Clin 
Metab 52:499-507, 1981. 

21. Martin KJ, Hruska KA, Freitag 11, Klahr S, Slatopolsky D: The peripheral metabolism of 
parathyroid hormone. N Engl] Med 301:1092-1098, 1979. 

22. Slatopolsky E, Martin K, Hruska K: Parathyroid hormone metabolism and its potential as 
a uremic toxin. Am] PhysioI239:FI-FI2, 1980. 

23. Canterbury JM, Bricker LA, Levey JS, Kozlovskis PL, Ruiz E, Zull JE, Reiss E: Metabolism 
of bovine parathyroid hormone: Immunological and biological characteristics of fragments 
generated by liver perfusion.] Clin Invest 55:1245-1253,1975. 

24. Hruska KA, Martin K, Mennes P, Greenwalt S, Anderson C, Klahr S, Slatopolsky S: 
Degradation of parathyroid hormone and fragment production by the isolated perfused 
dog kidney. The effect of glomerular filtration rate and perfusate Ca + + concentrations. 
] Clin Invest 60:501-510, 1977. 

25. BourgoignieJJ, Jacob AI, Lanier D Jr, Gavellas G, Canterbury J: Cimetidine (C) inhibition 
of iPTH in chronic renal disease. Abstracts American Society of Nephrology 12th Annual 
Meeting, Kidney Int 16:918, 1979. 



1'J • Recent Advances in Mineral Metabolism 125 

26. Cunningham j, Segre GV, Slatopolsky E, Avioli LV: Effect of histamine H2-receptor 
blockade on parathyroid status in normal and uremic man (editorial). Am] NephroI4:205-
207, 1984. 

27. Mennes P, Rosenbaum R, Martin K, Slatopolsky E: Hypomagnesemia and impaired 
parathyroid hormone secretion in chronic renal disease. Ann Int Med 88:206, 1978. 

28. Massry S, Coburn jW, Kleeman CR: Evidence for suppression of parathyroid gland activity 
by hypermagnesemia.] Clin Invest 49:1619-1629, 1970. 

29. Slatopolsky E, Gray R, Adams ND, Lewis j, Hruska K, Martin K, Klahr S, DeLuca H, 
Lemann j: The pathogenesis of secondary hyperparathyroidism in early renal failure. 
Fourth International Workshop on Vitamin D, Berlin, 1979. 

30. Malluche HH, Goldstein DA, Massry SG: Osteomalacia and hyperparathyroid bone disease 
in patients with nephrotic syndrome.] Clin Invest 63:494-500, 1979. 

31. Price PA, Poser jW, Raman N: Primary structure of the 'Y-carboxyglutamic acid-containing 
protein from bovine bone. Proc Natl Acad Sci USA 73:3374-3375, 1976. 

32. Nishimoto SK, Price PA: Proof that the 'Y-carboxyglutamic acid-containing bone protein is 
synthesized in calf bone. J BioI Chem 254:437-441, 1979. 

33. Price PA, Nishimoto S, Parthemore jG, Deftos Lj: A new biochemical marker for bone 
metabolism. Proceedings of the First Annual Meeting of the American Society for Bone 
and Mineral Research, Abstract # 14A, 1979. 

34. Price PA, Epstein Dj, Lothringer jW, Nishimoto SK, Poser jW, Williamson MK: Structure 
and function of the vitamin K-dependent protein of bone, in Suttie jW (ed): Vitamin K 
Metabolism and Vitamin K-Dependent Proteins. Baltimore, University Park Press, 1979, pp. 
219-226. 



The Pathology of the Uremic Bone 
Lesion 

Steven L. Teitelbaum 

1. The Morphological Manifestations of Renal Osteodystrophy 

14 

Renal osteodystrophy is a generic term that encompasses the array of 
biochemical and morphological derangements of bone that attend renal 
insufficiency. The insights gained into the genesis and, particularly, the 
natural history of this family of disorders are a reflection of the greater 
longevity of the uremic patient and, hence, the opportunity for skeletal 
dysfunctions to become clinically manifest. 

Many biochemical and morphological manifestations of renal osteodys­
trophy occur. Appreciation of the spectrum of these morphological de­
rangements is a result of the development of techniques of performing 
relatively atraumatic needle bone biopsies under local anesthesia and the 
ability to prepare well-preserved, non decalcified histological sections of these 
biopsy specimens. 

When prepared in the routine histology laboratory, hard tissues are 
invariably decalcified prior to section preparation. This process prevents 
distinction between bony matrix which was nonmineralized in vivo (osteoid) 
from that which was calcified and thereby renders impossible the histological 
diagnoses of most disorders of mineralization. A growing number of centers 
have now established techniques whereby nondecalcified histological sections 
of bone are prepared. These techniques permit precise identification of the 
bone lesion in each uremic patient and are essential for the careful manage­
ment of renal osteodystrophy. 

The histological features of renal osteodystrophy consist of innumerable 
combinations of osteitis fibrosa and osteomalacia associated with either 
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osteosclerosis or osteopenia. Uremic osteitis fibrosa is the skeletal manifes­
tation of hyperparathyroidism. As parathyroid hormone is a general activator 
of bone cell proliferation, the lesion is characterized by abundant osteoblasts 
and osteoclasts (Fig. 1). Osteoid is also in excess, and the presence of 
peritrabecular marrow fibrosis probably reflects activation of fibroblastlike 
osteoblast precursor cells. Osteomalacia, on the other hand, is the histological 
manifestation of abnormal mineralization and is also characterized by abun­
dant osteoid, but associated with a paucity of osteoblasts and osteoclasts and 
an absence of marrow fibrosis (Fig. 2). Although "pure" examples of osteitis 
fibrosa and osteomalacia do exist in uremia, a combination of these lesions 
within a given bone biopsy is the rule. 

Alterations of bone mass generally occur with progressive renal failure. 
The most common such change is an increase in the quantity of bone matrix 
per unit volume of marrow space (osteosclerosis). There is, in fact, an inverse 
correlation between glomerular function and the magnitude of osteoscle­
rosis. (1) However, the increased skeletal radioopacity that occurs in many 
patients with end-stage renal disease is a manifestation of trabecular change. 
In fact, the cortical bone of uremic patients with osteosclerosis typically 
becomes more porous, resulting in loss of distinction between cort~x and 
trabeculum. Abundant osteoid always accompanies the increase in the 
mineralized mass of trabecular bone, (2) indicating that osteomalacia and 
osteitis fibrosa may exist in radiodense bone. 

The major application of the use of nondecalcified, histological sections 
of bone is the ability to identify those osteopenias with excess osteoid. 
Osteoporosis is a histological entity defined as a decreased mass of normally 
mineralized bone and therefore exhibits a normal quantity of osteoid. As 
the skeletons of uremic patients almost invariably contain excess osteoid, 
osteoporosis is a most unusual manifestation of renal failure. 

Despite the virtual universality of excess osteoid in renal osteodystrophy, 
this accumulation of unmineralized bone matrix may reflect two distinctly 
different kinetic phenomena, namely: (1) a decreased rate of osteoid miner­
alization, i.e., osteomalacia, or (2) an absolute increase in the rate of organic 
matrix synthesis. Although standard histological features of uremic bone, 
such as the paucity or abundance of osteoblasts, are suggestive of defective 
mineralization or accelerated matrix synthesis, respectively, these kinetic 
disorders must ultimately by diagnosed by kinetic means. 

The autofluorescent properties of tetracyclines have placed the skeleton 
in the unique position of being the organ system in man whose rate of 
turnover may be morphometrically measured in a single biopsy specimen.(3) 
These antibiotics bind stoichiometrically to divalent cations of newly formed, 
relatively acrystalline hydroxyapatite.(4-7) If the antibiotic is administered a 
short time prior to bone biopsy, it appears as a fluroescent line at the site of 
mineral deposition (calcification front), namely, the interface of osteoid and 
mineralized bone. Osteomalacia is reflected by a decreased rate of hy­
droxyapatite deposition at the osteoid-mineralized bone interface and conse-
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Figure 3. Parallel fluorescent lines in normal bone representing two courses of tetracycline 
administered 14 days apart. The label (arrows) located at the interface of osteoid and mineralized 
bone represents the second course of the antibiotic and identifies the calcification front. 
Undecalcified, unstained, fluorescent micrograph, x 250. 

quently insufficient calcium to bind tetracycline in adequate quantitIes to 
produce fluorescence.(3) The consequence of this phenomenon is the absence 
of fluorescence at most osteoid-mineralized bone interfaces.(3) 

At those sites where tetracycline deposition does occur, the fluorescent 
line is buried deeper in the bone as new mineral is appositionally deposited. 
Consequently, one may determine the actual rate of bone mineralization by 
administering two time-spaced courses of the antibiotic and micro morpho­
metrically determining the mean distance between the two resulting, parallel 
fluorescent bands (Fig. 3). Division of that distance by the interdose duration 
yields the cellular rate of mineralization or the appositional rate of osteoid 
mineralization of the average bone-forming unit. For example, if the mean 
distance between labels is 14 J.Lm and the interdose duration 14 days, the 
average bone-forming unit is appositionally mineralizing bone at the rate of 
1 J.Lm/day. Determination of the cellular rate of mineralization is particularly 
important in evaluating conditions of excess osteoid (hyperosteoidosis). Those 
hyperosteoidoses due to osteomalacia are characterized by a decreased cellular 
rate of mineralization, whereas excess osteoid due to accelerated organic 
matrix synthesis is associated with a cellular rate of mineralization that is at 
least normal. (8) 

The two tetracycline-based morphological abnormalities of the osteo­
malacic skeleton described previously, namely diminished calcification front 
formation and decreased cellular rate of mineralization, reflect a defective 
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Figure 4. Wide and diffuse tetracycline labeling in bone of a patient with end-stage renal 
disease following a single course of tetracycline. Compare to normal calcification front in Fig. 
3. Undecalcified, unstained, fluorescent micrograph, x 250. 

rate of mineral deposition. However, another form of osteomalacia, namely, 
abnormal bone mineral maturation, may also be recognized by tetracycline 
fluorescence. 

Normally, newly deposited bone mineral "matures" in a given period of 
time to a more perfectly crystalline form which is incapable of binding 
tetracycline in sufficient quantities to produce fluorescence . (9 ) The uremic 
skeleton, however, is characterized by delayed mineral maturation and hence 
an accumulation of immature hydroxyapatite capable of tetracycline fluo­
rescence. ( 10,11) The morphological consequence of this mineral maturational 
defect is the presence of wide and irregular fluorescent labels (Fig. 4). It 
should be pointed out that the uremic skeleton generally develops a variety 
of combinations of tetracycline-based abnormalities. (12) 

Organic matrix deposition is also abnormal in renal bone disease. 
Biochemically, this defect is manifest by a paucity of collagen cross-links.(13) 
It is unresolved if this abnormality is related to one of the earliest morpho­
logical alterations to occur in uremic bone, namely, the deposition of 
immature, woven, rather than mature, lamellar collagen (Figs. 5a,b). Woven 
collagen is, however, characterized by diffuse tetracycline fluorescence in­
dicating an associated immaturity of its mineral content (Fig. 6). 

2. The Genesis of Renal Osteodystrophy 

The genesis of renal osteodystrophy initially lies in circulating abnor­
malities which in turn affect bone cell function resulting in derangements of 
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Figure 5. (a) "Mature" lamellar bone collagen as viewed by polarizing microscopy. Hematoxylin­
eosin, x 100. (b) "Immature" woven bone collagen as viewed by polarizing microscopy. Hema­
toxylin-eosin, x 100. 
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Figure 6. Diffuse fluorescence of woven bone following a single course of tetracycline. Compare 
to lamellar bone fluorescence in Fig. 3. Undecalcified, unstained, fluorescent micrograph, x 250. 

matrix production and mobilization. There are undoubtedly consequences 
of renal failure whose profound effects on bone are yet to be discovered. 
However, the most readily appreciated circulating abnormalities of renal 
failure which dramatically influence bone are those of parathyroid hormone, 
vitamin D, and inorganic phosphorus. 

There is little question that the progressive hyperparathyroidism which 
parallels declining renal function has profound skeletal manifestations. It is 
well known that most patients with end-stage renal disease have some degree 
of osteitis fibrosa. What is less commonly appreciated, however, is that 
patients with relatively mild renal insufficiency also have skeletal changes 
reflecting hyperparathyroidismY) For example, woven bone formation 
occurs when glomerular filtration rate falls beneath 80 cclmin per 1.73 m2y) 
Excessive osteoid also accumulates under these circumstances. However, as. 
most osteoid seams exhibit calcification front formation, osteomalacia is 
generally not a component of early renal failureY) 

It should also be appreciated that although severe uremic hyperpara­
thyroidism has detrimental skeletal effects, hypoparathyroidism results in 
perhaps the most crippling form of renal osteodystrophy. Totally parathy­
roidectomized patients with end-stage renal disease develop severe osteo­
malacia which is resistant to treatment with vitamin D metabolitesY4) As 
most circulating immunoreactive parathyroid hormone in end-stage renal 
disease is biologically inactive,05,16) it is probable that some patients with 
relatively mild excesses of the immunologically determined hormone are 
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indeed functionally hypoparathyroid. Moreover, hyperparathyroidism, 
either directly or indirectly, appears to retard the development of osteoma­
lacia in uremia. Not only is calcification front formation directly related to 
the log of circulating immunoreactive parathyroid hormone levels, but the 
cellular rate of mineralization is markedly increased in those patients whose 
bone biopsies exhibit a predominance of osteitis fibrosa. (14) 

Abnormal vitamin D metabolism undoubtedly contributes to the devel­
opment of end-stage renal osteodystrophy. However, investigators have 
recently noted normal circulating levels of 1,25-dihydroxyvitamin D 
[1,25(OHhD] in early and moderate renal failure (R. W. Chesney, personal 
communication; E. Slatopolsky, personal communication). Consequently, the 
contribution which defective vitamin D metabolism makes to incipient renal 
bone disease is controversial. Furthermore, blood 25-hydroxyvitamin D (25-
OHD) levels have been noted to be decreased,(17) normal,oS) or elevated (19) 
in patients with advanced renal insufficiency, and the contributions that 
deficiencies of this metabolite may make to the development of renal 
osteodystrophy have not been identified. 

On the other hand, there is abundant evidence that administration of 
pharmacological doses of vitamin D or its 25_(20) or l-a-hydroxylated metab­
olites(21) is generally strikingly beneficial to the uremic skeleton. It should 
be mentioned, however, that there is as yet no convincing evidence that these 
different compounds have distinct effects on renal osteodystrophy. 

Those patients who respond most dramatically to treatment with vitamin 
D or its metabolites have bone lesions that exhibit a predominance of osteitis 
fibrosa. Concomitant with a fall in the level of circulating immunoreactive 
parathyroid hormone, osteoblasts and osteoclasts decrease in number, woven 
bone and marrow fibrosis usually become scarce and often disappear, and 
the volume of osteoid diminishes.(20) The responsivity of the predominantly 
osteomalacic skeleton is, however, more inconsistent (22) (vide infra). 

Although conclusive evidence of a direct enhancement of vitamin D on 
bone mineralization is not available, circumstantial data suggest such a 
phenomenon occurs in uremia. For example, we have demonstrated im­
provement of mineral maturation by both biochemical and histological 
methods in uremic patients treated with either 25-0HD or the parent 
compound.(12,20,26) The histological evidence rests on the observation that 
the wide and irregular fluorescent calcification fronts that characterize 
osteomalacia are partially normalized by vitamin DY2) On the other hand, 
it has been shown that merely increasing the Ca x P product in renal 
osteomalacia augments the mass of mineralized bone but does not improve 
calcification front formation. 

Abnormalities of circulating phosphorus are closely linked to the hyper­
parathyroidism of renal failure, and it is apparent that those patients with 
the highest blood phosphorus levels also have the most severe hyperpara­
thyroidism. (25) Because of concomitant hyperparathyroidism, the contribu­
tion that hyperphosphatemia per se makes to the development of renal 
osteodystrophy is not clear. It is unlikely, however, that the acceleration of 
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bone formation in uremia is a direct effect of excess parathyroid hormone. 
For example, the cellular rate of mineralization is diminished in primary 
hyperparathyroidism,(26) a state that differs from renal hyperparathyroidism, 
at least in part, by changes in circulating phosphorus. Although the factor(s) 
responsible for enhanced skeletal synthesis in uremia is yet to be identified, 
the preceding observation suggests phosphorus may be extremely important. 
Moreover, phosphorus administration to man promotes bone formation,(29.30) 
and renal osteomalacia, which is generally characterized by relatively low 
circulating phosphorus levels, is associated with striking serum elevations of 
this anion when successfully treated with 25-0HD.(22) 

3. The Role of the Bone Biopsy in the Management of Renal 
Osteodystrophy 

A number of studies have demonstrated that bone histology is essential 
for optimal management of renal osteodystrophy. The necessity of the bone 
biopsy reflects the heterogeneity of uremic skeletal lesions and the relative 
inability to predict the response of these lesions to treatment. Prior to therapy, 
there are, however, noninvasive tests which are often indicative of the 
histology of the uremic skeleton. We and others have found that circulating 
immunoreactive parathyroid hormone levels, (25) and, to a lesser extent, 
alkaline phosphatase,(21,25,29,30,31) are generally predictive of the magnitude 
of osteitis fibrosa. Similarly, the radiographic appearance of subperiosteal 
resorption and osteosclerosis reflect the skeletal manifestations of excess 
parathyroid hormone.(25,31) On the other hand, in the absence of pseudo­
fractures, there are no non histological methods which predict the degree of 
osteomalacia. (25,31) 

After therapy, noninvasive techniques are often of limited value in 
predicting the skeletal response. For example, although circulating immu­
noreactive parathyroid hormone levels may decline after treatment with 
vitamin D analogues, the bone biopsy may, on occasion, demonstrate accen­
tuation of the features of osteitis fibrosa. Although yet unproven, this 
phenomenon may reflect enhanced skeletal responsivity to parathyroid 
hormone. In addition, one of the hallmarks of successful treatment of renal 
osteodystrophy is reduction in osteoid volume, a histological feature that is 
unpredictable by nonhistological methods.(25,31) 

It is apparent that the ultimate resolution of the uremic bone syndrome 
rests in identification and correction of biochemical derangements of the 
skeleton. Consequently, interest has recently turned toward gaining insight 
into the morphological manifestations of these derangements. It has been 
shown, for example, that the volume of osteoid reflects the excess quantities 
of magnesium that accumulate in uremic bone. (35) This is of interest as 
magnesium is a potent inhibitor of mineral maturation.(34) Similarly, alumi­
num accumulation in bone is associated with osteomalacia. (34) Such coupling 
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of bone biochemistry and morphology cannot help but yield greater insight 
into the uremic bone syndrome. 

Note added in proof: Since preparation of this chapter, it has become 
apparent that aluminum toxicity is the major cause of uremic osteomalacia 
and plays the major role in clinically significant renal osteodystrophy. 
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Vitamin D Metabolism in Chronic 
Renal Disease 
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This chapter provides a summary of current knowledge of vitamin D 
metabolism and abnormalities of vitamin D nutrition and metabolism among 
patients with chronic kidney disease. 

1. Vitamin D Metabolism 

The scheme in Fig. 1 provides an overview of present knowledge 
regarding vitamin D metabolism. Pre-vitamin D3 is synthesized in the skin 
from 7 -dehydrocholesterol under the influence of ultraviolet light and is 
then thermally converted to vitamin D3 Y) Vitamin D3, cholecalciferol, is also 
obtained from the diet principally from milk, eggs, liver, some fish, and fish 
oils.(2) Some foods, especially milk and dry cereals, in the United States are 
fortified with vitamin D3 or with vitamin D2, ergocalciferol, derived from 
irradiated plant sterols. Vitamin D is then transported to the liver and 
undergoes hydroxylation at carbon atom 25 to form 25-0H-D, calcifidiol, 
the principal circulating metabolite of the vitamin. (3) The liver appears to be 
the major site of 25-hydroxylation although it may occur in other tissues in 
some species.(4) 25-0H-D appears to undergo an enterohepatic circulation.(5) 
There appears to be only partial feedback regulation by 25-0H-D of the 
hepatic hydroxylation of vitamin D since administration of large quantities 
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Figure 1. Schematic representation of present knowledge regarding vitamin D metabolism. 

of vitamin D result in marked elevations of plasma 25-0H-D concentra­
tions.(6,7) 25-0H-D currently appears to be the precursor for all other known 
vitamin D metabolites. 25-0H-D is converted by the kidney to several other 
compounds. One-a-hydroxylation results in the formation of 1,25-(OHh-D, 
calcitriol, which is the most potent biologically active vitamin D metabolite(3,8) 
but which probably does not account for all the biological actions of vitamin 
D,(9,lO) an issue that is considered in further detail in a subsequent section 
of this chapter. Recent studies have shown that 1,25-(OHh-D may also be 
synthesized in the placenta of rats.(ll) The synthesis of 1,25-(OHh-D by the 
kidney is independent of precursor 25-0H-D and is stimulated by parathyroid 
hormone,02-14) by phosphate deficiency,05,16) and perhaps directly by cal­
cium deficiency.(17) The other major metabolite of 25-0H-D that is produced 
in the kidney is 24,25-(OHkD.(18) The renal synthesis of 24,25-(OHh-D 
appears to depend largely on the availability of precursor 25_0H_D(l9,20) but 
also may be regulated by other factors. The kidney, and perhaps other 
tissues, also produce 25,26-(OHh-D(21) and 25-0H-D-23,26-lactone.(22) 1,25-
(OHkD and 24,25-(OHh-D can be converted to more polar metabolites 
including 1,24,25-(OHh-D(23) and the recently discovered calcitroic and 
cholacalcioic acids.(24) 1,24,25-(OHh-D appears to be relatively inactive,(25) 
and the regulation of its synthesis as well as the synthesis and possible actions 
of the acid metabolites is not yet known. 
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Table 1. Effects of Vitamin D and Its Metabolites 

Metabolite 

Vitamin D 

25-0H-D 

1,25-(OHh-D 

24,25-(OHkD 

Site of 
synthesis 

Skin 

Liver 
?Other tissues 

Kidney 

Kidney 

2. The Function of Vitamin D 

Function 

Precursor of other metabolites 
?Direct effects 
Precursor of other metabolites 
Bone formation 
?Renal Ca and P reabsorption 
Intestinal Ca absorption 
?Intestinal P reabsorption 
Bone resorption 
Renal P excretion 
Bone formation 
?Intestinal Ca absorption 

Table 1 outlines the currently known functions of vitamin D and its 
metabolites. Vitamin D serves as the precursor for subsequent metabolites. 
It is unlikely that vitamin D itself has any direct effects since 25-0H-D does 
not stimulate intestinal calcium transport in anephric animals(26) nor does 
vitamin D stimulate bone resorption in vitro even in pharmacological doses. (27) 
25-0H-D serves as a precursor for subsequent vitamin D metabolites. In 
addition, 25-0H-D may also be required for normal bone formation(9.10)and 
has been shown to stimulate renal tubular calcium and phosphate reabsorp­
tion in dogs and rats.(28.29) 1,25-(OHh-D appears to be the principal deter­
minant of intestinal Ca transport in humans.(30-32) It also appears to slightly 
augment intestinal phosphate absorption(33) although intestinal phosphate 
absorption in anephric humans, who cannot synthesize 1,25-(OH)2-D, is not 
markedly impaired.(31) 1,25-(OHh-D is also capable of stimulating calcium 
mobilization from bone both in vivo(26) and in vitro. (34) Whether it has a direct 
effect on bone formation remains controversial. 1,25-(OHh-D does not 
appear to alter renal calcium transport(35) but has been observed to inhibit 
renal tubular phosphate reabsorption(36) in rats. 24,25-(OHh-D may increase 
intestinal calcium absorption and retention of calcium in the body(37) and 
appears to participate in normal bone formation.(9,1O) 

3. Plasma Levels of Vitamin D Metabolites in Health 

Over the past several years, appropriate techniques for the extraction, 
chromatographic separation, and measurement of vitamin D and its metab­
olites have been developed. Table 2 presents the average plasma concentra­
tions of vitamin D and its metabolites in healthy adults.o9,20,38-4I) 25-0H-D 
is the major form of vitamin D in plasma having a mean concentration of 
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Table 2. Average Plasma Vitamin D Metabolite Concentrations in Health 

SI units Mass units Half-life 

Vitamin,D 8 nmoles/liter 4 ng/ml <1 day 
25-0H-D 60 nmoles/liter 25 ng/ml 25 days 
1,25-(OHh-D 80 pmoleslliter 33 pg/ml <1 day 
24,25-(OHh-D 4 nmoles/liter 2 ng/ml Probably >7 days 

about 60 nmoles/liter or 25 ng/ml. The concentrations of vitamin D itself and 
24,25-(OHh-D are approximately tenfold lower whereas the concentration 
of 1,25-(OHkD is almost lOOO-fold lower than that of 25-0H-D. The half­
life of vitamin D in plasma based on the disappearance of 3H-vitamin D3 is 
about 1 day(42) since vitamin D is rapidly converted to 25-0H-D by the liver. 
The half-life of 25-0H-D in plasma is about 3 weeks based both on the 
disappearance of injected tracer doses of 3H-25-0H-D3(43) and on the fall 
in plasma 25-0H-D levels after administration of pharmacological doses of 
25-0H-D3.(44) Thus plasma levels of 25-0H-D appear to provide the best 
assessment of body stores of vitamin D. The plasma half-life of 1,25-(OHh­
D3 is very short. Injected 3H-1,25-(OHh-D3 in quantities approaching those 
of a tracer disappear from the plasma with a half-time ofless than 10 min(45) 
whereas the half-time of decline of plasma 1,25-(OHh-D after its oral admin­
istration is about 6 hr in both healthy adults(46) and anephric patients (R. W. 
Gray, N. D. Adams, and J. Lemann, Jr., unpublished). The plasma half-life 
of 24,25-(OHkD is probably more than 1 week. 

4. Abnormalities of Vitamin D in Kidney Disease 

Vitamin D deficiency results in rickets in children and osteomalacia in 
adults and is associated with impaired intestinal calcium absorption. Some 
patients with chronic renal disease, especially children, have rickets in the 
face of apparently normal sun exposure and normal dietary vitamin D intake. 
Bone biopsy in patients with chronic renal disease and bone disease, termed 
renal osteodystrophy, often shows variable degrees of osteomalacia in addition 
to the changes resulting from secondary hyperparathyroidism. (47) It has also 
long been known and repetitively documented that patients with chronic 
renal disease exhibit impaired intestinal calcium absorption.(48-50) Liu and 
Chu, (48) 40 years ago, demonstrated that net intestinal calcium absorption 
among five patients with renal osteodystrophy averaged only 1.8 mmoles/day 
or 7% of dietary calcium intake as compared to about 8.1 mmoles/day or 28% 
of dietary calcium intake in seven healthy subjects(51) when both groups were 
eating diets providing about 27 mmoles of calcium per day. Moreover, Liu 
and Chu observed that abnormally low rates of intestinal calcium absorption 
in their patients with renal osteodystrophy were not improved by physiological 
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Table 3. Plasma 25-0H-Vitamin D Levels in Patients with Chronic Renal Failure 

Patients with chronic renal 
Healthy subjects disease 

25-0H-D Creatinine 25-0H-D 
Location Reference No. (nmoleslliter) No. (mg/lOO ml) (nmoleslliter) 

Toulouse, France Bayard et al., 1972, 18 38 ± lOa 22 9.4 ± 6.4 23 ± 12 
1973(55,56) 

Berlin, Germany Offerman et al., 20 71 ± 35 27 -7.0 38 ± 18 
1974(57) 

New York, U.S.A. Letteri et al., 41 75 ± 21 44 6.7 ± 6.0 54 ± 38 
1975(58) 

Newcastle, U.K. Cook et al., 44 50 ± 20 13 20 ± 8 
1977(59) 

Katowice, Poland Pietrek and Kokot, 25 41 ± 17 13 29 ± 6 
1977(60) 

London, U.K. Eastwood et al., 40 46 ± 20 19 -12.0 27 ± 20 
1979(61) 

a Standard deviation. 

doses of vitamin D that caused healing of rickets in patients with vitamin D 
deficiency. (48) 

5. Vitamin D Nutrition in Chronic Renal Disease 

In health, available ultraviolet radiation from the sun appears to be the 
principal determinant of body stores of vitamin D as reflected by the plasma 
concentrations of 25-0H-D. Observations in the United Kingdom have 
shown that plasma 25-0H-D levels in healthy individuals are highest in 
midsummer, somewhat after the summer solstice, and lowest in the late 
winter, a month or so after the winter solstice.(52) Similar data have been 
obtained in Kalamazoo, Michigan.(53) Moreover, plasma 25-0H-D concen­
trations have been observed to increase by about 40% after only 2 weeks of 
increased sun exposure whereas plasma 1,25-(OHkD levels are unaffected 
by sunlight. (54) 

Table 3 summarizes some reported measurements of plasma 25-0H-D 
concentrations in patients with chronic renal disease, not yet on dialysis, in 
comparison to measurements in healthy subjects in several areas of Europe, 
the United Kingdom, and the United States. In each report, plasma levels 
of 25-0H-D were found to be lower among the patients with renal disease, 
averaging only about 60% of the values in healthy individuals.(55-61) More­
over, Offerman and associates(57) have observed that plasma 25-0H-D levels 
decrease as serum creatinine concentrations rise from the range of 1.2-4.0 
mg/l00 ml to the range of 8-12 mg/IOO ml among patients with chronic 
renal disesae. Although these data suggest that body stores of vitamin Dare 
reduced as renal failure advances, other investigators in Denmark(62) and in 
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Los Angeles(63) have not observed low plasma 25-0H-D concentrations among 
patients with chronic renal disease. Nevertheless, since the majority of reports 
do indicate that plasma 25-0H-D levels may be reduced among patients with 
chronic; renal failure, possible explanations of such observations must be 
considered. 

First, many of the reports of such lower values come from latitudes 
where there is a pronounced seasonal effect of the sun on plasma 25-0H-D 
levels, and some of the reports do not specify that samples from normal 
subjects and from patients with renal disease were drawn at the same time 
of year. Thus, it is conceivable, although unlikely, that many of the meas­
urements in normals were made in summer and those in renal patients 
during the winter. 

Second, it is possible, although not proven, that patients with advanced 
renal failure may be less active and thus may not be exposed to the sun as 
much as healthy individuals-especially during the summer in extreme 
northern or southern climates where sun exposure appears to be the principal 
determinant of body stores of vitamin D. (52,53) 

Third, it is conceivable that production of vitamin D in the skin from 7-
dehydrocholesterol may be impaired in patients with chronic renal disease 
despite adequate sun exposure. There are, however, no data supporting 
such a possibility. 

Fourth, it is common practice to prescribe a restricted dietary protein 
intake for patients with chronic renal failure. To the extent that limitations 
are placed on eggs, milk (even milk that is not fortified with vitamin D), 
cheese, and fish, the foods that normally contain significant quantities of 
vitamin D/2) the dietary intake of vitamin D would be reduced. Careful 
dietary histories have not been reported for the patients in whom low 25-
OH-D levels were observed so that the relative contribution of reduced 
dietary vitamin D intake to low plasma 25-0H-D levels cannot be evaluated. 
It is possible that the use of foods fortified with vitamin D and the use of 
vitamin supplements containing vitamin D account for the normal plasma 
25-0H-D levels in patients with chronic renal disease in Copenhagen and 
Los Angeles. (62,63) 

Fifth, heavy proteinuria may account for reduced plasma 25-0H-D levels 
among some patients with chronic renal disease since plasma levels of 25-
OH-D have been observed to fall both as the magnitude of proteinuria 
increases and as serum albumin levels fall among patients with the nephrotic 
syndrome.(6o.63) Haddad and Walgate(64) reported that serum vitamin D­
binding protein concentrations were low among patients with hypoprotei­
nemia,(63) and since presumably some of their hypoproteinemic patients were 
nephrotic, it is likely that the vitamin D-binding protein and 25-0H-D can 
thus be lost into the urine. Although some of the reports of low plasma 25-
OH-D concentrations in patients with chronic renal disease do not provide 
measurements of urinary protein excretion, thereby evaluating the possible 
contribution of heavy proteinuria, some reports indicate that plasma 25-0H­
D levels may be reduced even among patients without the nephrotic syn-
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drome.(60) Thus, it would appear that additional data are needed to document 
the relative importance of proteinuria in reducing plasma 25-0H-D levels 
in patients with chronic renal disease. 

Sixth, it is possible that hepatic conversion of vitamin D to 25-0H-D 
may be impaired among patients with chronic renal failure. This possibility 
has been evaluated by Avioli and associates,(42) who studied the metabolism 
of orally administered 3H-vitamin D3 in patients with renal disease in 
comparison with healthy subjects. Intestinal absorption of the radiolabeled 
vitamin was similar in the two groups, but 2 days after dosing the percentage 
of serum radioactivity as 3H-25-0H-D3 was increased among the patients 
with renal disease. Moreover, the serum half-life of 3H-D3 was shorter among 
the patients with renal disease. These results imply more-rapid-than-normal, 
not impaired, hepatic synthesis of 25-0H-D from precursor vitamin D in 
patients with chronic renal disease. More recently, Farrington and associates 
have provided confirmation of these data by showing that plasma levels of 
25-0H-D following intramuscular injection of 600,000 units of vitamin D2 
increased to a greater extent among patients with chronic renal disease than 
among normal subjects. (65) 

Finally, the possibility that patients with chronic renal disease have low 
plasma 25-0H-D levels as a result of accelerated degradation of 25-0H-D 
has been suggested. (47) To our knowledge, this possibility has not been 
studied. 

6. Vitamin D Nutrition in Dialysis Patients 

Table 4 summarizes measurements made in several locations of plasma 
25-0H-D concentrations in patients on hemodialysis in comparison to levels 
in healthy subjects.(43,55-57,59,60,66) In contrast to the low plasma 25-0H-D 
concentrations among patients with kidney disease who have not yet reached 
end-stage renal failure (Table 3), patients on dialysis appear to have normal 
plasma 25-0H-D concentrations. In fact, in three of the reported series 
(Table 3), plasma 25-0H-D levels were, on the average, higher among 
dialysis patients than in normal subjects. 

Possible explanations for the normal or even somewhat elevated average 
plasma 25-0H-D levels among dialysis patients require consideration. First, 
these patients may well feel better, resume more normal activities, and thus 
be exposed to the sun to a greater extent than patients with chronic renal 
disease. Second, neither cutaneous synthesis of vitamin D nor hepatic 
conversion of vitamin D to 25-0H-D appears to be impaired among dialysis 
patients since Pietrek and Kokot in Poland have observed that plasma levels 
of 25-0H-D are higher in August than in March among dialysis patients.(60) 
Third, plasma 25-0H-D levels may be higher among dialysis patients because 
dietary protein intake is less limited and thus dietary vitamin D intake is 
improved. Dialysis patients also customarily are given a multiple-vitamin 
capsule daily to replace dialyzable water-soluble vitamins, and these prepa-
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Table 4. Plasma 25-0H-Vitamin D Levels in Hemodialysis Patients 

Healthy subjects Dialysis patients 

25-0H-D 25-0H-D 
Location Reference No. (nmoles/liter) No. (nmoleslliter) 

Toulouse, France Bayard et at., 18 38 ± lOa 22 32 ± 22 
1972, 1973(55.56) 

Berlin, Germany Offerman et at., 20 71 ± 35 20 99 ± 66 
1974(57) 

Milwaukee, U.S.A. Gray et at., 8 68 ± 21 10 50 ± 16 
1974(43) 

Seattle, U.S.A. Shen et at., 20 65 ± 10 20 88 ± 29 
1975(66) 

Newcastle, U.K. Cook et at., 44 50 ± 25 14 46 ± 22 
1977(59) 

Katowice, Poland Pietrek and 25 41 ± 17 15 51 ± 20 
Kokot, 1977(60) 

a Standard deviation. 

rations generally also provide 400-1000 units (10-25 IJ.g) of vitamin D. In 
addition, urinary losses of protein, and thus presumably losses of vitamin D­
binding protein, wane as glomerular filtration falls to minimal levels even 
among previously nephrotic patients. Finally, the metabolic clearance of 25-
OH-D is apparently slowed among dialysis patients. We have observed that 
the plasma half-life of 3H-25-0H-D3 averages 44 ± 9 days among anephric 
dialysis patients as compared to only 23 ± 3 days in healthy adults. (43) Thus, 
greater sun exposure, better diet, vitamin D supplements, reduced urinary 
25-0H-D losses, and slowed extrarenal degradation of 25-0H-D may all 
contribute to the higher plasma 25-0H-D concentrations among dialysis 
patients. 

7. 24,25-(OH)2-D in Chronic Renal Disease 

Haddad and associates reported that plasma levels of 24,25-(OHh-D 
were normal in anephric patients. (67) On the other hand, plasma 24,25-
(OHh-D levels have been observed to decline with progressive degrees of 
renal insufficiency among both adults(20) and children(68) and that has been 
our own experience in adults (unpublished). Taylor and associates in the 
United Kingdom have observed that plasma 24,-25-(OH)2-D levels are 
undetectable in anephric patients (20) and have presented evidence indicating 
that 25,26-(OHh-D2 comigrates with 24,25-(OHh-D3 during the chromato­
graphic separation of vitamin D metabolites (69). It was thus suggested that 
25,26-(OHh-D2 "derived from vitamin D2 supplements accounted for the 
measurement of 24,25-(OHh-D among anephric patiehts in the United 
States. (67) Recently, Dr. Ronald Horst of the National Animal Disease Center, 
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Ames, Iowa, has kindly measured plasma levels of vitamin D2 and vitamin 
D3 and their hydroxylated metabolites in seven anephric patients under our 
care in Milwaukee. Additional high-pressure chromatographic techniques 
were required to separate the metabolites. All seven samples were obtained 
in July and August 1979, and total 25-0H-D3 plus 25-0H-D2 Ievels averaged 
79 ± 26 nmoleslliter of which about half represented 25-0H-D2 since each 
patient was taking a vitamin supplement containing vitamin D2. Nevertheless, 
24,25-(OHh-D3 was undetectable in the sera of all seven patients, and only 
very small amounts of 24,25-(OHh-D2 were detectable in two of the seven 
anephric sera. These data thus effectively confirm the observations of Taylor 
and associates(20,69) indicating that serum 24,25-(OHh-D is virtually absent 
in anephric humans. However, 25-26"(OHh-D2 was also undetectable in our 
patients so the latter compound cannot account for the apparent normal 
24,25-(OHkD levels previously reported in anephrics in the United States.(67) 

8. 1,25-(OH)2-D in Chronic Renal Disease 

Plasma 1,25-(OHh-D levels in healthy adults exhibit a broad range 
averaging 82 ± 27 pmoleslliter or 34 ± 11 pg/ml(l9) and have been repeatedly 
found to be undetectable in anephric patients.(8,16,40) More recently, Slato­
polsky and associates have reported measurements of plasma 1,25-(OHh-D 
levels among adults with chronic renal disease and varying degrees of renal 
failure.(70) Plasma 1,25-(OHh-D levels were clearly normal or even slightly 
above normal at 106 ± 31 pmoles/liter in 12 subjects with moderate renal 
insufficiency [glomerular filtration rate (GFR) 50 ± 13 mVmin]. Plasma 1,25-
(OHh-D levels only fell below normal among eight patients with far-advanced 
renal failure (GFR 16 ± 6 mVmin) averaging 46 ± 14 pmoles/liter. Similar 
observations have now been made in children with chronic renal disease(71) 
although these measurements suggest that the levels may fall below normal 
earlier in the course of renal failure in children. Most of the children studied 
thus far have had primary tubulointerstitial renal diseases whereas the adults 
have principally had glomerular diseases. Whether the type of renal disease 
is an important determinant of the capacity of the remaining renal tissue to 
synthesize 1,25-(OHh-D will require additional study. The availability of 
1,25-(OHh-D appears to be the principal determinant of intestinal calcium 
absorption when dietary calcium intake is normal since net intestinal calcium 
absorption is, on the average, indistinguishable from zero when plasma 1,25-
(OHh-D levels are unmeasurably low and net intestinal calcium absorption 
rises proportionally as plasma 1,25-(OHkD levels increase.(31) Systematic 
studies of intestinal calcium absorption, utilizing isotopic calcium, among 
patients with varying degrees of chronic renal insufficiency have shown that 
calcium absorption is generally within the range of normal until GFR declines 
to levels below 50 ml/min. (72) These data taken together with the roughly 
similar relationship for the decline in plasma 1,25-(OHh-D levels as GFR 
falls(70) imply that limitation of renal 1,25-(OHh-D synthesis is responsible 
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for the progressive decline of intestinal calcium absorption as renal failure 
advances. Obviously, paired measurements of plasma 1,2S-(OHh-D concen­
trations and intestinal calcium absorption will be required to determine 
whether there are exceptions to this relationship. 

Brickman and associates(7g) have clearly documented that oral 1,2S­
(OHh-Dg therapy in patients with chronic renal disease can augment intestinal 
calcium absorption in a dose-related manner. Approximately 1.6 nmol or 
0.68 JJ.g/day of 1,2S-(OHh-Dg increased rates of intestinal calcium absorption 
to rates observed in healthy subjects.(74) However, despite normalization of 
intestinal calcium absorption by 1,2S-(OHh-D therapy, with elevation of 
serum calcium concentration, a fall in serum iPTH and alkaline phosphatase 
levels, and a decline in osteoclastic bone resorption among patients with 
renal osteodystrophy, more recent observations by Coburn and associates 
have indicated that 1,2S-(OHh-D therapy alone may fail to produce healing 
of the osteomalacic component of renal osteodystrophy.(74) Among patients 
with renal osteodystrophy whose bone biopsies showed principally osteo­
malacia, 1,2S-(OHh-Dg therapy resulted in the rapid development of hyper­
calcemia and failed to reduce the severity of skeletal osteomalacia. Since 
osteomalacia is classically the skeletal hallmark of vitamin D deficiency, these 
observations raise the possibility that there may be additional abnormalities 
of vitamin D metabolism that contribute to the pathogenesis of bone disease 
in uremia other than simply the progressive failure of renal 1,2S-(OHh-D 
synthesis. 

Evidence in support of the view that 1,2S-(OHh-D does not account for 
all the biological actions of the vitamin D endocrine system has recently 
become available from observations in patients with nutritional vitamin D 
deficiency. Measurements of plasma vitamin D metabolites in three such 
patients with osteomalacia proven by bone biopsy have demonstrated that 
plasma 1,2S-(OHh-D levels are normal despite undetectable or very low 
plasma levels of both 2S-0H-D and 24,2S-(OHh-D.(75) These data provide 
indirect evidence that 2S-0H-D itself or 24,2S-(OHh-D may playa critical 
role in the pathogenesis of osteomalacia. More direct evidence in support of 
this view has been provided by studies of the histological effects on bone 
produced by treatment of vitamin D deficiency and osteomalacia with vitamin 
D and its metabolites.(9) Treatment with either vitamin Dg or 2S-0H-Dg for 
8 weeks restored the mineralization front and markedly reduced osteoid 
volume whereas neither treatment with 1,2S-(OHh-Dg alone or 24,2S-(OHh­
Dg alone caused any evidence of healing of osteomalacia. Combination 
therapy employing 1,2S-(OHh-Dg and 24,2S-(OHh-Dg did, however, im­
prove the mineralization front and reduce osteoid volume (9). These studies 
therefore strongly suggest that 2S-0H-D itself, or more likely 24,2S-(OHh­
D, may play an important role in normal bone formation and remodeling. 

Studies of patients with chronic renal disease also provide data in support 
of an important role for 2S-0H-D and/or 24,2S-(OHh-D in the pathogenesis 
of the osteomalacic component of renal osteodystrophy since the extent of 
osteomalacia seen in bone biopsies from such patients has been observed to 
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increase as plasma 25-0H-D levels fall.(76) This relationship could reflect 
reduced availability of 25-0H-D itself in these patients who were studied in 
the United Kingdom. It seems more likely, however, that reduced availability 
of 24,25-(OHh-D may be important since studies of patients with comparable 
degrees of renal failure and osteomalacia in Denmark showed both normal 
plasma 25-0H-D levels and a lack of correlation between plasma 25-0H-D 
concentrations and the severity of osteomalacia. (77) 

In summary, several abnormalities of vitamin D metabolism have been 
identified among patients with chronic renal disease. First, plasma 25-0H­
D levels may be low or normal depending on (1) sun exposure and cutaneous 
vitamin D synthesis, (2) urinary losses of 25-0H-D among patients with 
primary glomerular diseases and heavy proteinuria, and (3) speculatively, 
accelerated extrarenal catabolism of 25-0H-D. Second, plasma 1,25-(OHh­
D levels fall as functioning kidney mass is reduced to one half or less as 
renal disease progresses and the resulting deficiency of 1,25-(OHh-D causes 
progressive impairment of intestinal calcium absorption when dietary calcium 
intake is normal. Moreover, the resulting tendency toward hypocalcemia 
further aggrevates preexisting secondary hyperparathyroidism and skeletal 
osteitis fibrosa. Plasma 24,25-(OHh-D levels also appear to fall as renal 
failure advances because of reduced availability of precursor 25-0H-D in 
some patients and, ultimately and probably more importantly, failure of 
renal synthesis in most patients. The low plasma 24,25-(OHh-D levels thus 
appear to contribute to the osteomalacic component of renal osteodystrophy. 
Therapeutic trials of 24,25-(OHh-D3 together with 1,25-(OHh-D3 are clearly 
needed to clarify the importance of 24,25-(OHh-D in the pathogenesis of 
renal osteodystrophy. The effects, if any, of the other vitamin D metabolites 
also remain to be evaluated. 
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16 
Metabolism of Parathyroid Hormone 
and Interpretation of 
Radioimmunoassays for PTH 

Eduardo Slatopolsky, Kevin Martin, Keith Hruska, and 
Saulo Klahr 

1. Introduction 

With the development of radioimmunoassays that are specific for certain 
regions of the parathyroid hormone (PTH) molecule, the fate of PTH that 
is secreted into the circulating blood has been partially clarified. 

PTH, a single-chain polypeptide containing 84 amino acids, is synthesized 
within the parathyroid gland from a biosynthetic precursor, a prohormone 
known as pro-PTHY-3) Pro-PTH has six additional amino acids attached to 
the NH2 terminus of the PTH 1-84 molecule. Pro-PTH is synthesized in the 
rough endoplasmic reticulum of the chief cells in the parathyroid glands 
and converted to PTH by proteolytic cleavage in the Golgi apparatus.(4) So 
far there is no convincing evidence that pro-PTH is secreted into the 
circulation. The storage form of PTH 1-84 is packaged in secretory granules 
that take several hours to mature. 

A precursor of pro-PTH called prepro-PTH consisting of a 25-amino­
acid sequence covalently linked to the amino-terminal portion of pro-PTH 
has been demonstrated.(5.6) Thus, prepro-PTH has 115 amino acids, pro­
PTH 90, and PTH 84. 

A controversial issue in the understanding of the metabolism of PTH 
has been the interpretation of the finding of fragments of PTH in the 
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peripheral blood. Early studies(7,8) with radioimmunoassay gave variable 
results in patients with primary hyperparathyroidism. It was thought that 
the radioimmunoassay for PTH was measuring in blood the peptide secreted 
by the parathyroid glands. However, Berson and Yalow(9) demonstrated that 
PTH in plasma of patients was heterogeneous and differed immunologically 
from the hormone extracted from parathyroid glands of humans. Using 
different antisera they clearly demonstrated the presence of fragments with 
very short half-lives, so that some fragments rapidly became undetectable 
after parathyroidectomy whereas other fragments had prolonged half-lives 
in the circulation. They also demonstrated that the half-life of immunoreac­
tive PTH was markedly prolonged in patients with uremia. Studies from 
several laboratories showed that the predominant circulating species of i-PTH 
had a molecular weight smaller than that of native hormone (i.e., mol. wt. 
approximately 7000 versus 9500 daltons). Moreover, Canterbury, Levey, and 
Reiss,(lO) employing gel filtration of concentrated serum samples from 
patients with hyperparathyroidism, demonstrated the presence of three 
separate forms of PTH. The first, called peak 1, was consistent with the 
native PTH; peak 2, the main component, was found to be a biologically 
inactive form that represents fragments of the carboxyl portion of the 
molecule; and peak 3, with a mol. wt. around 4000, was shown to have 
biological activity in the adenylate cyclase system of rat renal cortical 
membranes. There is evidence that PTH fragments are produced in the 
peripheral circulation, particularly by the liver and kidney,(1l-13) and are 
also directly secreted by the parathyroid glands.(14) 

2. Role of the Kidney in PTH Metabolism 

The kidney accounts for approximately 60% of the total metabolic 
clearance rate of the carboxy-terminal fragments of i-PTH with an arterio­
venous extraction of 20%.05 ) After the injection of the synthetic amino­
terminal fragment of bovine PTH (syn b-PTH 1-34), the renal extraction of 
this peptide accounted for 45% of the total metabolic clearance rate from 
plasma. After a single injection of purified bovine PTH 1-84 (the native 
hormone), the circulating species of iPTH changes first from predominantly 
intact hormone to a mixture of intact hormone and carboxy- and amino­
terminal hormone fragments and finally to carboxy-terminal fragments alone. 
Studies using the isolated perfused canine kidney demonstrated that the 
uptake of i-PTH by the kidney resulted in the production of circulating 
PTH fragments. 

Specifically, it appeared that the kidney could remove from the circu­
lation both intact PTH and also carboxy-terminal PTH fragments which are 
thought to be biologically inactive. Recently, Martin et aZY6) examined the 
mechanisms of i-PTH uptake by the kidney. The proposed mechanisms of 
the renal uptake of PTH and its fragments are illustrated in Fig. 1. The 
biologically active forms of PTH (both intact hormone and amino-terminal 
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Figure 1. Schematic representation of the renal mechanisms of PTH uptake. (Reprinted from 
ref. 16, with permission.) 

fragments) are removed by both peri tubular uptake and glomerular filtration, 
whereas the biologically inactive forms of i-PTH (carboxy-terminal fragments) 
depend exclusively on glomerular filtration and tubular reabsorption for 
their catabolism. The clinical applications of these physiological observations 
have been demonstrated in studies by Freitag et at.,o 7) who examined the 
time course of the changes in the plasma levels of carboxy-terminal i-PTH 
in patients with chronic renal failure after a successful renal transplantation. 
There is a marked accumulation of carboxy-terminal PTH fragments in 
peripheral plasma of patients with chronic renal failure, as would be predicted 
by the dependence of these fragments on glomerular filtration for their 
removal from the circulation. However, after renal transplantation from 
living related donors, plasma i-PTH decreased rapidly to 20% of the pre­
operative value within 24 hr. 

3. Role of the Liver in PTH Metabolism 

Barrett et at. (18) have recently reviewed the effects of PTH on the liver: 
Early studies using 123I-Iabeled hormone did not reveal impressive uptake 
of radioactivity by the liver.(19) However, the radioactive PTH used was 
biologically inactive because of oxidation of methionine residues by the 
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chloramine T method used for labeling. OxidizeJ PTH does not bind 
specifically to membranes in vitro.(20-22) Using radioimmunoassay techniques, 
Fang and Tashjian(23) demonstrated that partial hepatectomy significantly 
prolonged the plasma disappearance of i-PTH, thereby demonstrating a role 
of the· liver in PTH metabolism. Subsequent studies have shown that this 
organ is a major site of PTH metabolism. Canterbury et ai., using an isolated 
perfused rat liver preparation, demonstrated that b-PTH was cleaved by the 
perfused liver resulting in PTH fragments similar by gel filtration to those 
found in the peripheral circulation. (11) 

Martin et ai. (13) examined the uptake of PTH by the liver in vivo; dogs 
with indwelling hepatic venous catheters were studied after either single 
injections or constant infusions of b-PTH 1-84 and syn b-PTH 1-34. These 
studies suggest that the uptake of i-PTH by the liver is selective for the intact 
hormone and indicate that the liver does not remove either amino-terminal 
or carboxy-terminal fragments from the circulation. On the other hand, this 
organ is a source of carboxy-terminal i-PTH fragments found in the 
circulation. Since the liver did not extract synthetic b-PTH 1-34 from the 
circulation and the kidney accounted for only 45% of the metabolic clearance 
rate of this PTH fragment, this suggests that some other organ or organs 
are involved in the peripheral metabolism of the amino terminal portion 
(1-34) of PTH. 

4. Role of Bone in PTH Metabolism 

Parsons and Robinson(24) demonstrated that the injection of b-PTH 1-
84 into a cat whose isolated tibia was being perfused with blood from the 
whole animal caused a rapid release of calcium from the perfused bone. On 
the other hand, no effect was seen when intact b-PTH 1-84 was added 
directly to the blood supplying the bone; the latter procedure did not allow 
the hormone to enter the whole animal. These studies suggested that intact 
PTH must undergo some alteration in the intact animal before it could exert 
its effect on bone. 

Recently, Martin et ai.(25) have reexamined and extended these findings 
utilizing an isolated, perfused canine tibia preparation. During the infusion 
of syn b-PTH 1-34, there was a 36% arteriovenous difference in the level of 
amino-terminal i-PTH across the perfused bone. However, there was no 
significant uptake of i-PTH during the infusion of intact b-PTH 1-84. These 
findings were correlated with a biological effect by the demonstration of a 
marked rise in the production of cyclic AMP by the perfused bone during 
the infusion of syn b-PTH 1-34, whereas perfusion with high concentrations 
of b-PTH 1-84 resulted in only a minimal increase in the production of cyclic 
AMP. These studies indicate that there is selective uptake of syn b-PTH 1-
34 by the bone, a feature different from that seen with the kidney or liver. 

The differences in the uptake of PTH by liver, kidney, and bone are 
illustrated in Fig. 2. The upper panel shows the arteriovenous difference 
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Figure 2. Extraction of i-PTH by liver (e), kidney ( .. ), and bone (0) during constant infusion 
of b-PTH (upper panel) and syn b-PTH 1-34 (lower panel). (Reprinted from ref. 30, with 
permission.) 

for i-PTH across these organs during the constant infusion of b-PTH 1-84. 
The difference between the hepatic and renal uptake of i-PTH becomes 
apparent when the infusion of b-PTH 1-84 is discontinued. As the intact 
hormone disappeared from the circulation the hepatic arteriovenous differ­
ence rapidly fell, whereas a significant arteriovenous difference persisted 
across the kidney as long as i-PTH fragments remained in the circulation. 
The lower panel depicts the arteriovenous difference for i-PTH across the 
bone, kidney, and liver during the infusion of syn b-PTH 1-34. Both kidney 
and bone showed considerable extraction of this amino-terminal fragment, 
but liver did not. 

5. Radioimmunoassay for PTH 

In patients with hypercalcemia, the most direct method for verification 
of the diagnosis of hyperparathyroidism is the PTH radioimmunoassay 
(RIA). Over the past several years the heterogenous nature of PTH in the 
circulation has been elucidated. With this knowledge the binding specificities 
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Figure 3. Results for serum i-PTH obtained in 
152 patients with surgically confirmed hyperpar­
athyroidism. Using CH9 antibody, a predomi­
nantly C-terminal antibody, elevated levels were 
found in 96% of the patients. (Reprinted from 
ref. 31.) 

of the polyvalent antisera in widespread use can be characterized as that 
portion of the PTH molecule against which a particular antiserum is chiefly 
directed. Since both intact PTH and amino-terminal fragments have short 
half-lives in the circulation (circa 5 min), and carboxyl-terminal fragments 
have much longer half-lives, it is the latter pep tides that comprise the bulk 
of the circulating hormone. In addition, recent data suggest that primary 
hyperparathyroidism is characterized by the secretion of COOH-terminal 
fragments of PTH from the parathyroid gland. Thus, antisera with binding 
specificities for the carboxy-terminal portion of the molecule bind the greatest 
fraction of circulating PTH (intact hormone and carboxy-terminal frag­
ments), and these antisera display greater sensitivity in separating normal 
individuals from those with hyperparathyroidism. When carboxy-terminal­
specific antisera are used, abnormal PTH levels have been reported in 90% 
of patients with primary hyperparathyroidism. (26) The experience of our 
laboratory with the use of carboxy-terminal anti-serum (CH9) is portrayed 
in Fig. 3. Ninety-six percent of patients with surgically proven hyperpara­
thyroidism had high PTH levels utilizing this RIA. On the other hand, PTH 
immunoassays that utilize antisera directed toward the amino-terminal por-
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tion of the molecule generally display a 50-70% ability to separate patients 
with primary hyperparathyroidism from normal. (26) 

Recent studies have documented the major role of glomerular filtration 
in the clearance of carboxy-terminal fragments ofPTH from the circulation. (16) 

Thus, in all hyperparathyroid states associated with renal failure, the 
half-life of carboxy-terminal fragments in the circulation is markedly pro­
longed; for example, studies utilizing a carboxy-terminal antiserum show a 
very slow disappearance of i-PTH from the circulation after parathyroidec­
tomy in dialysis patients. (17) In this situation, PTH assays utilizing antisera 
with amino-terminal binding specificities may be more useful in the deter­
mination of acute variations in PTH secretion, for instance, during a calcium 
infusion. However, over long follow-up periods carboxy-terminal assays of 
PTH in patients with renal failure do correlate with the manifestations of 
parathyroid activity on the bone. (27-29) 

In summary, radioimmunoassays of PTH utilizing C-terminal antibodies 
usually detect high i-PTH in 90-95% of patients with primary hyperpara­
thyroidism. In uremia, although the levels of i-PTH are influenced by the 
decrease in GFR, they correlate well with bone histology, and if samples are 
obtained on a monthly basis, they are a good "index" of the degree of 
secondary hyperparathyroidism. 

ACKNOWLEDGMENT. Ms. Sandra Maul assisted III the preparation of the 
manuscript. 

References 

1. Cohn DV, MacGregor RR, Chu LLH, Kimmel JR, Hamilton JW: Calcemic fraction-A: 
Biosynthesis peptide precursor of parathyroid hormone. Proc Natl Acad Sci USA 69:1521, 
1972. 

2. Habener JR, Kemper B, Potts JT, Rich A: Proparathyroid hormone: Biosynthesis by 
human parathyroid adenomas. Science 178:680, 1972. 

3. Hamilton JW, Niall HD, Jacobs HW, Keutmann HT, Potts JT Jr, Cohn DV: The N­
terminal amino acid sequence of bovine pro-parathyroid hormone. Proc Natl Acad Sci USA 
71:653,1974. 

4. Kemper B, Habener JF, Potts JT Jr, Rich A: Pro-parathyroid hormone: Identification of 
a biosynthetic precursor to parathyroid hormone. Proc Natl Acad Sci USA 69:643, 1972. 

5. Kemper B, Habener JF, Ernst MD, Potts JT Jr, Rich A: Preproparathyroid hormone: 
Analysis of radioactive tryptic peptides and amino acid sequence. Biochemistry 15: 15, 1976. 

6. Habener JF, Potts JT Jr, Rich A: Pre-pro parathyroid hormone. 1 Bioi Chem 251:3893, 
1976. 

7. Berson SA, Yalow RS: Parathyroid hormone in plasma in adenomatous hyperparathyroid­
ism, uremia and bronchogenic carcinoma. Science 154:907, 1966. 

8. Reiss E, Canterbury JM: A radioimmunoassay for parathyroid hormone in man. Proc Soc 
Exp Bioi 128:501, 1968. 

9. Berson SA, Yalow RS: Immunochemical heterogeneity of parathyroid hormone in plasma. 
1 Clin Endocrinol Metab 28:1037,1968. 

10. Canterbury JM, Levey GS, Reiss E: Activation of renal cortical adenylate cyclase by 
circulating immunoreactive parathyroid fragments. 1 Clin Invest 52:524, 1973. 



162 II • Some Complications of Chronic Renal Failure 

11. Canterbury jM, Bricker LA, Levey GS, Kozlovskis PL, Ruiz E, Zull jE, Reiss E: Metabolism 
of bovine parathyroid hormone. Immunological and biological characteristics of fragments 
generated by liver perfusion.] Clin Invest 55: 1245, 1975. 

12. Hruska KA, Martin K, Mennes P, Greenwalt A, Anderson C, Klahr S, Slatopolsky E: 
Degradation of parathyroid hormone and fragment production by the isolated perfused 
dog kidney. The effect of glomerular filtration rate and perfusate Ca + + concentrations. 
] Clin Invest 60:501, 1977. 

13. Martin K, Hruska K, Greenwalt A, Slatopolsky E: Selective uptake of intact parathyroid 
hormone by the liver. Differences between hepatic and renal uptake.] Clin Invest 58:781, 
1976. 

14. Flueck jA, DiBella FP, Edis Aj, Kehrwald jM, Arnaud CD: Immunoheterogeneity of 
parathyroid hormone in venous effluent serum from hyperfunctioning parathyroid glands. 
] Clin Invest 60:1367, 1977. 

15. Hruska KA, Kopelman R, Rutherford WE, Klahr S, Slatopolsky E: Metabolism of 
immunoreactive parathyroid hormone in the dog. The role of the kidney and the effects 
of chronic renal disease.] Clin Invest 56:39, 1975. 

16. Martin Kj, Hruska KA, Lewis j, Anderson C, Slatopolsky E: The renal handling of 
parathyroid hormone. Role of peritubular uptake and glomerular filtration. ] Clin Invest 
60:808, 1977. 

17. Freitag j, Martin Kj, Hruska KA, Anderson C, Conrades M, Ladenson j, Klahr S, 
Slatopolsky E: Impaired parathyroid hormone metabolism in patients with chronic renal 
failure. N Engl] Med 298:29, 1978. 

18. Barrett PQ, Teitelbaum S, Neuman WF, Neuman MW: The role of the liver in the 
peripheral metabolism of parathyroid hormone, in Copp DH, Talmage RV (eds): Edocri­
nology of Calcium Metabolism. Amsterdam, Excerpta Medica, 1978, p 324. 

19. DeLuise M, Martin Tj, Melick RA: Tissue distribution of calcitonin in the rat: Comparison 
with parathyroid hormone.] Endocrinol 48: 173, 1970. 

20. Sutcliffe HS, Martin Tj, Eisman jA, Pilczyk R: Binding of parathyroid hormone to bovine 
kidney cortex plasma membrane. Biochem] 134:913,1973. 

21. Malbon CC, Zull jE: Interactions of parathyroid hormone and plasma membranes from 
rat kidney. Biochem Biophys Res Commun 56:952, 1974. 

22. McIntosh CHS, Hesch RD: Characterization of the parathyrin receptor in renal plasma 
membranes by labeled hormone and labeled antibody binding techniques. Biochem Biophys 
Acta 426:535, 1976. 

23. Fang VS, Tashjian AH: Studies on the role of the liver in the metabolism of parathyroid 
hormone. 1. Effects of partial hepatectomy and incubation of the hormone with tissue 
homogenates. Endocrinology 90:1177,1972. 

24. Parsons jA, Robinson Cj: A rapid indirect hypercalcemic action of parathyroid hormone 
demonstrated in isolated perfused bone in Talmage RV, Belanger LF (eds): Parathyroid 
Hormone and Thyrocalcitonin (Calcitonin). Amsterdam, Excerpta Medica, 1968, p 329. 

25. Martin Kj, Freitag jj, Conrades M, Hruska KA, Klahr S, Slatopolsky E: Selective uptake 
of the synthetic amino terminal fragment of bovine parathyroid hormone by isolated 
perfused bone.] Clin Invest 62:256, 1978. 

26. Arnaud CD, Goldsmith RS, Bordier Pj, Sizemore GW: Influence of immunoheterogeneity 
of circulating parathyroid hormone on results of radioimmunoassays of serum in man. Am 
] Med 56:785, 1974. 

27. Bordier P, Marie P, Arnaud CD: Evolution of renal osteodystrophy: Correlation of bone 
histomorphometry and serum mineral and immunoreactive parathyroid hormone values 
before and after treatment with calcium carbonate or 25-hydroxycholecalciferol. Kidney Int 
7:S102, 1975. 

28. Rutherford WE, Bordier P, Marie P, Hruska K, Harter H, Greenwalt A, Blondinj, Haddad 
j, Bricker N, Slatopolsky E: Phosphate control and 25-hydroxycholecalciferol administration 
in preventing experimental renal osteodystrophy in the dog.] Clin Invest 60:332, 1977. 

29. Hruska KA, Teitalbaum SL, Kopelman R, Richardson CA, Miller P, Depmenj, Martin K, 
Slatopolsky E: The predictability of the histologic features of uremic bone disease by non­
invasive techniques. Metab Bone Dis Rei Res 1:39, 1978. 



16 • Metabolism of Parathyroid Hormone 163 

30. Martin KJ, Hruska KA, Freitag JJ, Klahr S, Slatopolsky E: The peripheral metabolism of 
parathyroid hormone. N Engl] Med 301:1092, 1979. 

31. Slatopolsky E, Hruska K, Martin K, Freitag J: Physiologic and metabolic effects of 
parathyroid hormone, in Brenner B, Stein J (eds): Hormonal Function and the Kidney. New 
York, Churchill Livingstone, 1979, pp 169-193. 



17 
Collagen Metabolism in Uremia 

Stephen M. Krane 

Collagens are among the most abundant structural proteins of the extracel­
lular matrix and are important components of basement membranes. Al­
though many tissue collagens under normal circumstances have slow turnover 
rates (e.g., in dermis), other collagens are degraded and new collagens 
synthesized in the course of tissue remodeling (e.g., in bone). In chronic 
renal failure abnormalities occur in bone remodeling as well as lesions in 
dermis and subcutaneous tissue (necrosis) and tendons (spontaneous rup­
ture). These changes should be interpreted with respect to our current 
knowledge of collagen metabolism. 

1. Collagen Structure and Biosynthesis 

The term collagens refers to a class of proteins characterized by their 
amino acid composition and the structural organization of the component 
polypeptide chains. (1-6) Most tissue collagens have regions containing a 
specific collagen triple helix, the structure of which is determined by the 
presence of a glycyl residue in every third position. The collagen helix is 
stabilized by certain posttranslational modifications, particularly hydroxyla­
tion of specific prolyl residues. Although many other proteins undergo 
posttranslational modifications of their component amino acids, collagen has 
a greater abundance and variety of structural modifications than most 
proteins in the animal kingdom. The noncollagenous regions of collagen 
molecules, which do not contain the glycine in every third position, may be 
integral parts of the molecular structure or may be present only during 
intermediate stages of biosynthesis and removed prior to deposition of the 

Stephen M. Krane • Department of Medicine, Harvard Medical School, and Medical Services 
(Arthritis Unit), Massachusetts General Hospital, Boston, Massachusetts 02114. This is publication 
No. 803 of the Robert W. Lovett Memorial Group for the Study of Diseases Causing Deformities. 

165 



166 II • Some Complications of Chronic Renal Failure 

finished product. Procollagens refer to the completed precursor molecule 
stripped from the polyribosome and assembled intracellularly. The collagen 
molecule refers to the completely processed procollagen molecule from which 
the extensions at either end have been removed, although some noncolla­
genous'sequences are retained at both ends. The collagen fiber is a higher­
order structure that is formed by the specific alignment of the collagen 
molecules and eventually interactions with noncollagenous components of 
the specific tissue. Many tissues contain different kinds of collagens, each of 
which has a different primary structure determined by a different gene. In 
addition, collagens with the same primary structure present in different 
tissues may have distinctive and characteristic posttranslational modifications. 
In most tissues, the collagens can be considered as containing molecules 
which may be visualized as long, rigid rods with dimensions of approximately 
300 X 1.5 nm. Each of these molecules is comprised of three polypeptide 
chains, all of which have the unique collagen helical structure. The helical 
structure is determined by the amino acid sequence. In addition to glycine 
at every third residue, other abundant amino acids include alanine and 
proline. Collagens contain little tyrosine and phenylalanine and no trypto­
phan and, with the exception of type III collagen, usually lack cysteine in 
the body of the helical portion. The most abundant posttranslational modi­
fication involves hydroxylation of prolyl residues in the 4 position, but in 
addition, there are small amounts of 3-hydroxyproline. Certain lysyl residues 
are also hydroxylated in the 5 position to form hydroxylysine. Some of the 
E-amino groups are lysines as well as hydroxylysines and are also oxidized 
to their respective aldehydes, forming derivatives termed allysine and hydroxy­
allysine, respectively. The hydroxylysine residues within the helical portion 
of the molecule may also be glycosylated, again in a unique way, by the 
addition of galactose residues, and in some instances glucose residues are 
added to the galactose residues. The hydroxylysines, lysines, and aldehydes 
of these amino acids are involved in cross-links from one collagen chain to 
another, through their side-chain groups. In tissues, the collagen molecules 
are aggregated in a specific manner with respect to their long axis and are 
usually staggered at a distance of approximately one quarter the length of 
the molecule. This pattern results in interactions of the side chains, producing 
a predictable distribution of charge densities which in turn form the basis 
for the unique banding pattern observed by electron microscopy in many 
collagens. In the most common collagens, for example, those from bone and 
skin, these interactions produce a pattern of banding with major periods of 
approximately 64-70 nm. The manner in which the collagen molecules are 
aggregated also produces regions in which the molecules overlap and others 
in which there is no overlap. The latter results in voids or holes which are 
probably the predominant location of deposition of the mineral phase of 
bone. 

It has also been appreciated over the last several years that different 
tissues contain either a unique type of collagen or mixtures of collagens, 
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Table 1. Sequence of Cellular Collagen Biosynthesis 

1. Amino acid entry 
2. Utilization of particular species of tRNA 
3. Initiation of polypeptide a chains by formation of hydrophobic amino terminal leader 

sequence followed by assembly of proregion and helix 
4. Hydroxylation of prolyl residues begins on nascent chains 
5. Hydroxylation of lysyl residues 
6. Glycosylation of hydroxylysyl residues 
7. Formation of -5-5- bonds at carboxy terminal extension 
8. Formation of triple helix 
9. Packaging for secretion 

10. Amino-terminal extension cleavage 
11. Carboxy-terminal extension cleavage 
12. Formation of microfibril 
13. Lysyl and hydroxylysyl oxidation 
14. Formation of reducible cross-links 
15. Maturation and growth 
16. Further cross-linking and interaction with other components 

each of which has the same basic amino acid composition and higher-order 
structure. 

The most common type of collagen is found in skin and bone and is 
comprised of so-called type I molecules, which are composed of two al 
chains (type I) and one a2 chain. Three identical polypeptide chains (aI[IIh) 
comprise the collagens of cartilage. In addition, blood vessels, parenchymal 
organs, and skin contain a collagen which is the product of yet another gene, 
so-called type III collagen (aI[IIlh). Small amounts of type I trimer (al[lh) 
have also been identified in certain tissue culture systems and probably in 
vivo as well. Basement membranes contain collagens with a primary structure 
(type IV) different from those just described, and even other types have 
been identified in tissues such as muscle and placenta (type A and B). 

The synthesis, secretion, and deposition of such complicated macro­
molecules have been examined in many systems, and considerable information 
is available concerning the steps of biosynthesis. These are summarized in 
Table 1. Tire amounts and the properties of the collagens thus produced 
are controlled by cells in several different ways. In some instances, controls 
exist at the level of the gene. Under certain circumstances, for example, it 
can be shown in cultured chondrocytes that a shift in ambient calcium 
concentrations causes a switch from one type of collagen to another. Increases 
in calcium content of the incubation medium are associated with decreased 
synthesis of type II collagen and augmented synthesis of type I collagen. (7) 

Control of structure and function is also exerted by hormones and metabolites 
at multiple steps in the posttranslational modification and processing of the 
molecules from the beginning of synthesis to the formation of the finished 
product. For example, ascorbic acid deficiency affects collagen synthesis since 
ascorbic acid is one substrate of prolyl hydroxylase. When prolyl hydroxyl-
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ation is deficient, and formation of 4-hydroxyproline decreased, the triple 
helical structure is unstable, and collagen molecules synthesized intracellularly 
are degraded and not secreted. Substances known as lathyrogens (e.g., 13-
aminopropionitrile) interfere with cross-linking by inhibiting the enzyme 
lysyl oxid'ase and blocking the formation of the aldehyde derivatives of lysine 
and hydroxylysine. Penicillamine forms complexes with aldehydic groups on 
collagens and prevents their interaction with side-chain groups on other 
chains and also prevents cross-linking. 

2. Collagen Degradation 

Some collagens undergo turnover in the tissues. This turnover involves 
resorption of molecules in the collagen fiber and deposition of new molecules. 
Current evidence suggests that collagenolysis in animal tissues is carried out 
by the action of specific enzymes, collagenases, which have a number of 
properties in common.(I,8-10) These collagenases are metalloenzymes oper­
ating at neutral pH which catalyze the cleavage of collagens at specific sites 
in the polypeptide chains. This site is usually between a glycine and a leucine 
or isoleucine residue at a distance % from the amino terminus. In general, 
undenatured collagen molecules, collagen fibrils, and fibers are refractory 
to cleavage by proteolytic enzymes other than collagenases at temperatures 
below denaturation. The collagenases appear to preferentially attack the 
native structure, probably cleaving molecules at the surface of the fibril, 
causing them to be solubilized. The fragments in solution, once denatured, 
may then be cleaved by other proteases. It is likely that most collagenases 
are secreted by cells in a latent, or inactive, form and interact with a variety 
of inhibitors present in many tissues. Some mechanism therefore must exist 
for the activation of these latent collagenases. It is probable that such 
collagenases are also operative in the resorption of bone collagen, but in 
bone there is an additional problem since mineralized collagen cannot be 
attacked by any proteases. It is obvious, therefore, that some mechanism 
must be operative for removal of the mineral phase prior to proteolytic 
attack. The resorptive function is carried out by cells such as osteoclasts, but 
the exact mechanism for removal of the mineral phase prior to collagenolysis 
is not known. 

J. Collagen Metabolism in Chronic Renal Failure 

In experimental chronic renal failure and in end-stage human renal 
disease, alterations in bone collagen and mineral "maturation" have been 
documented which have been assumed to reflect abnormal bone remodeling. 
Many of these observations have been based on analyses of mineralized bone 
powder, fractionated by density gradient centrifugation in bromoform tol­
uene. It had been shown that the more recently formed bone containing 
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newly synthesized collagen is of the lowest mineral density, whereas more 
mature bone containing older collagen molecules is of higher mineral density. 
In uremic animals, there is a shift in the distribution of collagens from 
fractions of high mineral density to those of low mineral density.(ll) Such 
abnormalities have also been seen in chronic renal failure in humans.(12) In 
experimental animals, when reducible cross-links have been examined using 
tritiated sodium borohydride, an increase has been found in the ratio of the 
reducible cross-links dihydroxylysinonorleucine to hydroxylysinonorleucine 
in uremic animals compared to pair-fed controls,03) In normal animals with 
advancing age (maturity) this ratio of these two reducible cross-links tends 
to fall. The results of these studies have been interpreted as indicating a 
specific molecular defect in the collagenous protein of the organic matrix of 
bone in uremia, perhaps owing to some toxic factor analogous to the 
lathyrogens. However, a similar pattern of abnormal reducible cross-links 
has been described in vitamin D deficiency.(I4) Indeed, in human chronic 
renal failure, administration of therapeutic doses of 25-hydroxy vitamin D3 
has resulted in alteration of the bone powder density pattern toward normal 
("more mature"),o2) Other observations are also pertinent to interpreting 
the data in uremic animals and in man. 

The collagen of bone in experimental vitamin D-deficient rickets is type 
I, as in normal bone, and rachitic epiphyseal cartilage contains predominantly 
type II collagen, as does normal cartilage.(I5) There is an increased content 
of hydroxylysine in rachitic bone collagen, which is not found in the skin 
from rachitic animals,05.I6) It was initially suggested by Toole et al. (IS) that 
increased glycosylation of these hydroxylysine residues could interfere with 
mineralization if the carbohydrate residues were located in the hole region 
of the fiber where most of the mineral is normally deposited. However, it 
was subsequently found that there is only a small increase in the glycosylation 
of rachitic collagen and no alteration in its pattern of glycosylation. (17) It has 
also been shown that the increased hydroxylysine content of bone-but not 
skin-collagen can be reproduced by dietary calcium deficiency or parathy­
roidectomy, but also by vitamin D- and phosphate-deficient states.(I6) 
Purified lysyl hydroxylase, the enzyme involved in the posttranslational 
modification of specific lysyl residues, is inhibited by several divalent cations 
(calcium, zinc, copper), but the concentration of calcium ions that produces 
50% inhibition of activity is quite high (15 mM).(I8) Inhibition of lysyl 
hydroxylase by calcium ions would not in itself explain the observations 
described since skin collagen hydroxylation is not altered under conditions 
where bone collagen hydroxylation is. It is possible, however, that there are 
multiple forms of lysyl hydroxy lases which could have different tissue 
distribution, different kinetics, and different metabolic regulation. 

Increased lysyl hydroxylation observed in calcium deprivation and 
vitamin D deficiency could also explain the abnormal pattern of reducible 
cross-links observed in uremic animals as determined by tritiated sodium 
borohydride reduction (relative increase of the dihydroxylated derivative). 
The increased bone collagen lysine hydroxylation might also account for 
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observations on the effects of vitamin D deficiency on a stable, nonreducible 
cross-link recently identified in collagens of mature animals. The compound, 
pyridinoline, first described in bovine Achilles tendon collagen,(19) is probably 
derived from two hydroxyallysine residues and one hydroxylysine residue. 
In immature bone (from chicks 6 weeks of age), the content of pyridinoline 
is low (- 5-10 mmoles/100 moles hydroxyproline), but the levels are 40-50 
mmoles in bone from older animals. (20) When the young chicks are made 
vitamin D deficient, the content of bone collagen pyridinoline is high (30-
40 mmoles/lOO moles hydroxyproline). The demineralized bone collagen is 
also less susceptible to proteolysis with pepsin or papain consistent with the 
increased cross-linking. By these criteria, rachitic bone collagen is more mature. 
Whether a similar pattern is present in uremic bone remains to be demon­
strated. We are not sure why increased collagen hydroxylation per se would 
have such striking effects on the function of the structural protein, unless 
critical cross-links are affected as discussed previously. In actuality, the most 
profound alterations in collagen are seen when hydroxylysine content is 
deficient as observed in genetic disorders oflysyl hydroxylase.(21,22) However, 
a lethal recessive form of osteogenesis imperfecta has been described in 
which the hydroxylysine content of bone collagen is also increased. (23) 
Unfortunately, no information is available with respect to extracellular fluid 
concentrations of mineral ions. Hypocalcemia or vitamin D deficiency in 
utero could account for the increased lysyl hydroxylation, 

Bone resorption is a feature of the osteodystrophy of chronic renal 
failure.(24) It is obvious that matrix (collagen) degradation is characteristic of 
this resorption, Secondary hyperparathyroidism must have an important 
role, perhaps mediated through stimulation or activation of specific colla­
genases. In severe uremia other data are consistent with increased collagen 
degradation. (24,25) Since investigators have shown that there is no increase 
in excretion of peptide-bound hydroxyproline, although excretion of free 
hydroxyproline may be increased, probably owing to decreased renal excre­
tory function, the increased excretion of free hydroxyproline and high 
circulatory levels in, human chronic renal failure and in experimental renal 
disease may be accounted for by impairment of hepatic hydroxyproline 
oxidase which accompanies the uremia. Normally, only small amounts of 
free hydroxyproline are found in plasma or urine even in states of increased 
collagen catabolism, (25) Since the hydroxyproline released from its peptides 
is rapidly degraded by the hepatic oxidase, the effects on the enzyme in 
uremia are probably not accounted for by the metabolic acidosis. 

Several hormones and metabolites can alter collagen metabolism through 
effects on collagen synthesis and degradation. Parathyroid hormone increases 
bone degradation but also inhibits collagen synthesis in responsive cells and 
tissues,(26,27) although the net effects of excessive parathyroid hormone in 
vivo may be seen as increased synthesis in bone. (28) The latter may be the 
result of the well-known coupling between bone resorption and formation 
(? mediator) which may overcome inhibitory effects of parathyroid hormone 
on bone formation. Calcitonin inhibits resorption but may have effects on 
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Table 2. Hormones and Metabolites That Affect Collagen Synthesis 

Agent 

Ascorbic acid 

Iron 

O2 

Superoxide 
Parathyroid hormone 
I3-Adrenergic agonists 
I3-Adrenergic antagonists 
Somatomedins 
Insulin 
Glucocorticoids 
Prostaglandin E 
Monocyte-lymphocyte products 
Procollagen peptides 
Copper deficiency 
13-Aminopropionitrile 
Cysteine, penicillamine 
Vitamin D deficiency 
Ca deficiency 

Effect 

Substrate for prolyl and lysyl hydroxylation (deficiency 
inhibits hydroxylation) 

Substrate for prolyl and lysyl hydroxylation 
(desferrioxamine and aa'dipyridyl inhibit) 

Substrate for prolyl and lysyl hydroxylation (N2 inhibits) 
Stimulates hydroxylation 
Decreases synthesis 
Inhibit collagen synthesis 
Stimulate collagen synthesis 
Stimulate collagen synthesis 
Stimulates collagen synthesis 
Inhibit collagen synthesis 
Inhibits collagen synthesis 
Stimulate or inhibit collagen synthesis 
Inhibit collagen synthesis 
Decreased lysyl oxidase 
Inhibits lysyl oxidase 
Bind to aldehydes 
Increased lysyl hydroxylation 
Increased lysyl hydroxylation 

formation (osteoblast function) particularly in uremia.(29) Other agents that 
have been shown to alter collagen synthesis in different systems(5) are listed 
in Table 2. Whether any of these has a role in the collagen turnover in 
uremia, particularly in uremic bone, remains to be demonstrated. At the 
present time it is probable that the changes observed in chronic renal failure 
are due predominatly to aberrations in vitamin D metabolism, excessive 
circulatory levels of parathyroid hormone, and abnormal concentration of 
mineral ions in the extracellular fluid. Whether factors other than these are 
operative to influence collagen metabolism in uremia remains a possibility 
since potent effects of a number of substances have been demonstrated. 

Note added in Proof: The reader should refer to recent reviews on collagen 
metabolism, such as ref. 30. 
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In the patient with renal failure, the nervous system is the primary barometer 
of patient well-being. Whereas other manifestations of the uremic state such 
as anemia, heart failure, bone pain, muscle dysfunction, and skin rashes are 
evaluated by the physician, it is via the nervous system that patients with 
renal failure perceive that which is abnormal.(l) 

1. Uremic Encephalopathy 

An encephalopathy associated with uremia may have among its early 
manisfestations clouding of the sensorium and decreased mental alertness. (2) 

Patients are easily fatigued, become apathetic, and are unable to concentrate 
appropriately; their recent memory is impaired. As the uremia becomes 
more advanced, attention span may diminish, the patients may have percep­
tual errors which include misidentification of people and objects, and there 
may be illusions and hallucinations and tremors of the hand. With the 
widespread use of dialysis and renal transplantation to treat patients with 
end-stage renal disease, the more advanced manifestations of uremia are 
seldom seen. The latter may consist of asterixis and myoclonus; tetany may 
be apparent. There may be abnormalities of gait and reflexes, such as 
snouting, rooting, and grasping reflexes. Seizures, either focal or grand mal, 
may occur.(3) 

Allen 1. Arieff • Nephrology Service, Department of Medicine, Veterans Administration 
Medical Center, and University of California School of Medicine, San Francisco, California 
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It is probably a safe statement that the pathogenesis of any of the 
aforementioned manifestations of uremic encephalopathy is not known. 
There is very little data either on patients or on laboratory animals that 
reveal the biochemical or pathological abnormalities that may lead to uremic 
encephalopathy. However, there have been some intriguing biochemical and 
pathological observations. Prior to the early 1970s, there had been only a 
few studies on the brain in laboratory animals with renal failure.(4,5) These 
have revealed that there is increased entry into the uremic brain of 14C_ 
labeled sucrose and 42K. There is delayed entry of [24Na]_ and [14C]penicillin, 
with no apparent effect on the entry of [35S]sulfate and [14C]dimethadione. 
There is probably a decrease in brain levels of Na-K ATPase. In rats with 
acute renal failure, van den Nort and associates(5) have studied brain energy 
metabolism. They found that total brain adenine nucleotides were normal 
but that there was a decrease of both metabolic rate and lactate formation. 
Glucose concentration was increased and high-energy phosphate utilization 
was abnormally low, suggesting the decreased brain metabolic rate. 

Histological studies of the brain in renal failure have not been reward­
ing.(6,7) Studies in patients dying with renal failure have shown a small 
incidence of subdural hemorrhages, some intracerebral hemorrhage, and 
generalized neuronal degeneration. There are some necrotic foci and focal 
glial proliferation. However, all these changes are not specific and do not 
serve to differentiate uremia from other encephalopathies. 

Since neither biochemical nor pathological studies have yet revealed the 
origin of uremic encephalopathy, investigators have next turned to toxins. 
More than 50 substances have been described as being "uremic toxins.,,(8-1O) 
At our present level of knowledge, none of these so-called uremic toxins has 
been validated experimentally in either patients or laboratory animals. 

More recent studies have concentrated on abnormalities of water, 
electrolyte, and acid-base metabolism in the nervous system. Studies in both 
patients and laboratory animals with acute renal failure have revealed that 
brain water is normal as are brain content of K + and Mg2 + , whereas brain 
Na+ is low.(3,ll) In patients who have chronic renal failure, brain Na+ 
content is normal. Some investigators had suggested that intracellular pH 
(pHi) in brain might be abnormal in patients with uremia, thus accounting 
for some of the mental abnormalities associated with the uremic state. Studies 
in both patients and laboratory animals have not revealed this to be the case. 
In animals with acute renal failure, despite an acidotic pH of blood, pH is 
normal in CSF and pHi is normal in both brain and skeletal muscle(l2) (Fig. 
1). Despite an extracellular acidosis, pHi is normal in muscle, whole body, 
and white blood cells of patients who have chronic renal failure. Preliminary 
data suggest that despite the presence of an extracellular acidosis, pHi is not 
abnormal in liver, brain, or skeletal muscle of animals with chronic renal 
failure.(13) Brain water is not abnormal in either patients or experimental 
animals with either acute or chronic renal failure.(3,ll-13) 

From a biochemical standpoint, one of the first abnormalities reported 
in uremic brain was the significantly elevated brain (cerebral cortex) Ca2+ 
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Figure 1. The intracellular pH (pHi) in brain (cerebral cortex) and skeletal muscle of dogs 
with acute renal failure. Despite an extracellular acidosis, pHi is normal. (Reprinted from ref. 
12.) 

found in laboratory animals with acute renal failure,<I 4) These findings have 
been confirmed in brain (post mortem) of humans with acute renal failure, 
where brain Ca2 + (cerebral cortex) is approximately twice the normal value.(lI) 
The observed elevation in brain Ca2 + brings to the forefront the 
problem of what might have caused this to occur. An increase in the plasma 
calcium-phosphate product could account for an increased brain Ca2 + . 

However, studies in both humans and animals with acute renal failure reveal 
no correlation between brain Ca2 + content and plasma calcium-phosphate 
product. (11.14) Another factor that might have caused brain Ca2 + to be 
elevated is parathyroid hormone. Parathyroid hormone is elevated in patients 
with chronic renal failure . Although they are somewhat nonspecific, symp­
toms of primary hyperparathyroidism overlap substantially with those of 
renal failure. (I 5) In particular, patients with hyperparathyroidism may have 
impaired recent memory, depression, increased fatigue, impaired mental 
alertness, and impaired ability to concentrate. Mallette and associates(l5) 
found that mental abnormalities such as weakness, easy fatigability, and 
various mental disturbances were among the major manifestations of primary 
hyperparathyroidism. In a recent study on primary hyperparathyroidism by 
Heath and associates,(16) it was found that of 51 patients with this disorder, 
20% had emotional disorders. This was a higher percentage of patients than 
those presenting with either renal stones, bone disease, or diminished renal 
function. We thus decided to look at the effects of parathyroid hormone on 
both brain Ca2 + and neuropsychological status. In laboratory animals, it is 
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Figure 2. The EEG in a normal subject compared to that of a patient with acute renal failure 
for 18 hr. The EEG in the patient with renal failure consists almost entirely of abnormal slow 
waves, despite the fact that the BUN, arterial pH, and plasma concentrations of creatinine, 
Na + , K + , and Cl- were in the normal range. (Data from ref. 11.) 

difficult to conduct any sort of mental status examination, so we did 
electroencephalograms (EEG). In both patients and laboratory animals who 
had either uremia or hyperparathyroidism without uremia, it was found that 
the presence or absence of excess levels of parathyroid hormone in plasma 
was the main contributor to an abnormal EEG.(3,14,17) In particular, we found 
that uremic dogs who had previously been parathyroidectomized had near­
normal EEGs, whereas normal dogs infused for 3V2 days with parathyroid 
hormone had uremic EEGs,(l4) Figure 2 shows the EEG of a patient with 
acute renal failure. Although the EEG is grossly abnormal, this patient had 
a BUN below 30 mg/dl, a creatinine below 1.2 mg/dl, and normal pH and 
K + in blood. However, his plasma level of parathyroid hormone was four 
times the normal value after only 18 hr of acute renal failure. In a dozen 
patients who had acute renal failure from various causes, we found that the 
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mean Ca2 + was only 7.6 mg/dl, and parathyroid hormone was approximately 
four times the normal value after only 1 V2 days. (11) Looking at serial EEGs 
in the same patients at the time of diagnosis, it was found that they were 
grossly abnormal.(lI) After 2-6 weeks of dialysis, there was no change 
whatsoever in the EEG of patients who had stable chemistries. However, 
within 24 hr of the onset of the diuretic phase of acute renal failure, the 
EGGs were not significantly different from normal. At a 3-month follow-up 
of the same patients, the EEGs were still normal. Among patients who did 
not survive, it was found that brain Ca2 + was increased by approximately 
30-50% in patients who had chronic renal failure not treated with di­
alysis(14,I7) (Fig. 2). However, among patients with chronic renal failure 
treated with dialysis for at least 2 years, both the brain Ca2 + and the EEG 
were not abnormal.(14,I7) 

We then conducted psychological evaluations of patients who had either 
primary hyperparathyroidism or uremia with secondary hyperparathyroid­
ism. These patients were evaluated both before and after parathyroidectomy. 
The controls were patients who underwent major neck surgery for reasons 
other than parathyroid disease. The EEGs of patients with hyperparathy­
roidism were abnormal in several different parameters. Both the mean EEG 
frequency and the percent of frequencies less than 7 hertz were abnormal 
in patients with either primary or secondary hyperparathyroidism. The 
percent EEG power less than 5 hertz was abnormal only in patients with 
secondary hyperparathyroidism. After neck surgery, the EEGs improved 
toward normal in patients with either primary or secondary hyperparathy­
roidism, particularly the percent EEG frequencies less than 7 hertz (Fig. 3). 
Significant improvements toward normal were noted in patients with primary 
or secondary hyperparathyroidism. Psychological testing was repeated after 
parathyroidectomy. The patients who had primary hyperparathyroidism 
showed essentially no change when compared to controls. However, patients 
with secondary hyperparathyroidism showed improvement in at least four 
different parameters of psychological function: Raven's progressive matrices, 
several visual motor items, the trailmaking test, and the profile of moods 
fatigue scale. Thus, in patients with hyperparathyroidism, the EEGs are 
abnormal and are improved by parathyroidectomy; certain tests of psycho­
logical function improve in patients with secondary hyperparathyroidism 
after parathyroidectomy; and brain Ca2 + in patients with chronic renal 
failure and secondary hyperparathyroidism is elevated. It may be that the 
elevated brain Ca2 + relates to the EEG and psychological abnormalities (Fig. 
4). These studies complete this brief review of the literature on uremic 
encephalopathy. 

2. Uremic Neuropathy 

Early uremic neuropathy is characterized by periodic numbness and 
tingling of feet and hands with mild leg weakness. There may be restless leg 
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Figure 3. The change (postoperative­
preoperative) in the percentage of the EEG 
occupied by the frequences <7 hertz is 
shown. Means ± SE are illustrated. There is 
significant improvement for the patients with 
primary hyperparathyroidism in this fre­
quency class without a significant change for 
the control subjects. (Reprinted from ref. 
17.) 

mEQ/kg dry wI. 

Figure 4. The postmortem calcium and magnesium contents in brain tissue from normal 
control subjects and from patients with chronic renal failure and secondary hyperparathyroidism 
are shown. Means ± SE are illustrated, with significance (p < 0.05, unpaired t test) denoted by 
a *. A significant increase in cerebral cortical calcium, but not magnesium, is found in the brains 
of patients with secondary hyperparathyroidism. (Reprinted from ref. 17.) 
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syndrome or an unsteady gait. As uremic neuropathy becomes more severe, 
there may be reduced tendon reflexes and loss of vibration sense. There is 
impairment of the patient's ability to perceive pain, light touch, or temper­
ature. Typically, the distribution in the legs is that of a stocking glove. 
Functionally, with very severe uremic neuropathy, the patient may notice 
persistent numbness and tingling of the extremities, difficulty with walking, 
and clumsiness with fine movements of the hands, such as problems with 
writing and buttoning clothes. There may be also associated muscle wasting 
with weakness,oS) It is often overlooked, but uremic neuropathy also may 
affect the autonomic nervous system. This may be manifested by absence of 
sweating, impotence, and abnormal Valsalva maneuver, and perhaps by 
hypotension associated with hemodialysis. 

Pathologically, studies on sural nerve of patients who have uremic 
neuropathy reveal that there is axonal degeneration along with demyelina­
tion,09) The demyelination is thought to be a secondary phenomenonY9) 
Histologically, this is characterized by less fiber density and a decreased 
thickness of those fibers which are present, along with a loss of myelin on 
fibers.(20) It is not generally appreciated, but as shown by Asbury and 
associates,(19) uremic neuropathy may also effect the spinal cord. There may 
be pallor of the posterior columns in the spinal cord as well as chromatolysis 
of the anterior horn cells. In the anterior horn cells at the lower lumbar 
segments, there often is a characteristic axonal reaction. 

Many so-called uremic toxins have been suggested to be important in 
the pathogenesis of uremic neuropathy.(2.s-1O) Such so-called toxins include 
parathyroid hormone, third factor, middle molecules, and several trace 
metals such as lead, tin, cadmium, zinc, and mercury. However, Nielsen(lS) 
showed that if one attempts to correlate a reduction in motor nerve conduction 
velocity (MNCV) with glomerular filtration rate (GFR), as assessed by several 
different means, there is a correlation coefficient of 0.68 to 0.84. Neilsen 
suggested that for any substance to be a uremic toxin, it would therefore 
have to have a better correlation with MNCV than does GFR. At this time, 
no "toxin" has been able to fulfill these criteria,o°) In human studies, 
various authors have measured the correlation between MNCV and blood 
levels of parathyroid hormone, urea, creatinine, myoinositol, and several 
other substances (Table 1). The correlation coefficients with these substances 
range from 0.09 to 0.67, none of them being as high as is the correlation 
with GFR. In addition, it must be pointed out that if one correlates two 
things that are by definition unrelated, i.e., random numbers, one obtains a 
correlation coefficient of 0.28 when matching 80 pairs of random numbers. 
This is significant at the 0.01 level, thus showing that the correlation 
coefficients in no way show causality. 

Another way of looking at neurotoxicity is to study MNCV in animals 
or patients with acute renal failure. If there is a uremic toxin present in 
blood, there should be reductions in MNCV in the early phases of renal 
failure. Preliminary studies in our laboratory show that with acute renal 
failure for a period of 3V2 days to 6 months in the dog, there is no 
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Table 1. Correlation (r Value) between Motor Nerve Conduction Velocity (MNCV) and 
VarioUS' "Uremic Toxins'''' 

Author 
0 

Giulio et al. 
Avram et al. 

Nielsen 
Blagg et al. 

Nielsen 
Blagg et al. 

Blumberg et al. 
Reznek et al. 

Nielsen 

Man et al. 
Scribner et al. 
Kjellstrand et al. 

Giovannetti et al. 

Sterzel et al. 
Lonergan et al. 

"Uremic toxin" 

PTH 
PTH 

Urea 
Urea 

Creatinine 
Creatinine 

Myoinositol 
Myoinositol 

GFR 

Middle mOleCuleS} 
Middle molecules 
Middle molecules 

Methylguanidine 

Transketolase deficienCY} 
Transketolase deficiency 

a From ref. 23; references refer to citations in that reference. 

r 

0.09 
0.45 

0.41 
0.51 

0.51 
0.57 

0.03 
0.67 

0.68-0.84 

Not available 

Not available 

Not available 

Other 

No in vivo evidence of 
peripheral nerve 
function impairment 
in patients or 
animals with renal 
failure 

Chronic injection 
depresses MNCV in 
dogs after 10 days 

Deficiency related to 
impaired MNCV in 
patients 

alteration of MNCVY3) Similarly, studies in 33 patients with acute renal 
failure demonstrate that MNCV is normal in patients with acute renal failure 
and is affected neither by dialysis nor by the diuretic phase of acute renal 
failure; at 3 months' follow-up, MNCV remains normal.(ll) Studies by Giulio 
and associates(21) on uremic patients undergoing hemodialysis have shed 
some light on the possible role of parathyroid hormone in the pathogenesis 
of uremic neuropathy. They did MNCV studies on 35 patients before and 
up to 1 year after parathyroidectomy. The MNCV did not change as a result 
of the parathyroidectomy. There have been some suggestions that parathy­
roid hormone might impair MNCV secondary to a deposition of Ca2+ in 
uremic nerve. However, preliminary studies in our laboratory show that in 
dogs with renal failure for periods of 3V2 days to 6 months, there is not a 
significant increase in nerve Ca2+ content.(l3) In summary, if one evaluates 
the role of parathyroid hormone in the pathogenesis of uremic neuropathy 
in patients, MNCV is normal before and after parathyroidectomy in patients 
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with primary hyperthroidism, MNCV is normal before and after treatment 
for secondary hyperparathyroidism not due to renal failure, and MNCV is 
not affected acutely by fourfold elevations in plasma parathyroid hormone 
in patients with acute renal failure.(IO) 

Another way of looking at uremic neuropathy is to study the effects of 
renal transplantation on nerve function. It is the general rule that following 
renal transplantation, MNCV improves toward normal, but usually not for 
several months.(18) However, this has not been a universal experience. 
Ibrahim and associates(22) studied a number of patients with chronic renal 
failure. They found that after renal transplantation, although some patients 
did have a return toward normal of MNCV, in other patients, this did not 
occur even after periods of up to 8 months. 

In summary, at this time the etiology of uremic neuropathy must be 
regarded as complex and unknown. It is probably due to multiple factors 
and is related to anatomical nerve damage. 
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In this chapter we address ourselves to the questions in Table 1, as a means 
of reviewing the current state of knowledge about dialysis encephalopathy 
and of suggesting areas for further research. 

1. Is It a Distinct Clinical Syndrome? 

The original description by Alfrey et al.(I) suggests a distinct entity. 
However, some investigators remain skeptical, believing that the term em­
braces a medley of neurological insults inflicted on dialysis patients by such 
factors as hypertension, atheroma, underdialysis, disequilibrium, hypoxia, 
hypotension, and drug therapy. A strong argument against this view was the 
distribution of epidemics; they were often confined to one of several linked 
dialysis centers where they affected patients without regard for age, blood 
pressure, adequacy of dialysis, drug therapy, or evidence of arterial disease 
(Table 2). We were particularly struck by the relative freedom of our patients 
from cerebral atheroma at autopsy. 

There have now been several full descriptions of the disease,o-ll) which 
are summarized in Table 3 and in Section 2. There is a subclinical prodromal 
period, during which intellectual impairment can be detected by psychometric 
tests such as the performance intelligence quotient (IQ)(l2) or by formal 
speech assessment. (13) Often the next phase is recognized only in retrospect; 
there is a subtle change in personality which earns the patient the reputation 
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Table 1. Questions and Answers about Dialysis Encephalopathy 

Question 

1. Is it a distinct clinical syndrome? 
2. Are there specific confirmatory 

investigations? 
3. Has it a specific pathology? 
4. Is aluminum intoxication the cause? 
5. What is the usual source of the 

aluminum? 
6. Can aluminum be removed reliably 

from tap water? 
7. Are aluminum-containing gels a cause 

of raised serum aluminum? 
8. Do aluminum gels cause 

encephalop'athy? 
9. Is the syndrome reversible 

a. by transplantation? 
b. by exclusion of aluminum during 

dialysis? 
10. How does aluminum damage the brain? 
11. Does hyperparathyroidism predispose to 

encephalopathy? 
12. How is the uptake of dialysate 

aluminum affected by other solutes? 

Suggested answer 

Yes 
No, but the EEG is helpful 

Probably yes, but unpublished 
Yes 
The dialysate, from tap water 

Yes, but water supplies are idiosyncratic 

Yes, but a much less powerful influence than 
the dialysate 

Uncertain: very rare if it happens 

Yes, if carried out early 
Yes, if carried out early and thoroughly 

Your guess is as good as ours 
Doubtful, more work needed 

Critically, but there is a lot to learn 

of being obstinate, truculent, or difficult and which led to the breakdown of 
home dialysis in three of our patients before the disease was diagnosed. The 
feature that commonly leads to diagnosis is speech impairment. It is usually 
described as dysphasia, but there is an element of dysarthria. It often appears 
first during dialysis and may be precipitated by fluid depletion. However, it 
soon affects the patient at any time, and eventually he may be reduced to 
permanent aphasia. 

Myoclonic jerks are a common early feature and may be accompanied 
by facial grimacing. These can reach disabling proportions, interfering with 
swallowing and eventually causing aspiration pneumonia. At an early stage 

Table 2. Potentially Etiological Features in 
Which Newcastle Encephalopathy Patients Did 

Not Differ Significantly from Others on the 
Same Dialysis Unit 

Age and sex 
Blood pressure-present and past 
Predialysis creatinine 
Drug therapy (other than phosphate binders) 
Other evidence of atheroma 
History of dialysis complications 
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Table 3. Clinical Features of Dialysis Encephalopathy 

Prodromal 
Impaired performance IQ 
Reduced fluency in speech tests 
Change in personality 
Marital and dialysis difficulties 
EEG: slow wave activity 

Clinically manifest 
Dysphasia and dysarthria: dialysis related 

. t. 

Myoclonic jerks 
Facial grimacing 
Dyspraxia 
Ataxia 
Grand mal seizures 

mtermIttent 

J 
contmuous 

EEG: slow wave activity, biphasic and triphasic spikes 
Terminal 

Dementia 
Dysphagia ---+ aspiration 
Extreme ataxia-inability to feed or clothe 

Associated features 
osteomalacia} ., 
M h Common, not mvarIable 

yopat y 

Anemia} 
Vomiting Described by some authors 
Malaise 
Weight loss 

the grimacing and dysphagia are often relieved by an injection of diazepam 
or clonazepam; this is one of several features that led Alfrey et al. (1) and 
later Nadel and Wilson(9) to describe dialysis encephalopathy as a seizure 
disorder. Grand mal fits are common and affected nearly half our patients. 
The gait is unsteady and on a wide base. Dyspraxia affects all activities and 
eventually prevents the patient from feeding himself; it is often detectable 
first in the handwriting, which deteriorates rapidly with the effort of writing 
a few lines. Intellectual deterioration is rapid, but insight appears to be 
retained longer than in most forms of dementia. The patients weep easily, 
and it appears that two patients who had become aphasic were trying to let 
us know that they would like to die in peace. 

2. Are There Specific Confirmatory Investigations? 

The clinical picture of advanced dialysis encephalopathy is readily 
recognized, but early diagnosis is more difficult and is necessary if possible 
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preventive measures such as renal transplantation are to be undertaken. The 
electroencephalogram (EEG) shows a characteristic, though nonspecific, 
combination of abnormalities-slow wave activity at 1-4 waves/sec and 
biphasic or triphasic spike waves, spread uniformly over the leads. No other 
laboratory test is of much value. Cerebrospinal fluid pressure is normal, and 
the concentrations of protein, dextrose, and chloride are also normal. The 
isotope brain scan shows minor or no abnormalities and the CAT scan may 
reveal slight ventricular enlargement. (8) 

3. Has It a Specific Pathology? 

Remarkably little has been found on postmortem examination of the 
brain. Burks et al. (4) described slight loss of Purkinje cells in the cerebellum 
and gliosis, in one of their patients, and these were more striking features 
of our own cases. (II) Chokroverty et al. (5) found only a few nonspecific lacunar 
infarcts. Galle et al. (1Ia) have published electron micrographs depicting a 
unique lesion-deposition of uniform crystals of aluminum phosphate in 
the lysosomes of brain cells. The lack of specific abnormalities on electron 
microscopy may relate to the fact that autolysis of the brain is extensive 
within 24 hr and the brain is rarely available for study in less than that 
interval. 

4. Is Aluminum Intoxication the Cause? 

We have recently reviewed the evidence,(6,10) which we find convincing. 
Alfrey et al. (14) showed that the aluminum content of brain, bone, and muscle 
was substantially raised in patients with encephalopathy. This has been 
confirmed for brain by workers in Britain,05) France,06) and the Nether­
lands.<I 7) Flendrig et al.(17) also showed aluminum overload in several other 
tissues. However, several investigations have not confirmed the rise in brain 
aluminum. Platts and Hislop(l8) found only a modest increase, and Pascoe 
and Gregory(l9) found none. Others have shown that aluminum in brain is 
similar in patients with chronic renal failure with or without dialysis dementia. 
The weight of evidence is strongly in favour of aluminum overload being a 
constant feature of the disease. 

The epidemiological evidence is also compelling. In our study of British 
dialysis centers, encephalopathy was almost unknown if the tap water 
aluminum was below 50 fLg/liter; the association between encephalopathy 
and exposure to aluminum was so high as to suggest that there were no 
obvious other factors of major importance involved in the disease.(20) 

Some support to the aluminum theory is lent by the close association 
between encephalopathy and fracturing, osteomalacic osteodystro­
phy,o 1,17,20-23) which is also a disease associated with increased solutes in the 
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dialysis fluid. (24,25) There is growing evidence from bone biopsy(26,27) and 
from experimental studies in rats(28) that aluminum is the solute in question. 

Serum aluminum in dialyzed patients reflects the aluminum content of 
the dialysate to which they have been recently exposed, (24) so it is not a 
reliable guide to body burden. However, if the dialysate has been kept 
constant, it may better reflect aluminum exposure over the whole dialysis 
experience. (16,19,29) 

5. What Is the Usual Source o/the Aluminum? 

Flendrig et al. (17) gave the first convincing evidence that dialysis fluid 
could be an important source of aluminum. One of two dialysis centers in 
Eindhoven, using the same city water supply, suffered an outbreak of 
encephalopathy while the other was immune. City water had a low aluminum 
content but the affected center had aluminum anticorrosion devices (anodes) 
in the water supply; these dissolved, releasing aluminum into the dialysate. 
Almost all subsequent studies have shown the dialysate to be the most 
important source. In the EDT A European survey,(30) there was no association 
between encephalopathy and consumption of aluminum gels, but there was 
a relationship to the use of untreated water. Our British survey(20) showed 
a clear-cut relationship to water aluminum level, and a similar relationship 
has been found in many single-center or local surveys.(3,8,16,18,23,29,31-34) 
There is one puzzling exception; at Nashville 5% of the patients developed 
dementia in spite of a water aluminum well below 50 /-Lglliter.(35) The 
aluminum content of municipal water supplies often fluctuates considerably 
from day to day; outbreaks of encephalopathy have followed a change in 
flocculation procedure at a waterworks(8) or the malfunction of a deionizer, (31) 
but these possibilities seem to have been ruled out at Nashville. Further 
information on this interesting epidemic is eagerly awaited, but the over­
whelming evidence is that dialysate aluminum is the most important source 
of intoxication. 

Uptake from the dialysate into the patient, against a concentration 
gradient since plasma aluminum is largely protein bound, was shown by 
Kaehny et al. (36) and confirmed by others,(16,37,38) though some of the studies 
are difficult to interpret; e.g., Salvadeo et al. (38) found uptake from the 
dialysate but no rise in plasma level. Our studies (unpublished) are in broad 
agreement with those of Kaehny et al. (36) Aluminum is taken up, and serum 
aluminum rises, unless dialysate is reduced to a very low level (circa 10 
/-Lglliter) when changes in serum aluminum can be explained on hemocon­
centration alone. Graf et al.,(39) using very pure water to prepare dialysate, 
were able to remove some aluminum from their patients. More work is 
needed in this field; some of the anomalies may be explained by differences 
in dialysate pH, which has a profound effect on aluminum transfer. (40) 
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6. Can Aluminum Be Removed Reliably from Tap Water? 

In a preliminary study(41) we showed that water softeners were unreliable 
and, Ott SOfLl.e supplies, almost completely ineffective, despite the strong 
affinity of ionized aluminum for cation-exchange resins. This phenomenon 
deserves more study than it has received, but it seems likely that it depends 
on water pH. Aluminum has a V-shaped solubility curve, its nadir being 
close to the pH we seek in our water supplies (around 7.4). At this pH most 
of the aluminum in water is in colloidal form and probably unreactive with 
resins; a small shift in pH results in a big change in ionization. 

Deionizers are much more effective; presumably the changes in water 
pH that occur during the passage through a deionizer ensure that much of 
the aluminum is ionized at some stage. However, we have monitored the 
effluent from a deionizer attached to the Newcastle water supply, and 
regenerated regularly, and have found peaks of aluminum in the "deionized" 
water into the danger range over 50 JJ.glliter. Two reverse osmosis systems­
one hollow fiber and one spirally wound-have consistently produced water 
with an aluminum content below 20 JJ.g/liter. 

7. Are Aluminum-Containing Gels a Cause of Raised Serum 
Aluminum? 

Kaehny et al. (42) detected a small rise in serum aluminum when they 
gave aluminum hydroxide and other antacids to normal subjects; there was 
also a fourfold increase in urinary aluminum. Dialysis patients are denied 
this excretory pathway, so one would expect them to show a greater rise in 
serum aluminum for a give intake. Our own studies(43) showed a modest rise 
in serum aluminum in chronic renal failure, in the absence of dialysis of 
aluminum gel ingestion, but a much more substantial rise when aluminum 
gels were ingested. Similar results were obtained by others(44,45) except that 
Zumkley et at. (45) found no elevation of serum aluminum in nondialyzed 
patients taking no gels. All are agreed that phosphate binders elevate serum 
aluminum in renal failure. 

8. Do Aluminum Gels Cause Encephalopathy? 

The elevated serum levels found in patients taking aluminum gels are 
usually well below those found in centers with epidemic encephalopathy. 
There are a few exceptions; two of our patients have had persistently elevated 
serum levels of >200 JJ.g/liter when taking aluminium hydroxide at the 
predialysis clinic. Both have stable chronic renal failure with a plasma 
creatinine around 600 JJ.mole/liter, and one has taken the medicine for more 
than 3 and the other for more than 14 years; neither shows signs of dementia, 
and the latter has retained his job as chairman of a large company. It may 
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be that orally administered aluminum is less damaging than rapid infusions 
during dialysis. In dogs, the infusion of aluminum causes retention of more 
than half the aluminum in body pools even if renal function is normal.(46) 
The enOrmOl,lS quantities of aluminum-containing medicines given to patients 
in renal failure worldwide, with so little proven harm, encourage us to go 
on using this invaluable weapon against hyperparathyroidism. However, we 
suggest that patients taking large doses should have regular checks on serum 
aluminum, and alternatives such as parathyroidectomy should be considered 
if the level climbs above, say, 100 f,Lglliter. At least seven patients have now 
been described who appeared to develop dialysis encephalopathy without 
dialysis.(1O,47) Our own patient has been described only in brief outline. She 
was a 63-year-old woman with stable chronic renal failure, with plasma 
creatinine around 1000 f,Lmoleslliter for more than 3 years. During this period 
she had persistent hyperphosphataemia for which she took, conscientiously, 
increasing doses of aluminium hydroxide gel BP eventually rising to 80 
ml/day. Her total ingestion remained well below that achieved by many of 
our other patients with a longer duration of treatment. After 3 years, she 
developed progressive dementia but without the typical speech disturbance 
of dialysis encephalopathy. She died of a myocardial infarction and at autopsy 
had very severe osteomalacia of the type seen with dialysis encephalopathy, 
and her bone aluminum was the highest recorded in a nondialyzed patient 
in the study of Ellis et at. (28) 

Several other patients have been described whose encephalopathy was 
attributed to ingestion of aluminum though, as they were on dialysis, it is 
difficult to exclude the possibility that some of their overload came from 
that source. (48,49) Eade's patient had a relapse when aluminum gel was 
readministered and a further remission when it was withdrawn. (49) 

Much more information is needed, but at the moment it appears that 
encephalopathy due to aluminum ingestion alone is a very rare but probably 
real phenomenon. We need to know how to limit aluminum absorption by 
choice of preparation, timing of dose, and other means. 

9. Is the Syndrome Reversible? 

The results of transplantation in our own patients are shown in Table 
4. They are in line with other reports(50,51) which show that transplantation 
performed early in the course of the disease arrests its progress whereas 
patients with advanced disease continue to deteriorate and die. However, it 
is no easy decision to transplant. Residual intellectual loss can be considerable. 
One of our "successes" was an accountant before he developed encephalop­
athy; he now upholsters chairs under supervision. Speech often improves 
but dysphasia recurs when the patient is agitated; bone disease slowly heals. 

Transfer to a purer water supply, and restriction of oral aluminum, has 
arrested the disease in four of our patients. They have not returned to 
normal, perhaps because the deionized water was not sufficiently free of 
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Table 4. Attempts to Reverse Encephalopathy at Newcastle 

Cadaver transplantation 
Transplanted early in the disease: neurological status stabilized 5 
Dementia progressed in spite of functioning graft (performed late in two cases) 3 
Graft failed: patient returned to dialysis with high dialysate aluminum; dementia 

progressed to death 3 
Transferred to purer dialysate (made with distilled or deionized water, 3; transferred to 

Sunderland, 1) 
Encephalopathy stabilized 4 

aluminum. Others have reported more impressive clinical improvement and 
substantial change in the EE048,52-54) in striking contrast to the rapid 
downhill course of those whose water supply is unchanged. (55) 

10. How Does Aluminum Damage the Brain? 

There is a little speculation in the literature but almost no fact. 

11. Does Hyperparathyroidism Predispose to Encephalopathy? 

Mayor and his group have adduced considerable evidence for this 
hypothesis, in the rat(56-59); aluminum is better absorbed if parathyroid 
hormone (PTH) is given, its migration into the brain is enhanced, and the 
learning behavior of rats is impaired. Subtotal parathyroidectomy appeared 
to benefit one patient. (60) However, the clinical evidence is not impressive; 
the fracturing osteodystrophy that often accompanies encephalopathy is 
characterized by a normal or minimally elevated serum alkaline phosphatase, 
a slightly elevated serum PTH, and little evidence of osteitis fibrosa. It may 
be that this is the end result, after aluminum poisoning enhanced by previous 
hyperparathyroidism, but our case records do not suggest it. 

12. How Is the Uptake of Dialysate Aluminum Affected by Other 
Solutes? 

We return to the dialysate, possibly the main cause of encephalopathy, 
to emphasize in closing how little we know about the chemistry of aluminum 
in tap water. Does the fluoride, added by our water board in the interests 
of dental health, form stable compounds with aluminum, and if so, are these 
protected from removal during water purification? How rapidly does colloidal 
aluminum redissolve in a deionizer or a dialysis bath? To these and many 
other questions we need answers that must come from research workers with 
a more appropriate background than clinical nephrology. 
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13. Addendum 

Since this chapter was first written, dialysis encephalopathy has been 
universally accepted as a distinct entity, though it must still be distinguished 
from the other neurological syndromes occurring in renal failure.(61) A 
recently described encephalopathy of infants in chronic renal failure(62) has 
occurred in children who had never taken aluminum or been exposed to 
dialysis. It is characterized by delayed head growth, seizures, dyskinesia, 
hypotonia, and developmental delay. Although there are some resemblances 
to dialysis encephalopathy, and aluminum may be incriminated in some 
children, it seems likely that it is a distinct manifestation of uremic damage 
to the growing brain. (61) 

The association of dialysis encephalopathy and vitamin D-resistant 
osteomalacia and iron-unresponsive microcytic anemia has been con­
firmed. (63,64) Little has been added to the clinical description of the enceph­
alopathy, and laboratory investigations, other than the EEG, remain unhelp­
ful. Some further information has emerged in response to Questions 4-7 
and 9-12. 

4. Is Aluminum Intoxication the Cause? 

The epidemiological evidence is now overwhelming and has led to almost 
universal acceptance of a cause-and-effect relationship. There have been 
further reports of epidemics in which the occurrence of encephalopathy was 
closely related to the presence of high aluminum concentrations in water 
used to make dialysis fluid and improvement in the condition followed 
effective water treatment. (65-68) No good animal model of the disease has 
been devised; infusion or ingestion of aluminum causes reduced bone 
formation, sometimes osteomalacia, damage to hepatocytes, and occasionally 
renal failure(69-73) but does not produce dialysis encephalopathy. Possibly 
the right experimental conditions have not been found. 

5. What Is the Usual Source o/the Aluminum? 

It remains true that epidemics of encephalopathy have been almost 
confined to centers with high dialysis fluid aluminum. There has been no 
published equivalent of the Nashville epidemic described previously.(35) 
However, further information about that outbreak has been published(74,75); 
the evidence that it was caused by gastrointestinal absorption of aluminum 
is hard to contravert; five patients improved when aluminum-containing 
phosphate binders were withdrawn or replaced by magnesium hydroxide. 
We conclude that most epidemics are caused by contaminated dialysis fluid, 
usually as a result of inadequate treatment of the water supply, but occasional 
epidemics and a growing number of sporadic cases have been caused by oral 
absorption of aluminum. 
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6. Can Aluminum Be Removed Reliably from Tap Water? 

There is now plentiful evidence that tap water aluminum can be reduced 
to almost undetectable levels (less than 5 flg/liter) by sequential softening, 
reverse osmosis, and deionization. However, the cost of treating water with 
this thoroughness is high, expecially in home hemodialysis. A recent British 
paper suggests that a lower standard (up to 27 flg/liter) is an acceptable 
compromise. (76) We disagree; the standard commercial concentrate in the 
United Kingdom contributes about 10 flg/liter to the final concentration, 
and a dialysate of 37 flg/liter will cause substantial uptake by all but the most 
heavily overloaded patients. Deionization alone will reduce water aluminum 
to less than 27 flg/liter consistently in some water supplies(76) but not in 
others. (63) One reason for the difference is the pH of water; at a pH of 6, 
most of the aluminum in Newcastle water is in colloidal form, which passes 
through mixed-bed deionizers largely unchanged. (63) 

7. Are Aluminum-Containing Gels a Cause of Raised Serum Aluminum? 

The answer is now an emphatic "yes," but the patients vary widely in 
serum aluminum on a given prescribed dose. Some authors have attributed 
this largely to differences in compliance,(77) but others have not found this 
an adequate explanation. We observed a wide range in rise of serum 
aluminum when a standard dose of aluminum hydroxide was given to a 
group of well-motivated patients whose compliance was checked by weekly 
measurements of serum phosphate.(78) It now seems likely that some patients 
are "hyperabsorbers" of aluminum who can produce dangerous levels of 
serum aluminum; at Nashville levels greater than 600 flg/liter were recorded, 
and a number of similar reports are in press in the proceedings of a 
conference at Antwerp in 1983. Although encephalopathy from this cause 
is rare, osteomalacia is not, and it is clear that aluminum-containing phosphate 
binders will have to be used with much more caution. Fortunately they can 
sometimes be replaced by oral calcium carbonate(79) and a synthetic alumi­
num-free phosphate binder is performing well in pre marketing trials in 
Germany.(80) 

9. Is the Syndrome Reversible? 

Further reports of the results of renal transplantation bear out what was 
stated previously; operation late in the disease is not helpful, but in the early 
stages it may effect a partial or complete cure, often preceded by an 
exacerbation in the early postoperative period. (68,81.82) Although water treat­
ment and withdrawal of aluminum-containing medications is often followed 
by improvement, it is not easy to remove aluminum by hemodialysis. Protein 
binding of aluminum has been found by several authors to be in the range 
60-90%, so a very low dialysis fluid level is needed to prevent uptake during 
dialysis if the patient'S serum aluminum is below 100 flg/liter. Graf and 
colleagues(83,84) achieved a fall in serum aluminum during dialysis in all their 
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patients with a dialysate of 3-8 I-Lglliter, but Fleming and his colleagues(77) 
could not achieve this with a dialysis fluid consistently below 10 I-Lg/liter. 

The outlook for patients was changed by the introduction of desferriox­
amine as a chelating agent.(85) Subsequent reports have confirmed the 
substantial improvement that takes place within weeks in dialysis encepha­
lopathy,(86-88) and many more reports attest the value of desferrioxamine in 
treating bone disease and anemia. It is given in a dose of 2-4 g as a slow 
infusion toward the end of one dialysis; mobilization of aluminum from 
tissues is maximum at about 48 hr, in good time for the next dialysis. The 
Al-desferrioxamine complex is better removed by high-permeability mem­
branes, or hemoperfusion, than by conventional dialysis, but improvement 
occurs with any of these techniques. There have been occasional reports of 
visual disturbance from high doses of desferrioxamine, and there is sometimes 
a transient exacerbation of symptoms after the first few doses, so it is wise 
to start with a dose no greater than 2 g. 

10. How Does Aluminum Damage the Brain? 

Aluminum has been shown to induce neurofibrillary tangles,(89,90) inhibit 
various brain enzymes,(91,92) increase blood-brain permeability,(93) and bind 
with calmodulin,(94,95) but whether any of these effects explains its action in 
dialysis encephalopathy remains uncertain. 

11. Does Hyperparathyroidism Predispose to Encephalopathy? 

The evidence that PTH increases transport of aluminum into and out 
of the rat brain is impressive,(96) but its effect on aluminum absorption from 
the gut is more controversial. There is little clinical evidence that hyperpar­
athyroidism predisposes to any form of aluminum toxicity. 

On the other hand, there is increasing evidence that aluminum intoxi­
cation suppresses the parathyroids. It prevents secretion of PTH from 
isolated parathyroids,(97) suppresses PTH in intact rats,(98) and prevents a 
normal rise in serum PTH in response to hypocalcemia in dialysis pa­
tients. (99,100) 

12. How Is the Uptake of Dialysate Aluminum Affected by Other Solutes? 

Our ignorance of this topic is still profound. It is clear that aluminum 
reacts with many compounds in tap water, forming monomeric compounds 
with hydroxyl and fluoride ions, polynuclear compounds, and associations 
with organic materials such as humic acids in tap water.(1Ol) It moves readily 
from colloidal to ionized form as water pH changes or dialysate concentrate 
is added. (63) An in vitro study showed that aluminum transfer across a dialysis 
membrane fell almost to zero if the dialysate pH was kept in the range 6.3-
7.7.(40) We think this is unlikely to be true in vivo since this is the pH range 
that dialysis centers seek to achieve, and we have confirmed that it is 
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consistently achieved in two dialysis units (Newcastle and Sunderland) in 
which serum aluminum rises rapidly when the dialysis fluid is made from 
base-softened water. (63) 

The earlier models of the Redy dialysate regeneration cartridge leaked 
aluminum, particularly into bicarbonate-containing solutionsyo2,103) A new 
cartridge has been produced (D-3160) from which most of the aluminum 
content has been eliminated; preliminary studies with this system suggest 
that aluminum release is no longer a serious problem. (104) 
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Uremic Neuropathy 

Viggo Kamp Nielsen 

1. Introduction 

Uremic neuropathy was fully recognized in the 19th century, and detailed 
descriptions of its clinical picture and pathology were given by, among others, 
Kussmaul. (59) Lanceraux(60) was the first to apply the modern term polynevrite 
uremique, in his thesis of 1887, "Troubles nerveux de l'uremie." By the end 
of the century, uremic polyneuropathy had entered medical textbooks, but 
only to disappear again after 1909.(81) During the following five decades, it 
was apparently forgotten by nephrologists and neurologists. In 1963, uremic 
neuropathy was rediscovered by Asbury et al. (2) This was at a time when 
long-term intermittent dialysis treatment was newly invented in the manage­
ment of terminal chronic renal failure. The "new" neuropathy aroused a 
deep concern in dialysis centers all over the world, being regarded as a 
complication to the dialysis procedure as such. The general experience was 
that of a patient, otherwise well adapted to dialysis, who suddenly developed 
the picture of progressive sensorimotor polyneuropathy, which might even­
tually lead to complete physical incapacity. During the subsequent decade 
intensive research was initiated, and clinical, pathological, and electrophy­
siological features of the neuropathy were outlined in great detail. As a 
result, uremic neuropathy was reinstated as an integral part of the uremic 
syndrome, since evidence of peripheral nerve dysfunction could be demon­
strated in most patients with end-stage chronic renal failure before regular 
dialysis was instituted. The pathogenesis of the neuropathy was firmly linked 
to the deteriorating kidney function, and this relationship was strongly 
supported by the dramatic recovery observed after a successful renal trans­
plantation. 
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In recent years, technical advances in dialysis procedures and large-scale 
renal transplant programs have resulted in a marked decrease in the number 
of new cases with clinically overt neuropathy. Thus, in 1977 the Annual 
Report to the European Dialysis and Transplant Association(25) does not 
even mention uremic neuropathy in its analysis of the rehabilitation of more 
than 60,000 patients on regular dialysis treatment or in transplant programs. 
(A special section was devoted to uremic encephalopathy.(I03) 

Several reviews on uremic neuropathy have appeared in the litera­
ture.(3,74,75,85.100,103) This chapter focuses on the pathophysiology and path­
ogenesis of the neuropathy from clinical, electro physiological, and experi­
mental studies. 

2. Clinical Features 

Uremic neuropathy can be defined as a distal, symmetrical, mixed 
sensorimotor polyneuropathy of subacute onset, which develops during the 
uremic phase of chronic renal failure of any etiology. Most patients present 
with distal sensory symptoms in the usual stocking-glove distribution, but in 
a small group of patients rapidly progressive motor symptoms predominate, 
eventually resulting in a paraplegiclike condition. Uremic neuropathy does 
not present any distinctive features from other metabolic neuropathies,(3,74) 
and the diagnosis should be applied only in patients with true irreversible 
uremia in order to exclude neuropathies due to pharmacologic or environ­
mental neurotoxins(3) or focal peripheral nerve lesions.(46,IOI) 

It was claimed that neuropathy might be prevented by a strict low­
protein diet,(7,40) but this has not been confirmed by others. Once established, 
the only measure to prevent progression seems to be regular dialysis 
treatment, which should be instituted even if the residual kidney function is 
capable of sustaining life. Signs of rapid progression, especially with motor 
pareses, are an urgent indication for renal transplantation. 

2.1. Dialysis 

Early after the invention of regular dialysis treatment it was suggested 
that the prevention of neuropathy should be the criterion for "adequate" 
dialysis.(53) However, the relevant parameter for the control of the nerve 
function in patients on long-term dialysis is a matter of dispute. Measurements 
of motor nerve condition velocity have been the method most commonly 
employed. However, there are important objections: Conduction velocities 
do not correlate well with the clinical picture.(71) Even when the influence 
of methodological variability is limited by repeated measurements, (62) it is 
still a major objection that the changes in conduction velocity take place so 
slowly (over months) that the clinical usefulness of the method is mini­
mal.(56,71) Many authors have advocated that regular determination of the 
vibratory perception threshold offers a better clinical guidance,(28,36,74) but 
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a controlled study of several clinical and electro physiological variables reached 
the negative conclusion that none of them gave an adequate prediction of 
changes in the neurological state that could be useful for the adjustment of 
the intensity of dialysis. (34) 

Reports on the effectiveness of regular dialysis in the management of 
already established neuropathy are also conflicting. Caccia et al. (16) found 
that the course of the neuropathy could not be favorably influenced by 
hemodialysis for up to 6 years, and Thomas,(lOl) updating 10 years of 
experience in 139 patients, found no conspicuous changes in the incidence 
or distribution of neurological findings, except that paresthesias tended to 
disappear early after onset of dialysis. On the other hand, Cadilhac et al,07) 
reported that mild deterioration of nerve conduction proved to be reversible 
on intensified dialysis, and that even severe neuropathies with inexcitable 
nerves showed improvement over several years of dialysis. In controlled 
prospective clinical studies, the appearance of neurological signs including 
slowed nerve conduction could be reversed by an improved dialytic clearance 
of "middle molecules"(67) or by increasing the weekly dialysis time.(34) 

The acute effect of a single dialysis on the nerve function is of special 
pathophysiological interest. A single dialysis does not induce any acute 
change in the nerve conduction velocity, but a significant increase in the 
amplitude of sensory and mixed nerve potentials and muscle action potentials 
have been reported.(61.94) It has also been shown that the vibratory perception 
threshold is significantly reduced within 36 hr after a dialysis.(28,36) These 
observations both suggest that dialysis may induce a temporary improvement 
of the axon membrane function. This is in keeping with the study by Cotton 
et al., (26) showing that the resting transmembrane potential difference in 
skeletal muscle cells and the intracellular Na +, K + , and CI- concentrations 
could be normalized after a short period of dialysis. 

2.2. Transplantation 

Successful renal transplantation usually leads to a dramatic recovery 
even of severe uremic neuropathy.(12.38.48.72.80) Early studies(72) of the con-
duction velocity, evoked muscle and nerve potential amplitudes, and vibra­
tory perception thresholds in individual patients showed that the remission 
followed a biphasic course with an early rapid improvement, followed by a 
considerably more protracted restoration of the nerve function to normal. 
It is noteworthy that the rapid improvement is a general effect, manifested 
by a parallel increase in conduction velocity in different nerves and nerve 
segments, in upper and lower extremities, and in mildly and severely affected 
nerves. Even nerves with conduction velocities in the lower range of normal 
variation may show improvement that exceeds the expected intraindividual 
variation.(72) The initial rapid improvement has been confirmed in later 
studies, (48,80) and it is of particular pathophysiological interest that Oh et 
al. (80) could demonstrate a significant increase in conduction velocity as early 
as a few days after transplantation. This could not possibly represent 
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structural regeneration of nerve fibers; rather it favors the concept that 
substances depressing the axon membrane function in uremia are degraded 
or excreted in the polyuric phase immediately after transplantation. (72) 

It is usually assumed that a precondition for remission of uremic 
neuropathy is the return of a normal renal excretory function, with a high 
creatinine clearance of the kidney graft. However, considerable neurological 
improvement has been observed in patients even before the graft started 
functioning or still showed severe functional impairment. (5,48,79) These 
observations suggest that normal kidney tissue in a well-vascularized graft 
may exert an endogenous degradation of neurotoxic substances or elaborate 
an endocrine substance supportive of neural function. This could be the key 
to the well-known fact that patients with acute renal failure (shock kidney) 
never show signs of uremic neuropathy. 

3. Pathology 

Available data in the literature on the pathology of uremic nerves are 
relatively small in number, comprising less than 50 patients with terminal 
chronic renal failure of whom only two thirds presented evidence of clinical 
neuropathy. Moreover, the pathological material is very selected. Most studies 
are confined to the pathology of a single distal nerve in the leg, sural, or 
posterior tibial; nerves in the upper extremity have been studied in only 
four patients at autopsy. Light-microscopical post-mortem studies(2) showed 
that pathological findings were practically absent in proximal nerve segments 
and in nerves of the upper extremity. Teased nerve fiber studies in the sural 
nerve showed varying degrees of abnormalities from mild paranodal to 
severe segmental demyelination, which was often unrelated to clinical or 
electro physiological findingsY,29,32,51) Dyck et al. (33) and Thomas et alY02) 
opposed the prevailing hypothesis that findings in teased fibers represented 
a primary segmental demyelination due to a uremic Schwann cell dysfunction. 
They advanced the current concept of a primary axonal degeneration with 
secondary paranodal and segmental demyelination. They emphasized the 
predominant distal localization(2,33) and that the pathology predominantly 
affected large-diameter fibers, as evidenced by the extinction of the normal 
bimodal fiber diameter distribution. (102) The concept of uremic neuropathy 
as an axonopathy of the "dying-back" type was concordant with that described 
in certain toxic neuropathies, (92) and the relatively mild slowing of nerve 
conduction velocity was taken in support of this concept in analogy with 
findings in acrylamide neuropathy, a prototype of "dying-back" axonopa­
thies.(97) 

These arguments do not take into account that slowing of nerve 
conduction far exceeds the territory of the peripheral nervous system, where 
pathological abnormalities have been demonstrated. Nor do they rule out 
alternative mechanisms for slowing of nerve conduction, as for instance 
biochemical depression of the axon membrane function without underlying 
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morphological abnormalities, in analogy to changes observed during short­
lasting ischemia. (77) Albeit distal axonopathy with secondary paranodal and 
segmental demyelination offers the best description of the pathology of 
uremic nerves, the concept of a "dying-back" neuropathy, in my opinion, is 
insufficient to account for electrophysiological and clinical findings in uremic 
neuropathy. 

4. Pathophysiology 

The conduction velocity is by far the most extensively studied nerve 
function in chronic renal failure, and slowed velocity has been demonstrated 
in virtually all peripheral nerves examined, cranial as well as motor and 
sensory extremity nerves, in distal and proximal segments of the same nerve, 
and in both large- and small-diameter fibers. (70) Various nerves in the same 
patient usually show a rather uniform degree of slowing, which in terminal 
chronic renal failure amounts to an average of 80-85% of the normal mean 
value.(72) In long-standing cases of neuropathy, during dialysis, nerves in 
the legs tend to deteriorate more rapidly. 

The generalized slowing of nerve conduction that characterizes chronic 
renal failure led to the suggestion that the average velocity in several nerves 
in an individual patient might be a more accurate index of the peripheral 
nervous status. (52,62) However, as already stated, it is questionable whether 
the conduction velocity is an appropriate index of clinical neuropathy: In 
addition to objections made previously, it should be noted that although 
slowing of conduction precedes the development of clinical symptoms and 
signs, "subclinical neuropathy," clinical signs do not appear at any critical 
level of slowing. Moreover, the distribution and severity of clinical signs do 
not parallel the nerve conduction pattern, and during dialysis clinical 
improvement may take place despite unchanged slowing of nerve conduction. 

It was early recognized that impaired nerve conduction also affects 
proximal segments of uremic nerves. (69) This may possibly turn out to be a 
unique feature in uremic neuropathy. At least, a similarly uniform distri­
bution of conduction abnormalities has not been reported in any other 
neuropathy. In patients with chronic renal failure prior to the institution of 
regular dialysis, we found that the sensory conduction velocity was slowed 
in three consecutive segments of the median nerve: digit-wrist, wrist-elbow, 
and elbow-axilla. Furthermore, contrary to expectation (from the "dying­
back" hypothesis), the digit-wrist segment was in fact the least affected. In 
a large number of patients (n = 141), the relationship between simultaneous 
measurements of the sensory conduction velocity in the digit-wrist (Y) and 
the wrist-elbow (X) segments was expressed by Y = 16.0 + 0.55X, r = 0.71, 
P < 0.001. This indicates that nerve conduction in the wrist-elbow segment 
was about twice as severely affected as in the digit-wrist segment.(73) In 
motor fibers of the same nerve, the distal motor latency from wrist to the 
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abductor pollicis brevis muscle was abnormal in only 7 of the 65 nerves with 
reduced conduction velocity in the elbow-wrist segment. (73) 

Subsequent studies, using other techniques, have provided further 
support for impaired conduction in proximal nerve segments in uremia. 
The latency of the monosynaptic Hoffmann reflex (H reflex) to the soleus 
muscle was increased in nearly all of79 uremic patients,(44) and the conduction 
velocity in the proximal reflex arch was linearly correlated with the motor 
velocity in the knee-ankle segment of the peroneal nerve. In fact, KnoU<55) 
considered the H reflex to be more sensitive than the standard motor 
conduction velocity in more distal segments, since the H reflex latency in his 
64 patients was prolonged earlier in the course of uremia and was abnormal 
in several patients who had normal distal motor conduction velocities. Others 
have studied the muscle F response, which is due to recurrent discharges in 
anterior horn cells when activated by antidromic impulses after peripheral 
stimulation of motor nerves. In uremic nerves, the proximal conduction 
velocity (spinal cord-knee) was reduced to the same degree as the motor 
velocity in the distal knee-ankle segment of the peroneal nerve.(82) Even in 
patients with normal proximal and distal conduction velocities, the scatter of 
consecutively recorded F-wave latencies ("F chronodispersion") was greatly 
increased, suggesting that these seemingly normal nerves contained many 
abnormal fibers. (83) 

The pathological concept of uremic neuropathy as a degenerative distal 
axonopathy implies that the slowing of nerve conduction is due to conduction 
block of predominantly large-diameter, fast-conducting fibers. This is not 
unequivocally supported by electrophysiological data. In addition to the 
slowing of sensory nerve conduction velocity, the amplitude of the compound 
nerve action potential commonly shows a significant decrease. This is usually 
interpreted as indicating a conduction block in a fraction of sensory fibers. 
In uremic nerves, however, we could show that the amplitude reduction was 
a simple consequence of a simultaneous and parallel increase in the temporal 
dispersion of the compound action potential.(70) Hence, the reduction in 
amplitude did not provide any support for a presumed degeneration of 
sensory axons. On the other hand, evidence of axonal conduction block in 
uremic patients has been provided through electro myographic findings in 
muscles, showing signs of denervation and loss of motor units during 
volitional contraction.(45,49,70) Electromyographic (EMG) changes appear later 
than slowing of motor nerve conduction and are usually confined to distal 
muscles of the leg. Thus, EMG showed signs of moderate-to-severe loss of 
motor units in the extensor digitorum brevis muscle in 72% of our patients, 
whereas in hand muscles similar EMG findings were present in only 14%, 
despite a decrease of the median nerve motor conduction velocity in 58% of 
these patients. Furthermore, in a single-fiber EMG study the jitter and fiber 
density was found to be normal in uremic patients with reduced motor 
conduction velocity.(99) This implies that there was no evidence of reinner­
vation, which would be expected in case of a?Conal degeneration. Abnormal 
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EMG findings are the earliest, and often the only, electrophysiological signs 
in axonopathies. In uremia, the relationship between EMG and nerve 
conduction velocity findings is exactly the opposite. This calls for an alter­
native explanation, as will be discussed at the end of this section. 

The excitability of uremic nerves was studied by Tackmann et at., (98) using 
a double stimulation technique. They found an increase of the absolute and 
relative refractory period in sensory fibers. With an interval between two 
stimuli shorter than 3 msec, the second "test" response showed a significantly 
greater increase in latency and a greater reduction in amplitude relative to 
the first "conditioning" response than were observed in normal controls. 
They concluded that these findings provided evidence of a change of the 
axon membrane properties in uremic nerves, characterized by a lowering of 
the safety factor for impulse propagation. Delbeke et at.(31) were unable to 
reproduce these observations. However, this may be entirely due to the fact 
that all their patients were on regular dialysis for a protracted period of 
time, which may have normalized the excitability of nerves. 

Uremic nerves exhibit an increased resistance to acute ischemia. (19,20,75) 

Again, this is not a specific feature of uremic neuropathy; the phenomenon 
is also known in diabetes, (42,95) hyperparathyroidism, (19,43) and chronic 
hepatic failure. (54,89) Electrophysiologically, during ischemia the evoked nerve 
action potential is preserved for a longer period of time and the final decline 
in amplitude is slower than in normal subjects, and this is true also for the 
decrease in conduction velocity along the ischemic nerve segment.(78) As a 
result, the perception of sensory stimuli applied to the ischemic limb is 
abnormally well preserved. (54) This could be shown in our patients on dialysis, 
where we recorded an average ischemic perception time for vibrations of 
25.8 ± 1.1 min, as compared with 17.9 ± 0.5 min in normal controls, p < 
0.001, (75) indicating that peripheral nerves in uremic patients were abnor­
mally resistant to anoxic depolarization. 

However, whether this observation has any implications for the patho­
physiology of uremic neuropathy, or is just an epiphenomenon, is still a 
matter of dispute. The ischemic perception time for vibration shows a positive 
linear correlation with the serum calcium concentration, being prolonged in 
patients with primary and secondary hyperparathyroidism and abnormally 
short in patients with hypoparathyroidism.(43) In both cases, the perception 
time can be restored to normal after normalization of the serum calcium 
level. A high extracellular Ca2+ concentration stabilizes the nodal axon 
membrane through a more effective "screening" of the negative surface 
potential. This raises the threshold for depolarization, equivalent to a 
hyperpolarization of the membrane,(18,47) which might account for the 
increased resistance to anoxic depolarization. A similar mechanism may apply 
to uremic nerves, since uremia is often accompanied by secondary hyper­
parathyroidism. (93) More data are needed to test this possibility and also to 
elucidate alternative hypotheses, as discussed in a recent review.(76) 
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4.1. Cell Membrane Function 

The biophysical properties of the cell membrane in uremia have attracted 
considerable attention during the past decades, and extensive research has 
been conducted from widely different angles of approach. In the present 
context, it is of particular interest that a significant reduction of the resting 
transmembrane potential difference (E rn), often to very low levels, has been 
demonstrated in patients with terminal uremia by various groups.o 1,26,27) A 
reduction of Ern in muscle cells is not a specific finding in uremia but can 
also be demonstrated in other patients, "severely ill" for a variety of causes. 
Nor is a depressed Em correlated with specific muscular symptoms or signs, 
except for subjective weakness, (27) Experimental data show that the lowered 
Ern in uremia is a consequence of a reduced Na+ efflux with an increase in 
the intracellular concentration of Na + and CI- and a decrease in the K + 
concentration. These findings have general application to uremic cells. Of 
more specific importance to uremic neuropathy and its management are 
biophysical studies demonstrating that the ouabain-sensitive Na + -K + -acti­
vated ATPase in cell membranes can be reversibly inhibited by dialyzable 
substances in uremic plasma. Further experimental studies have shown that 
the activity of ouabain-sensitive Na + -K + -activated ATPase rapidly increases 
after a successful renal transplantation, with a concomitant reduction of the 
intracellular sodium concentration. (23,24) The erythrocyte membrane was the 
preferred model in the earliest and many subsequent studies,(22,58,88,104,105) 
but concordant results have been obtained in similar studies using other 
cellular system, such as crab muscle fibers/8) toad oocytes,(9) frog skin,04,15) 
brain cells, (68) leukocytes, (35) and intestinal epithelium, (57) 

More recently, these experimental findings have been reproduced in 
part in clinical studies. Cotton et al. (26) directly measured the resting mem­
brane potential in situ in the anterior tibial muscle of uremic patients. They 
confirmed the presence of a reduced Em and showed that the decrease was 
linearly correlated with the deterioration in endogenous creatinine clearance 
below a value of6.3 ml/min per 1.73 m2, above which level Em was consistently 
normal. (This, incidentally, is the same clearance level, where by regression 
analysis I found that nerve conduction velocities became abnormally slow in 
more than 50% of patients. (71) The abnormal Em and intracellular electrolyte 
concentrations could be normalized after 7 weeks of hemodialysis. But if the 
weekly dialysis time then was shortened to a suboptimal level, a secondary 
drop in Em developed after a few weeks. 

4.2. Summary 

All available electrophysiological evidence points to the fact that impulse 
propagation in uremic nerves is generally impaired. This can be naturally 
associated with the previously mentioned studies showing that a reversible 
impairment of the cell membrane function is an integral part of the uremic 
syndrome. Results from in vitro studies in various cell models and the direct 
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demonstration of a lowered Em in skeletal muscle cells in uremic patients 
can readily be applied to the nerve axon membrane as well. Slowing of the 
nerve conduction is a logical consequence of a reduced resting axon mem­
brane potential. The effect of a reduced axon membrane potential difference 
is a decreased current generation capacity at the node of Ranvier, which will 
delay the depolarization of the adjacent nodes, and hence the rate of impulse 
propagation. Admittedly, the same effect might result from paranodal or 
internodal leakage of current, as seen in advanced demyelinating disor­
ders.(86) But, as emphasized earlier, demyelination of uremic nerves is not 
prominent and above all not a universal feature. The rapid improvement of 
nerve conduction after renal transplantation in conjunction with the similarly 
rapid decrease in the intracellular Na + concentration in newly transplanted 
patients constitutes a strong argument in favor of the membrane dysfunction 
hypothesis. Incidentally, it is noteworthy that rats with experimental neuro­
pathy demonstrated slowing of the nerve conduction, irrespective of the fact 
that sophisticated histomorphometric techniques failed to demonstrate any 
structural abnormalities in the nerve fibers. (90,91) 

As a consequence of these considerations, in 1973 we advanced the 
hypothesis that peripheral neuropathy in chronic renal failure was due to a 
reversible toxic-metabolic inhibition of the N a + -K + -activated ATPase in 
axon membranes of peripheral nerves, resulting in a depression of the 
resting membrane potential. (70) This hypothesis was in concordance with the 
current concept of the uremic syndrome, as a generalized metabolic disorder 
due to the accumulation of enzymatic inhibitors.(6,48) Moreover, with the aim 
of documenting the direct relationship between impaired axon membrane 
function and nerve conduction, we subjected peripheral nerves in normal 
subjects to short-lasting ischemia.(77) The model employed does not involve 
any degenerative changes of the nerve, among others evidenced by the 
restitution of a fully normal nerve function within a few minutes after 
reestablishment of normal blood flow. One of the major observations in 
these experiments was that nerve conduction during ischemic became slowed 
more rapidly in proximal than in distal segments of the same nerve. Hence, 
the changes in nerve conduction in the course of minutes of ischemia closely 
mimicked the longitudinal changes over months in uremic neuropathy.(73) 

5. Pathogenesis 

As in most other metabolic neuropathies, the pathogenesis of uremic 
neuropathy is virtually unknown. The preceding presentation of clinical, 
pathological, and pathophysiological aspects portrays a neurological picture 
of such complexity that it seems difficult to encompass all features within 
one unitary concept. Although the various neurological dysfunctions are 
present only in advanced chronic renal failure, they still show a statistically 
significant correlation with the endogeneous creatinine clearance or other 
measures of renal failure. Evidently, this is an indirect relationship which 
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only reinforces the search for a linking factor, the uremic neurotoxin(s). On 
the other hand, the strength of this correlation sets a measure for the 
credibility of an alleged uremic "neurotoxin," which should fullfil the 
following criteria: (1) It should show a statistically significant correlation with 
the neurological dysfunction studied, independent of the kidney function. 
(As an example: A multivariate analysis ruled out an effect of the serum 
urea or creatinine concentrations on the nerve conduction velocity, indepen­
dent of the kidney function, although the simple correlation between serum 
levels and conduction velocities was highly significant. (71») (2) It should show 
a neurotoxic effect on normal nerves at clinically relevant concentrations. (3) 
The substance should be dialyzable, and (4) the neurotoxic effect should be 
reversible. 

Accumulation of myoinositol in uremic serum has been incrimi­
nated, (21,30) but there is not sufficient clinical or electrophysiological evidence 
to show that this is related to the presence of uremic neuropathy,(1O,87) and 
a suspected direct toxic effect on normal nerves(30) has yet to be confirmed. (50) 
It was suggested that inhibition of transketolase activity in nervous tissue by 
a dialyzable substance in uremic serum might be responsible for demyeli­
nation of nerves,(37,63,96) but a correlation to the presence of neuropathy 
could not be demonstrated.(85) Recently, it has been claimed that the 
parathyroid hormone (PTH) was "equal to" the uremic toxin and responsible 
for neurological disturbances.(41,66) This claim was partly based on a statis­
tically significant covariation between serum levels of PTH and motor nerve 
conduction velocities in uremic patients.(4) However, the actual correlation 
coefficient, r = - 0.45, was much lower than the coefficient for the correlation 
between nerve conduction and kidney function, r = 0.68,(71) suggesting, as 
was pointed out, that other factors might be involved. In addition, it is 
known that motor and sensory conduction velocity is normal in patients with 
primary and secondary hyperparathyroidism.(64,84) Moreover, as discussed 
earlier, hyperparathyroidal hypercalcemia would rather tend to stabilize the 
nodal axon membrane potential against toxic-metabolic depolarization(43) 
and hence theoretically raise the safety factor for impulse propagation. This 
is exemplified by the increased resistance to ischemia in patients with 
hyperparathyroidism. (43) 

For many years, the possibility has been discussed that an accumulation 
of "middle molecules" (5000-10,000 daltons) in uremic plasma might be 
responsible for the development of uremic symptoms, especially relating to 
the peripheral neuropathy. (67) Man et at. (65) recently isolated a substance 
from the "middle-molecule" plasma fraction with what seems to be promising 
characteristics. This substance appears to be an acid-polyol with carbohydrate 
structure. It is excreted in the urine of normal subjects and found in the 
dialysate from uremic patients treated with hemodialysis. The plasma con­
centration is greatly increased in patients with uremic neuropathy but can 
be reduced by hemodialysis, when specially directed against "middle mole­
cules." This is accompanied by improvement of the neurological status. In 
in vitro studies on frog sural nerves, (39) the substance isolated from normal 
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urine causes a decrease in the nerve potential amplitude with a linear 
correlation to the concentration of the substance. A similar correlation was 
found with the substance extracted from plasma ultrafiltrate from uremic 
patients with and without neuropathy. As a control, the same potential 
amplitude changes were observed when frog nerves were immersed in 
varying concentrations of xylocaine, which depolarizes the axon membrane. 

Further investigations of the biochemistry, physiology, and pathology of 
nerves to elucidate pathophysiological and pathogenetic aspects of uremic 
neuropathy would benefit greatly from the access to a suitable animal model 
for chronic renal failure. A promising model has been suggested by Boudet 
et at., (13) involving electrocoagulation of the renal cortex in rats. However, it 
still remains to be seen whether these animals develop neuropathy. 

6. Conclusion 

Twenty years have passed since the rediscovery of uremic neuropathy. 
These have been exceedingly productive years, both clinically and scientifi­
cally. From its appearance on the scene, uremic neuropathy has passed 
through several stages. Initially, it was the unknown and feared demon that 
threatened the success of every dialysis program throughout the world. With 
time, it became more manageable. Nephrologists recognized the merits of 
prevention through early institution of regular dialysis. Technical improve­
ments of the dialysis procedures and, equally important, the invention of 
disposable equipment enabled them to increase the frequency and efficiency 
of treatment. After 10 years of intensive research, advanced renal transplant 
programs became available in most centers, by which the seemingly ultimate 
solution could be offered to intractable cases of neuropathy. Today, uremic 
neuropathy is still a matter of concern in many dialysis centers, but it certainly 
plays a far less conspicuous role in the clinical syndrome of uremia. Symptoms 
and signs are now so widely recognized by the medical profession that there 
is an impending risk of overdiagnosing the condition, at the expense of 
other manageable nerve lesions. With prolonged life expectancy and full 
rehabilitation for uremic patients, more commonplace peripheral nerve 
syndromes (median, ulnar, peroneal nerve compressions) and other metabolic 
neuropathies, especially the diabetic, should be considered. 

Hardly ever before has so much scientific information been accumulated 
in such a short span of time within the clinical neurosciences. It is probably 
no exaggeration that clinical and electrophysiological research has become 
almost exhausted, and most of this took place within the first 10 years. This 
can be accredited to certain exceptionally fortunate conditions. Uremic 
neuropathy offered a hitherto unique opportunity to study the induction, 
the progression, and, for the first time, the remission of a metabolic 
neuropathy. The magnitude of the problem and its importance for the 
outcome of dialysis as a new and lifesaving intervention in uremia were 
strong incentives for a devoted research effort. Another factor that cannot 
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be overestimated relates to the fact that uremic neuropathy appeared at a 
time when medical electronics made accessible a growing variety of sophis­
ticated electrophysiological techniques that here found a fruitful area for 
application, including basic axon membrane research. Uremic neuropathy 
has contributed to directing the attention of a new group of basic investigators 
toward the opportunities in applied clinical research. Undoubtedly, this has 
also fertilized the ground for research in other areas of peripheral neuro­
pathies through new and perhaps provocative concepts regarding the sig­
nificance of nerve membrane dysfunction. In the field of nephrological 
research, uremic nerves will remain a useful model, and a suitable animal 
model for uremia will no doubt become available soon, which may initiate a 
new boom in joined biochemical and biophysical research with clinical 
applications. 
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As we conclude 20 years of successful treatment of end-stage renal disease 
(ESRD) with either intermittent hemodialysis or renal transplantation, it 
seems appropriate to reflect on past accomplishments while identifying 
future challenges. Although the life expectancy for patients with terminal 
renal failure has been extended by these therapeutic interventions, premature 
cardiovascular disease still ranks as the number one threat to the longevity of 
this patient population. When the rate of cardiovascular mortality for end­
stage renal disease patients is compared to that of the United States 
population, a death rate increase of between 10 and 30 times is evident (Table 
1). In this setting this problem will be discussed-from the standpoint of 
both what is known about the pathophysiology of cardiovascular disease in 
end-stage renal disease, and what therapeutic manipulations are available 
that might modify this particular outcome. 

The statistical source for the cardiovascular mortality for end-stage renal 
disease patients was derived from the European Dialysis and Transplant 
AssociationY) Table 2 shows the percent distribution of causes of death for 
both ESRD and non-ESRD populations. That European data parallel expe­
riences in the United States(2) is substantiated from information supplied by 
Dr. C. Blagg of the Seattle Artificial Kidney Program. (C. Blagg, personal 
communication). In following more than 1000 chronic dialysis patients they 
found that 63.4% of all deaths in nondiabetic patients were attributed to 
cardiovascular disease with 14.2% associated directly with cerebrovascular 
disease. Likewise, the distribution of transplant deaths shown in Table 2 is 
very similar to that experienced by our own group in more than 425 live 
donor and cadaveric transplantations where 44% of deaths were cardiovas-
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Table 1. Comparative Cardiovascular Mortality-ESRD versus Non-ESRD Patients 

Coronary heart disease 
Cerebrovascular disease 
All cardiovascular disease 
All causes 

Non-ESRDa 

578 
101 
802 

1621 

Rate/IOO,OOO 

Dialysis (x) 

8954 (15) 
3148 (31) 

16045 (20) 
24833 (15) 

Transplant (x) 

3061 (5) 
1068 (11) 
6926 (9) 

19024 (12) 

a HEW (1975)-age-adjusted death rates, United States, ages 35-74. 
b EDTA Patient Registry (1970-1977)-60,676 dialysis patients/16,662 transplant patients. 

cular related, 11.7% being associated with cerebrovascular disease (J. Barry, 
personal communication). Of possibly greater interest is the age-related 
cardiovascular mortality in end-stage renal disease. Shown in Table 3 is a 
comparison of the distribution of causes of cardiovascular death, by per­
centage, for three age brackets. For comparison, data(3) from the World 
Health Organization statistics annual reporting of the distribution of deaths 
in the United States for 1976 are referenced. As one surveys the figures, it 
is evident that premature cardiovascular death, especially under the age of 
55, is the expected outcome for patients treated by either hemodialysis or 
renal transplantation. However, the incidence of noncardiovascular deaths, 
principally due to infection, modifies the situation in the case of renal 
transplant recipients. Although these statistics come as no great surprise to 
health professionals involved in the care of patients with terminal renal 
failure, they do present the nephrology community with a major challenge 
for the 1980s. One approach, which will be discussed in this subpart, 
relates to the known risk factors for premature cardiovascular disease that 
have been identified in the population as a whole. From the 7-year experience 
with non-ESRD patients recently reported from the NIH,(4) it is likely that 
a major emphasis on modifying these risk factors would be rewarded with a 
significant reduction in cardiovascular mortality for end-stage renal disease 
patients. 

Table 2. Comparative Distribution of Cardiovascular Mortality-ESRD versus Non-ESRD 
Patients 

Coronary heart disease 
Cerebrovascular disease 
All cardiovascular disease 
Other causes 

Non-ESRD 
(%) 

33.3 
8.1 

47.8 
52.2 

ESRD (%) 

Dialysis Transplant 

36.0 
12.7 
63.5 
36.5 

16.1 
5.6 

36.4 
63.6 
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Table 3. Age-Related Cardiovascular Mortality-ESRD versus'Non-ESRDa 

Coronary heart disease 
Cerebrovascular disease 
All cardiovascular 

disease 

a Expressed as percent of total. 
b Hemodialysis/transplant. 

Non­
ESRD 

1.0 
1.0 
3.9 

15-34 

ESRD 

34.2/12.0b 
10.7/5.6 
64.9/34.7 

Age group 

Non­
ESRD 

15.1 
2.9 

21.9 

35-54 

ESRD 

35.4/16.8 
12.9/5.6 
63.4/37.0 

Non­
ESRD 

20.5 
4.7 

29.7 

55 

ESRD 

38.8/26 
13.8/6.8 
62.2/43.4 

Cardiovascular risk factors that have been confirmed from epidemiol­
ogical studies are summarized in Table 4. The death rate due to cardiovascular 
disease in the United States has fallen by nearly 30%, and much of this 
decline has been attributed to a modification of the three major risk factors. 
Recently, Stamler estimated that reduction in cigarette smoking contributed 
to 50% of this decline in cardiovascular mortality while the decrease in mean 
serum cholesterol and the improvement in blood pressure regulation each 
contributed 25%.(2) This subpart will address the pathogenesis and thera­
peutic manipulation of systemic hypertension and lipid abnormalities as they 
affect terminal renal failure patients. In addition to hypertension, lipid 
abnormalities, and cigarette smoking, it is also important to recognize that 
there are a substantial number of minor cardiovascular risk factors (Table 
4). Many of the minor risk factors are present to a substantial degree in 
patients with ESRD. Those which can be modified by therapeutic introvention 
include glucose intolerance, obesity, sedentary life-style, hyperuricemia, and 
dietary sodium intake. Unfortunately, many of the therapeutic and dietary 

Table 4. Risk Factors for Premature 
Cardiovascular Disease 

Major 
Cigarette smoking 
Hypertension 
Lipid abnormalities 

Minor 
Glucose intolerance 
Obesity 
Sedentary life-style 
Hyperuricemia 
Dietary sodium 
Sex 
Family history 
Age 
Race 
Behavior/stress 
Alcohol/coffee 
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manipulations that are applied to patients with intact renal function are 
constrained in the patient receiving chronic intermittent hemodialysis, while 
no modifications for sex, family history, age, and race are possible. The 
evidence, although persuasive, is not conclusive concerning the influence of 
behavior/stress and alcohol/coffee; thus moderation should be the conven­
tional wisdom. Recently, Haire et al. (5) from Seattle have published evidence 
supporting the adverse effects of smoking, unregulated hypertension, and 
elevated serum cholesterol on cardiovascular mortality in long-term hemo­
dialysis patients. In this regard, there are four disease states in which a low 
mean plasma high-density lipoprotein (HDL) cholesterol concentration is 
associated with a high incidence of coronary heart disease. These include 
diabetes mellitus, uremia, nephrotic syndrome, and chronic cholestasis. It is 
noteworthy that three of the four disease categories are frequently encoun­
tered in our patients with terminal renal failure, further intensifying cardi­
ovascular risk. A new area of interest and investigation involves the relation­
ship between HDL and atherosclerosis. Support is growing to substantiate 
the inverse relationship between HDL cholesterol concentrations and the 
rate of progression of atherosclerosis in man. (6) 

Within the group of patients with end-stage renal disease, there are 
subsets that are a special risk to vascular disease based on their underlying 
systemic illness. We have already referred to the increased risk of the diabetic, 
and this can be confirmed when one looks at the mortality rate for diabetic 
patients compared to nondiabetic patients treated either by chronic inter­
mittent hemodialysis (C. Blagg, personal communication) or by renal trans­
plantation. (7) Recently, N anra et al. (8) from Australia have reported an 
increased incidence of cardiovascular mortality in patients with analgesic 
nephropathy undergoing long-term hemodialysis management. Obviously, 
this latter group raises the question about the contribution of chronic 
prostaglandin inhibition as a contributor to progressive atherosclerosis in 
terminal renal failure. 

What will be the challenge for the 1980s? At least two points come to 
mind with regard to the influence and the impact of cardiovascular disease 
in patients with end-stage renal failure. The first relates to the psychology 
of living with a predictable fatal illness. How does one motivate behavioral 
changes which have a hypothetical, but as yet unproven, long-term benefit 
to the patient in question? Second, the multifactorial character of cardiovas­
cular disease challenges the development and testing of effective programs 
of prevention. 
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Renal Function, Sodium, Volume, and 
Arterial Pressure Relationships 

Alkn W. Cowky, Jr. 

Nephrologists have a greater awareness of the important relationships 
between the kidneys and the cardiovascular system than any other group of 
clinicians. This association between renal function and the cardiovascular 
system was recognized by Richard Bright nearly a century ago. It was logical 
for investigators in the early twentieth century to assume that if the kidneys 
were unable to excrete sodium and water at a rate equivalent to daily intake, 
blood volume would expand with a resultant rise of cardiac output and 
arterial pressure. Curiously, however, as technology progressed through the 
1930s to the present time, this basic notion became increasingly difficult to 
accept. It was found that even with decreased excretory ability of the kidneys 
and associated hypertension, blood volume and cardiac output could be 
either normal, low, or elevatedy,2) The extracellular fluid volume was found 
to be inversely related to the level of arterial pressure in patients with 
essential hypertension. Elevation of peripheral vascular resistance appeared 
to be the only hemodynamic variable that hypertensive patients had in 
common, even those with clear evidence of decreased renal excretory capacity. 

Interest in the factors that influence systemic vascular resistance was 
further stimulated by the experiments of Goldblatt in the 1930s, leading to 
the elucidation of the renin-angiotensin system. The prodigious research on 
the renin-angiotensin system was matched only by the research on the 
automatic nervous system and associated efforts to develop clinically effective 
sympathetic blocking agents. Successful treatment of hypertension with 
chronic blockade of the sympathetic nervous system naturally provided even 
greater impetus for the notion that hypertension was basically a disease of 
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increased vascular resistance having little to do with abnormalities of the 
fluid volume control systems. 

How, then, do renal excretory ability and the control of body fluid 
volumes relate to arterial pressure and the cardiovascular system? What was 
wrong with the early notion that cardiac output and arterial pressure were 
directly related to fluid volume, and more specifically to blood volume? After 
considerable experimental and theoretical examination of this question, we 
have concluded that there was nothing inherently wrong with this concept. 

1. Relationships between Renal Function, Fluid Volumes, and 
Arterial Pressure 

A sound theoretical framework has been developed which appears to 
unify much of the seemingly paradoxical observations just cited. I have 
chosen a simple schematic representation of the cardiovascular and renal 
fluid volume system to focus attention on some of the basic mechanisms with 
which one must deal when considering the relationships between renal 
function, fluid volumes, and arterial pressure (Fig. 1). It includes the 
continuous "intake" and "loss" of sodium and water, in and out of compliant 
and resistive arterial and venous vascular segments; a pump; and a central 
nervous system. An integrating type of system is represented whereby in 
time, if the amount of salt and water entering exceeds the amount leaving, 
fluid will accumulate and the filling pressure of the system will rise within 
all segments of the container and raise the cardiac output. Pressure within 
the system is generated by a cardiac pump normally capable of recirculating 
all of the volume that is returned to it. The magnitude of this pressure 
elevation will depend on the ability of the vessel walls to distend and 
accommodate fluid in excess of that required to fill the system. 

A key element in this system is the renal excretory system. Since 
environment and dietary habits normally determine the amount of sodium 
and water intake to the system, it remains a function of the kidneys to control 
the rate of excretion and thereby the amount of volume expansion that will 
occur. A paramount physical feature of this system is that glomerular filtration 
and the loss of sodium and water are dependent fundamentally on the 
hydraulic forces within the vascular system. Acting on the enormous daily 
volume of filtered fluid and solutes are many finely tuned biochemical­
neurohumoral mechanisms which exert a major influence to regulate the 
rate of tubular reabsorption necessary to conserve appropriate amounts of 
water, electrolytes, and other substances. 

The basic hydraulic relationship between renal perfusion pressure and 
overall urinary excretion has been determined using isolated blood-perfused 
kidneys that exhibited normal autoregulatory ability (Fig. 2). As renal arterial 
perfusion pressure is increased from 100 to 200 mm Hg, urine output rises 
nearly six- to sevenfold. (3,4) Unfortunately, these direct hydraulic effects on 
urinary excretion are difficult to demonstrate in normal, conscious animals 
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Figure 1, Schematic diagram of the renal-fluid volume-cardiovascular relationships, (Re­
printed from ref. 19,) 

or man. It has not been technically feasible to independently raise renal 
perfusion pressure for prolonged periods while measuring the rate of urine 
excretion, It has been possible, however, to determine the level of renal 
arterial perfusion pressure required to eliminate variously administered daily 
loads of sodium and water. Studies of this type have shown that in situ 
kidneys normally can increase excretion of sodium and water nearly six- to 
sevenfold while mean arterial pressure increases only 8-10 mm Hg. (5,6) The 
vertical axis in Fig. 2 represents urinary sodium output. But since it is 
axiomatic that in steady-state conditions (3-4 days) total sodium and water 
lost through all sources must equal their intake, under these steady-state 
conditions values on the ordinate represent both sodium intake and loss, 
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Figure 2. Effect of arterial pressure on urinary output of sodium when arterial pressure is 
changed acutely or chronically. (Reprinted from ref. 20.) 

correcting for extrarenal sources of loss. It is clear that the slope of the 
chronic relationship is considerably steeper than the acute changes observed 
in the isolated kidney. This has led some people to conclude that arterial 
pressure is unimportant in controlling renal excretion, but nothing could be 
further from reality. There has now been a great amount of experimental 
and theoretical support presented for the importance of arterial pressure in 
renal excretion.(7.8) First is the clear relationship between renal perfusion 
pressure and renal excretion observed in the isolated kidney. Second is the 
inescapable consequence of the fact that the fluid volume systems of all 
organisms are integrating-type systems. This concept is illustrated in Fig. 3 
in which is it clear that if the net rate of urine output does not equal the net 
rate of daily intake (plus extrarenal water loss), there will be a continuous 
change of the extracellular fluid volume. If intake exceeds output, volumes 
will expand raising filling pressures and finally raising arterial pressure. It 
is an integrating system because as long as intake exceeds output, the volume 
will continue to increase either until pressure rises to sufficient levels to 
make urinary output equal to input or until the heart fails. Finally, the 
overriding role of arterial pressure in renal excretion is necessary because 
of the nature of other known mechanisms involved in the control of renal 
excretion, that is, the neurohumoral systems. None of these systems are 
capable of making a 100% correction following a step change in fluid volume 
intake. The consequence of a slight remaining deviation from normal is 
readily apparent if we consider what would happen if only 99.9% of our 
daily water intake was removed by the rapid neurohumoral systems. In 1 



22 • Kidney-Cardiovascular System Relationships 

Fluid Volume 
Intake 

Nonrenal 
Fluid Output 

Urinary Volume 
Output 

RATE OF CHANGE 
OF 

EXTRACELLULAR t----':.t 
FLUID VOLUME 

ARTERIAL 
PRESSURE~----------~--~ 

Autoregulation 

Extracellular Volume 

Interstitial 
Volume 

Vascular 
Compliance 

Blood 
Volume 

Circulatory 
Fi"ing 

Pressure 

229 

Figure 3. Diagram of the circular relationship between arterial pressure, urinary volume 
output, and body fluids. (Reprinted from ref. 21.) 

year, we would accumulate 430 ml and over a lifetime, provided we had the 
capacity to store it, about 30 liters of fluid. It is therefore the unique integral 
function of the kidneys that makes this organ the prevailing factor in the 
long-term control of arterial pressure. The kidneys become the final common 
pathway for the control of arterial pressure in both normal and pathological 
states. 

Despite the importance of the circular fluid-volume-arterial pressure­
urinary output relationship, it is difficult to demonstrate in normal intact 
subjects. One reason for this is because of the consequences of local tissue 
autoregulation, which I will discuss shortly. The other reason is because of 
the many complex and well-known extrinsic factors that influence renal 
function. The most important of these is the renin-angiotensin-aldosterone 
system and the low-pressure stretch receptor reflex mechanisms in the atria 
of the heart and the arterial baroreceptor reflexes. It is, of course, these 
neurohumoral systems that are most easily studied and with which we are 
all generally familiar that enable the organism to respond rapidly to changes 
in fluid and electrolyte status while arterial pressure is controlled relatively 
constant. 

To demonstrate the basic importance of arterial pressure in long-term 
regulation of salt and water excretion, one need only look at what happens 
to the relationship between arterial pressure and urinary excretion when 
one of the major endocrine systems controlling sodium and water excretion 
is inoperative. Look, for example, at the consequences of sustained increases 
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Figure 4. Renal function curves: steady-state 
relationship between mean arterial pressure 
and sodium intake (equal to excretion in steady 
state). Mean arterial pressure was recorded in 
six dogs infused with normal saline beginning 
at a very low sodium intake per day and 
increasing in steps to a very high intake, then 
returning to the very low levels. Each step 
required 3 or more days of infusion. After the 
series in normal dogs was completed, the pro­
tocol was repeated several weeks later in the 
same animals while angiotensin II, 5 ng/kg per 
minute, was infused continuously during the 
entire saline infusion period. 

of sodium and water intake when the renin-angiotensin system is maintained 
at a constant level and cannot respond as usual. The normal suppression 
with excess sodium can be prevented by infusing angiotensin at a constant 
level throughout the period of increasing sodium and water intake. It can 
be seen in Fig. 4 that without suppression of the renin-angiotensin system, 
arterial pressure must rise to very high levels before a steady-state sodium 
and water balance can be achieved. (5,9) On the other hand, under normal 
conditions, demonstrated by the curve on the left, suppression of renin 
secretion occurs with increasing levels of sodium and water intake. This 
permits the highly efficient renal excretion of sodium and water while body 
fluid volumes and arterial pressure are maintained at a relatively constant 
level. Similarly, it has also been shown that when the renin-angiotensin 
system is prevented from operating by continuous infusion of the angiotensin 
I-converting enzyme inhibitor SQ 14,225, arterial pressure must again rise 
to enable excretion of increased amounts of administered sodium and 
water.(IO) 

The participation of other factors that can importantly influence the 
arterial pressure-urinary output relationship has been similarly studied. 
There are three major renal sites of action where various physiological and 
pathological factors can act to alter glomerular tubular balance in such a way 
as to change the normal relationship between arterial pressure and renal 
excretion. These include, first, pre glomerular sites, which can be influenced 
by direct stenosis of the renal artery or by diffuse vasoconstriction of afferent 
arterioles; second, glomerular filtration per se, which can be altered in various 
disease states; and third, the rate of tubular reabsorption of sodium and 
water as influenced by angiotensin, aldosterone, and vasopressin. Alteration 
of renal function at each of these particular sites has been shown to result 
in characteristic alterations of the steady-state arterial pressure-urinary 
output curves. (6) 
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Those factors that act predominantly on preglomerular sites shift the 
renal function curve upward from normal in a nearly parallel fashion. This 
has been shown in one-kidney, one-clamp, Goldblatt hypertension where 
glomerular and tubular function become essentially normal after aortic 
pressure has risen to sufficient levels to overcome the imposed vascular 
resistance.(ll) It has been observed that chronic intrarenal infusion of 
norepinephrine will also shift the relationship in a somewhat parallel manner, 
suggestive of predominantly afferent arteriolar resistance changes, although 
this situation is complicated with mildly elevated levels of renin.(I2) It is 
particularly interesting that spontaneously hypertensive rats also exhibit a 
nearly parallel shift in their renal function curve, suggesting a predominant 
role for the afferent preglomerular resistance vessels in this genetic strain 
of hypertensive rats. (11) 

Factors that act predominantly on renal tubules, such as aldosterone, 
depress the slope of the renal function curve so that a higher level of 
pressure is required at each increased amount of sodium and water load to 
achieve balance. 

Reduction in the total number of functional nephrons which has been 
experimentally induced by surgical reduction of renal mass to one third 
normal serves to clearly demonstrate an inability of these kidneys to excrete 
increasing loads of sodium and water without a rise in arterial perfusion 
pressure.(6) Many other examples demonstrating the basic relationship be­
tween renal excretory ability and arterial pressure could be sited, and efforts 
are presently being made to characterize the renal function curves that are 
associated with identifiable renal alterations. I offer these examples only to 
demonstrate that clearly an important relationship does exist between renal excretory 
ability and arterial pressure. 

2. Relationship of Body Fluid Volume to Arterial Pressure 

To complete the link between renal excretory function and arterial 
pressure, however, it is necessary to now explain how body fluid volumes 
and blood volume in particular are related to arterial pressure. Curiously, 
this has been a very difficult thing to explain. Even when renal excretory 
function is seriously compromised by the surgical reduction of renal mass to 
one third normal and the continuous administration of six times the normal 
level of sodium and water intake, it is difficult after 7-10 days to demonstrate 
an elevation of either blood volume or cardiac output; only arterial pressure 
and vascular resistance are elevatedY3) Likewise, in established one-kidney 
Goldblatt hypertension where renal perfusion pressure is experimentally 
lowered and urinary excretion is slowed for several days with increased 
drinking, it has not been possible to demonstrate that the chronic state of 
hypertension is associated with expanded fluid volumes.(I4) 

Sequential studies of the alterations of fluid volumes, renal excretion, 
and hemodynamic variables during the developmental stages of these two 
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development of one-kidney, one-clip Goldblatt hypertension (normal sodium intake). (Reprinted 
from ref. 22.) 

experimental models of hypertension have greatly contributed to our un­
derstanding of these disturbing observations. 

Figure 5 illustrates the major sequence of events observed during the 
development of one-kidney, one-clip Goldblatt hypertension. Constriction of 
the renal artery immediately releases renin, and renal excretion of sodium 
and water is decreased because of a fall in renal perfusion pressure. Arterial 
pressure promptly rises with angiotensin-induced vasoconstriction. Soon, a 
large increase in water intake occurs owing to an angiotensin-induced thirst 
stimulus. The consequent expansion of blood volume by the fifth day results 
in an increase of cardiac output which raises arterial pressure yet higher. By 
the fifth day following occlusion, renal perfusion pressure beyond the clamp 
rises to a level adequate to maintain renal function where balance can be 
achieved between fluid intake and excretion. As a result of this, the stimulus 
for renin release diminishes, and plasma levels of angiotensin and aldosterone 
return to nearly normal levels. Hypertension at this point is supported by 
an obviously expanded blood volume, as indicated by the diagram. Over the 
next week or two, the blood volume, extracellular fluid volume, and cardiac 
output return toward normal. This occurs in association with an increase in 
total peripheral resistance. It is this gradual increase of vascular resistance 
on which we need to focus our attention. 
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Figure 6. Whole-body autoregulation demonstrated in a dog after total removal of the central 
nervous system. Cardiac output was decreased by removal of blood, and arterial pressure was 
maintained at 55 mm Hg. Note the initial fall in arterial pressure as cardiac output fell. This 
was followed by a gradual rise in cardiac output as total peripheral resistance (not shown) 
decreased by autoregulationY 7) 

The underlying mechanisms for these changes in resistance are poorly 
understood, but the most plausible hypothesis is based on the concept of 
whole-body autoregulation. This concept, suggested in 1963 by Borst and 
Borst-de-Geus(15) and Ledingham and Cohen, (16) proposes that expansion 
of body fluid volumes with consequent elevation of cardiac output results in 
overperfusion of the peripheral tissues, which in turn vasoconstrict to 
normalize tissue blood flow. As a result, cardiac output would return toward 
normal owing to an increased resistance to venous return and because of 
the contraction of blood volume secondary to renal pressure diuresis. 

Evidence of the participation of whole-body autoregulation as a deter­
minant of vascular resistance has been presented by a number of different 
laboratories. A dramatic example of regulation of total flow or cardiac output 
at the local tissue level is that seen in dogs in which the entire nervous system 
was surgically eliminated (Fig. 6).07 ) In these animals, the total blood flow 
through the circulation was decreased by removal of whole blood while the 
arterial pressure was recorded and total peripheral resistance was calculated. 
It was observed that arterial pressure fell initially because cardiac output 
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immediately fell, but over a period of 30 min total peripheral resistance 
gradually decreased because of tissue underperfusion until the decrease in 
resistance exceeded the decrease in cardiac output by 4.5 x while arterial 
pressure was maintained at 55 mm Hg. 

A number of theories have been proposed to explain the mechanisms 
of local autoregulation, but these are beyond the scope of this chapter. It is 
relevant, however, that experiments have thus far examined this mechanism 
only over brief time periods of minutes to hours. But the volume-pressure 
relationships we have been discussing, and which are clinically related to 
hypertension, develop slowly over days and months. A striking example of 
long-term tissue autoregulation in man is the adjustment of blood flow 
observed in patients with coarctation of the aorta. Measurements have shown 
that despite elevated arterial pressure in the upper extremities, with normal 
or below normal pressure in the lower extremities, the blood flow per unit 
mass of tissue is nearly equal in both locations. (18) Such opposite adjustments 
in vascular resistance between upper and lower extremities in the presence 
of the same hormonal milieu cannot be explained on the basis of any 
circulating substance nor by any known neural mechanisms. The mechanisms 
are unclear, but the most striking adjustment of the vasculature is the gradual 
alteration of vascular architecture by changes in wall thickness and length, 
and the growth or retardation of new or existing vessels. Such changes are 
well known to accompany normal growth and maturation, and it should not 
be surprising that similar changes also accompany various types of chronic 
stress such as volume overloading to the system. It is these slowly developing 
structural changes that appear to contribute in large measure to the adjust­
ments in total peripheral resistance that have been observed during the 
development of volume-induced types of hypertension. 

It is important to know the overall strength or ability of the autoregulatory 
mechanisms to return tissue blood flow toward normal, for this determines 
the extent to which the blood volume and cardiac output will be altered 
during volume overloading in hypertension. The degree of arterial pressure 
elevations that can be achieved with a 10% rise of cardiac output has been 
estimated at three different strengths of autoregulation. The changes seen 
in Fig. 7 were estimated using a mathematical model of the circulation in 
which the strength of autoregulation was acljusted to simulate the three 
steady-state values observed in volume-expanded, partially nephrectomized 
animals, assuming the long-term resistance changes were autoregulatory. In 
the absence of autoregulation, a 10% elevation of cardiac output would sustain 
approximately a 10% elevation of arterial pressure. This is the type of 
response observed with rapid blood volume expansion (10 min) in the 
absence of baroreceptor reflex mechanisms. However, in the presence of an 
autoregulatory response equivalent to that which has been shown to occur 
over a time period of 1-2 hr, a comparable steady-state rise of cardiac output 
(10%) is associated with a 43% elevation of arterial pressure after several 
hours. 
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Figure 7. The response to expansion of blood volume with an associated rise in cardiac output 
under three conditions. (A) With no autoregulation the rise of arterial pressure is direcdy 
proportional to the rise in cardiac output. (B) With strength of autoregulation exhibited over a 
short period, arterial pressure is direcdy related only initially to the rise in cardiac output. After 
several hours, a cardiac output elevation of only 10% sustains arterial pressure at lOO% of 
normal. (C) Long-term autoregulation after several months enables the same elevation of cardiac 
output (10%) that resulted in only a slight pressure elevation in the short-term state seen in A, 
to now sustain pressure at 200% of normal. (Reprinted from ref. 23.) 

The long-term strength of the autoregulatory mechanism which develops 
over days and weeks far exceeds that observed acutely. On the basis of 
evidence from patients with coarctation of the aorta and a variety of animal 
studies, it appears that the system is capable in time of sustaining a 100% 
increase in arterial pressure with only a 10% increase in cardiac output. 

Recall that even with a large sustained volume overload, such as occurs 
when fluid intake is increased to 7 times normal in subjects with reduced 
renal mass, or after a step decrease in renal perfusion pressure with a 
Goldblatt clamp, the initially large rise of cardiac output is nearly normal at 
the end of several weeks. Experimentally, it has been necessary to induce 
rapid and large volume overloads to demonstrate the transient elevations of fluid 
volumes and cardiac output. The autoregulatory events cannot be unmasked 
using a very slow expansion of body fluids since the long-term autoregulatory 
adjustments occur at nearly the same rate as body fluid accumulation, and 
consequently large changes in fluid volumes or cardiac output do not occur. 
Since even massive sustained volume loading is associated with less than a 
10% elevation of cardiac output and fluid volume at the end of 1-2 weeks, 
one would not expect to be able to detect clinically, using any available 
means, alterations of cardiac output or volumes during hypertensive states 
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associated with slow accumulation of salt and water. The preceding analysis 
indicates that an overexpansion of blood flow of only 5%, clinically unde­
tectable, could sustain an elevation of arterial pressure in excess of 50% of 
normal. Thus, the amount of excess volume and flow needed to initiate the 
long-term autoregulatory changes in resistance is probably extremely small. 

It should be apparent that there are invariably many types of hyperten­
sion in which these mechanisms could play a significant role in the long­
term adjustment of total peripheral resistance. These include in particular 
those situations in which renal function is some way chronically impaired 
resulting in fluid retention. These include renal artery constriction, reduction 
of functional renal mass, glomerulonephritis, and pressure-induced neph­
rosclerosis. In all these situations, expansion of blood volume and elevation 
of cardiac output may occur at some stage of development of hypertension, 
albeit slowly and undetectably. 

Unfortunately, the concept of autoregulation has often been inappro­
priately applied. Some investigators have attempted to use the concept to 
account for increased total peripheral resistance in all forms of hypertension. 
Others have tried to apply it to all situations of acute and chronic volume 
overload. When the observed hemodynamic changes have not been in 
agreement with what might be predicted by autoregulation, the validity of 
the theory has been questioned. For this reason, it is important to understand 
some of the conditions that must be met in order to observe autoregulation. 

First, an autoregulatory increase in vascular resistance can occur only 
when the expansion of blood volume results in overperfuson of body tissues. 
This volume expansion may be real or may be reflected as only a change in 
the "effective volume" whereby the same absolute volume is confined to a 
vascular compartment of reduced size or compliance. Since such a real or 
"effective" volume change can equally affect cardiac output, measurements 
of the total blood volume per se are of limited value in studying the 
hemodynamic mechanisms of hypertension. Unfortunately, the "effective 
volume" or the degree of filling of the vasculature cannot be clinically 
determined so that interpretation of clinical volume data is at the present 
time very difficult. 

The second condition to be met if autoregulation is to be observed is 
that the heart must be capable of converting an expanded volume into an 
elevated cardiac output. In cardiac failure, even a large overexpansion of 
total blood volume need not result in increased cardiac output or tissue 
overperfusion. 

Third, all the systems responsible for delivery of tissue oxygen and other 
tissue nutrients must be normal. If the oxygen-carrying capabilities of the 
blood are depressed as in anemia, an elevated tissue blood flow would not 
be perceived as excessive and increased vascular resistance by autoregulation 
would not result. 

Fourth, the metabolic needs of the tissue must remain unchanged since 
metabolic rate changes alter tissue flow requirements which can alter tissue 
blood flow independently of the blood volume status. Many substances can 



22 • Kidney-Cardiovascular System Relationships 237 

exert this influence including the thyroid hormones, corticosteroids, cate­
cholamines, insulin, certain vitamins, and many other hormones and drugs. 

Fifth, the fluids that have initiated the expansion of blood volume must 
be held within the vasculature. Situations that lead to increased capillary 
filtration or renal diuresis can rapidly obscure changes in vascular resistance 
expected on the basis of autoregulation. Dilution of plasma proteins must 
always be considered in this regard. 

Thus, there are many events that can obscure what at first might be 
expected to result in a predictable autoregulatory response. Finally, it should 
be recognized that volume expansion with consequent autoregulation is 
certainly not the only mechanism that could increase vascular resistance 
during the development of hypertension. Some forms of hypertension appear 
to be initiated solely by constriction of both renal and peripheral arterioles 
with changes in body fluid volumes and cardiac output being only secondary 
consequences of a high total peripheral resistance. Examples of such situations 
are renal tumors or trauma with release of renin and formation of angiotensin 
or pheochromocytoma with abrupt release of norepinephrine. 

In summary, the core of the information I have tried to convey in this 
chapter is basically simple. That is, that the long-term level at which arterial 
pressure is regulated is ultimately determined by the ability of the kidney to 
produce urine at a given perfusion pressure and by the total volume load 
presented to the kidney. Alterations of normal renal function necessitate 
alterations of renal perfusion pressures in order to permit the kidney to 
respond to the varying amounts of daily sodium and water intake. If the 
arterial pressure level is not sufficient, fluid will accumulate until such a 
renal perfusion pressure is achieved. Since we have seen that autoregulatory 
mechanisms appear to possess considerable compensatory strength, only a 
small amount of fluid retention and cardiac output elevation is required to 
ultimately increase systemic vascular resistance, so small in fact that in the 
steady-state condition changes in cardiac output and blood volume are nearly 
undetectable. 

The renal-fluid volume mechanism for determining arterial pressure 
occurs slowly and is often masked by more rapidly acting reflex and hormonal 
mechanisms. However, in time the pressure-diuresis system prevails over all 
systems and determines the long-term level of arterial pressure. Clearly, 
Richard Bright was correct when he emphasized an intimate relationship 
between renal function and the cardiovascular system. 
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Abnormal Carbohydrate and 
Lipoprotein Metabolism in Uremia 
Possible Relationship to Atherogenesis 

Gerald M. Reaven 

1. Introduction 

23 

There is a good deal of evidence which indicates that abnormalities of 
carbohydrate and lipid metabolism occur frequently in patients with chronic 
renal failure (CRF). Given the increased incidence of atherosclerotic heart 
disease (ASHD) in patients with diabetes and/or hyperlipoproteinemia, it 
seems reasonable to wonder if the accelerated atherogenesis described in 
patients with CRF is related to the coexistence of abnormal carbohydrate 
and lipid metabolism in these patients. In this chapter I will attempt to 
approach this question by defining the effects of the uremic syndrome on 
carbohydrate and lipid metabolism and then suggesting possible mechanisms 
by which these changes could lead to atherosclerosis. 

2. Effect of Uremia on Carbohydrate Metabolism 

2.1. Insulin Catabolism 

A delay in the removal of insulin from plasma is probably the most 
profound change in carbohydrate metabolism seen in patients maintained 
on chronic hemodialysis. This phenomenon is clearly seen in Fig. 1, which 
compares the rate at which normal individuals and anephric patients remove 
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Figure 1. Disappearance curves from plasma of immunoprecipitate 131insulin in a normal 
subject and in an anephric patient. (Reprinted from ref. 1, with permission of the authors.) 

a tracer dose of iodinated insulin from plasma. These results emphasize the 
important role that the kidney plays in removal of insulin from the systemic 
circulation, and this point has been appreciated for some time.(l) 

On the other hand, recent results suggest that the delay in removal of 
insulin from plasma seen in patients with CRF may not be due entirely to 
loss of normal renal parenchyma.(2) Evidence for this is seen in Fig. 2, which 
illustrates the rate at which insulin is cleared by perfused hindlimbs of 
control and acutely uremic rats. It is obvious from these data that acute 
uremia results in an inhibition of insulin removal by muscle. A similar defect 
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Figure 2. Percentage of initial insulin concentration remaining during 90 min recirculation of 
normal and uremic hindlimb. Insulin concentration at 5 min was taken as 100%, and each point 
represents the mean ± SEM of nine experiments. (Reprinted from ref. 2, with permission of 
the authors.) 

in insulin catabolism by muscle of chronically uremic rats has recently been 
reported by Rabkin et al. (3) 

In contrast, hepatic catabolism of insulin appears to be unaffected by 
uremia.(2) Evidence for this conclusion is seen in Fig. 3, which indicates that 
hepatic extraction of insulin by perfused livers of acutely uremic and control 
rats is identical over a wide range of perfusate insulin concentrations. This 
question has also been addressed by Rabkin et al.,(3) and their data add 
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Figure 3. Extraction ratios of insulin at different perfusate insulin concentrations by perfused 
livers from control and acutely uremic rats. 

further support to the conclusion that hepatic catabolism of insulin is normal 
in uremia. 

Thus, there is general agreement that uremia is associated with a 
prolongation of insulin removal from plasma. A major cause of this defect 
is certainly the loss of normal renal parenchyma. However, it also seems 
clear that uremia leads to a defect of insulin catabolism by muscle. Given the 
quantity of body tissue that is muscle, it is likely that altered muscle insulin 
catabolism plays a role in prolonging the clearance of insulin from plasma 
in uremic subjects. 

2.2. Plasma Glucose and Insulin Responses 

Glucose intolerance is another well-recognized effect of uremia,o) and 
this phenomenon is illustrated in Fig. 4. These results are characteristic of the 
plasma glucose and insulin responses of patients maintained on hemodialysis. 
When patients with CRF are compared to normal subjects, it is clear that 
their plasma glucose levels are moderately, but significantly greater at every 
time interval during the glucose tolerance test. Furthermore, it is clear from 
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Figure 4. Mean (± SEM) plasma glucose and insulin responses during an oral glucose tolerance 
test (40 g/m2) of normal subjects (e), patients with CRF (0), and individuals with slightly impaired 
glucose tolerance ("). 

these data that the plasma insulin response of patients with CRF is much 
greater than that of normal subjects. 

The plasma insulin response to an oral glucose load is a complex function 
of the rate at which insulin is entering and leaving the circulation. Given the 
profound effect that uremia has on insulin catabolism, it is possible that the 
observed hyperinsulinemia is secondary to delayed insulin removal from 
plasma. On the other hand, since uremic subjects were glucose intolerant, 
the hyperinsulinemia may also be a reflection of their higher plasma glucose 
levels. In order to gain some insight into the relative importance of glucose 
intolerance and impaired insulin removal in the hyperinsulinemia of patients 
with CRF, the insulin response of a group of subjects with normal renal 
function, but impaired glucose tolerance, is also included in Fig. 4. It is 
obvious that the plasma insulin response of these subjects is lower than that 
of patients with CRF, in spite of the fact that the two groups had essentially 
similar glucose responses. These results demonstrate that the glucose intol­
erance of patients with CRF is associated with hyperinsulinemia, part of 
which may reflect the development of glucose intolerance, but part of which 
also appears to be a consequence of defective insulin catabolism. 

2.3. Insulin Sensitivity 

Uremic patients respond to an oral glucose load with hyperglycemia and 
hyperinsulinemia (see Fig. 4). The fact that glucose intolerance occurs in the 
face of plasma insulin levels that are greater than those of normal subjects 
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Figure 5. Effect of insulin on disappearance of glucose from perfusing medium during 
perfusion of hindlimbs from sham-operated and uremic rats. Mean (i) insulin was calculated 
from average perfusate concentration between 20 and 120 min. The effect of insulin on lowering 
perfusate glucose concentration was significant to p < 0.005 at 60, 90, and 120 min in both 
sham-operated and uremic perfusions. (Reprinted from ref. 5, with permission of the authors.) 

is indirect evidence that the biological effect of insulin is blunted in uremic 
subjects. Direct evidence that uremia leads to loss of normal insulin sensitivity 
has been furnished by recent studies in acutely uremic dogs(4) and rats(5) 
and in chronically uremic man. (6) Although the mechanism of this insulin 
resistance remains to be fully defined, recent studies have greatly helped in 
locating the tissue site of the abnormality.(5,6) 

The data in Fig. 5 compare the ability of insulin to stimulate glucose 
uptake in perfused hindlimb muscle of acutely uremic and control rats. It is 
apparent that the effect of insulin to augment glucose uptake was attenuated 
in the acutely uremic rats. A quantitative estimate of this difference is seen 
in Table 1, and it is clear from these data that perfused muscle of acutely 
uremic rats did not respond to insulin with a significant increase in glucose 
uptake. 

On the other hand, the ability of insulin to irthibit glucose production 
by perfused liver was not impaired in acutely uremic rats. These data are 
shown in Fig. 6 and demonstrate that the effect of adding either minimally 
or maximally effective doses of insulin to the perfusate led to comparable 
suppression of glucose outflow from livers of control or uremic rats. 

These results suggest that the glucose intolerance of uremia is due to 
insulin resistance in the muscle, with the liver maintaining normal insulin 
sensitivity. However, studies in both chronically uremic man(7) and rat(8) 
have suggested that uremia may lead to an enhancement of the glycogenolytic 
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Table i. Effect of insulin on Glucose Uptake in Perfused 
Hindlimbs of Sham-Operated and Uremic Ratsa 

Glucose uptake 
(nmoles/muscle per min) 

Sham (7) Uremic (8) 

Control 160 ± 9 156 ± 13 
Insulin 222 ± 12 189 ± 7 
~ I-C 62 ± 15 23 ± 15 
p <0.005 N.S. 

a Numbers of control and insulin-treated experiments are listed in parentheses. 
Values are expressed as means ± SEM. (Reprinted from ref. 5, with permission 
of the authors.) 
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effect of glucagon, which raises the possibility that the liver may playa role 
in the glucose intolerance of uremia. On the other hand, DeFronzo(6) has 
indicated that hepatic glucose production is normally suppressed by insulin, 
and we have not found perfused livers from acutely or chronically (unpub­
lished) uremic rats to be uniquely sensitive to glucagon. Obviously, this 
question remains to be settled definitively. 

3. Effect of Uremia on Lipoprotein Metabolism 

3.1. Triglyceride Concentration 

It is well recognized that patients with chronic uremia have elevated 
plasma triglyceride (TG) concentrationsyo,ll) A quantitative estimate of this 
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Figure 6. Effect of physiologic «75 fLU/ml) and maximal (>600 fLU/ml) perfusate insulin 
concentration on suppression of glucose outflow by sham-operated and uremic rats after 120 
min perfusion. Number of experiments in each group are listed in the bars, and significance of 
differences from control perfusions are indicated by *P < 0.02 sham and *p < 0.005 uremic. 
(Reprinted from ref. 5, with permission of the authors.) 
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Figure 7. Mean (± SEM) age, relative weight, triglyceride, and cholesterol concentration in 27 
patients with CRF. The values in these patients are compared to those obtained in 125 normal 
(N) subjects. (Reprinted from ref. 9, with permission of the authors.) 

phenomenon is shown in Fig. 7, which illustrates the plasma TG concentration 
of a group of patients with CRF. It is obvious from these data that patients 
with CRF are hypertriglyceridemic. Parenthetically, it should be noted that 
uremia does not lead to hypercholesterolemia. 

Hypertriglyceridemia can result from increases in very low-density 
lipoprotein (VLDL)-TG secretion rate and/or decreases in VLDL-TG re­
moval from plasma. In order to approach this question, we determined the 
relationship between VLDL-TG secretion rate and plasma TG concentration 
in patients with CRF and compared it to the relationship seen in normal 
individualsY2) These data appear in Fig. 8, in which the results from norm3! 
individuals are depicted by the stippled area. It is apparent that most of the 
patients with CRF, the filled circles, lie below the stippled area. Thus, for a 
given VLDL-TG secretion rate, they had a higher plasma TG concentration. 
In other words, they removed VLDL-TG from plasma less efficiently than 
did normal subjects. However, it should also be noted that the higher the 
secretion rate, the higher the plasma TG concentration in both groups, and 
that some patients with renal failure have very high VLDL-TG secretion 
rates. 

The VLDL-TG removal defect seen in patients with CRF has been 
generally attributed to a decrease in the activity of the enzyme lipoprotein 
lipase (LPL)Y3-15) However, this conclusion, which was based on measure­
ment of plasma postheparin lipolytic activity (PHLA), is currently being 
reexamined. It is now recognized that total PHLA activity is a combination 
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Figure 8. Relationship between VLDL-TG secretion rate and TG concentration in 21 patients 
with chronic renal failure. The stippled area defines the relationship between these two vanables 
(mean and 95% confidence interval) seen in a group of 95 subjects with normal renal function 
and fasting plasma glucose concentration. (Reprinted from ref. 9 with permission of the authors. ) 

of at least two enzymes, hepatic triglyceride lipase (HTG) and LPL,(16,17) and 
specific measurements of LPL raise questions as to the role of this enzyme 
in uremic hypertriglyceridemia. Thus, the results of recent studies have 
indicated that LPL activity either is normal(l8,19) or, if reduced,(20) is unrelated 
to hypertriglyceridemia in patients with CRF. 

We have tried to approach this question by directly measuring tissue 
LPL activity in chronically uremic rats. These results are shown in Fig. 9, in 
which we have related plasma TG concentrations to adipose tissue LPL 
activity. Uremic rats, which had a sixfold elevation of BUN level, were 
divided into two groups on the basis of their plasma TG concentrations. 
Both groups had decreased tissue LPL activity, but the changes in enzyme 
activity were obviously unrelated to the changes in plasma TG concentration. 
Thus, although there is general agreement that hypertriglyceridemia in 
patients with CRF is due to a defect in VLDL removal, the cause of this 
abnormality remains to be defined. 

3.2. High-Density Lipoprotein (HDL) Concentration 

Several recent reports have indicated that patients with CRF, both 
dialyzed and undialyzed, have HDL-cholesterol levels that are lower than 
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Figure 9. Mean (±SEM) plasma TG (mg/dl) and heparin-releasable LPL activity (j.l.m FFA/hr 
per g wet weight) in control and chronically uremic (U) rats. U rats were subdivided into two 
groups on the basis of their plasma TG concentrations-those with TG concentrations below 
(U ~ TG) and above (U t TG) 100 mg/dl. Mean (±SEM) BUN concentrations of the three groups 
were as follows: control = 12 ± 1 mg/dl; U ~ TG = 63 ± 10 mg/dl; U t TG = 64 ± 8 mg/dl. 
Numbers in parentheses refer to the number of animals per group. 

normal. (21-23) Reduced HDL-cholesterollevels have also been described(21) 
after successful renal transplantation, suggesting that renal failure per se may 
not be totally responsible for the lowered HDL-cholesterol levels. In this 
regard, it is interesting to note that a significant correlation exists between 
increased TG levels and decreased HDL-cholesterol levels in chronically 
dialyzed patients. (22) This observation is consistent with the possibility that 
changes in HDL metabolism are secondary to changes in VLDL metabolism, 
and this relationship has been noted in a variety of hypertriglyceridemic 
situations. (24) On the other hand, HDL-cholesterol levels in patients with 
CRF appear to be lower than can be accounted for by the degree of 
hypertriglyceridemia, (22) and the cause for the reduced HDL-cholesterol 
levels remains to be worked out. 

4. Relationship between Abnormal Carbohydrate and Lipid 
Metabolism and Development of ASHD in Patients with CRF 

The development of ASHD is certainly multifactorial, and risk factors 
such as hypertension and smoking, which have a harmful effect on normal 
individuals, will obviously also have an impact on patients with CRF. No 
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Table 2. Possible Metabolic Causes of ASHD in CRF 

1. Impaired glucose tolerance 
2. Elevated postprandial insulin concentrations 
3. Hypertriglyceridemia 
4. Reduced HDL-cholesterol concentrations 

attempt will be made in this section to discuss all the possible factors that 
might contribute to accelerated atherogenesis in patients with CRF. Instead, 
an attempt will be made to select those abnormalities of carbohydrate and 
lipid metabolism which are both known to occur in patients with CRF and 
which might playa role in the development of cardiovascular disease. Four 
such factors are listed in Table 2: glucose intolerance, postprandial hyper­
insulinemia, hypertriglyceridemia, and reduced levels of HDL-cholesterol. 
There is evidence that all these metabolic abnormalities are associated with 
accelerated atherogenesis, and in the remainder of the chapter an attempt 
will be made to briefly summarize this information. 

4.1. Impaired Glucose Tolerance 

There is no doubt that the incidence of ASHD is increased in patients 
with frank diabetes mellitus. However, the deleterious effect of minor 
abnormalities of glucose intolerance, similar to that seen in patients with 
CRF, is less clear. Indeed, one of the major difficulties is that studies that 
have attempted to deal with this issue have too often grouped together 
patients with widely varying degrees of glucose intolerance under the general 
heading of diabetes. On the other hand, there is substantial support for the 
notion that minor impairments of glucose tolerance can lead to accelerated 
atherogenesis. Thus, there is a good deal of evidence that impaired glucose 
tolerance is a common finding in patients with clinical evidence of ASHD.(25-
29) Second, prevalence studies have reported a significant association between 
glucose intolerance and vascular disease in unselected population groupS.(30-
32) Finally, there is evidence from prospective studies that patients with 
glucose intolerance develop significantly more atherosclerosis. (33-35) 

4.2. Postprandial Hyperinsulinemia 

The evidence that hyperinsulinemia may playa role in the development 
of atherosclerosis has recently been reviewed,(36) and the argument can be 
summarized as follows. Nondiabetic patients with atherosclerosis respond to 
an oral glucose challenge with an elevated insulin response. (37-42) Further­
more, patients with diabetes and atherosclerosis frequently have plasma 
insulin levels that are higher than in normal subjects. Thus, the argument 
that hyperinsulinemia can lead to accelerated atherogenesis is based primarily 
on the observation that hyperinsulinemia is a common finding in subjects 
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with vascular disease. However, there is a recent report of a prospective 
study from Paris(43) which identifies hyperinsulinemia as a primary risk 
factor in the development of ASHD. This finding provides additional support 
for the idea that elevated insulin levels may be important in atherogenesis 
and makes it mandatory that this possibility receive further study. 

4.3. Hypertriglyceridemia 

The incidence of hypertriglyceridemia is significantly greater in both 
diabetic and nondiabetic patients with ASHD.(25-27.34.35,44-46) Furthermore, 
several prospective studies have demonstrated that there is a significant 
relationship between hypertriglyceridemia and ASHD in unselected popu­
lations. (47-50) Indeed, there seems to be general agreement concerning this 
point, and the only issue in question is whether or not hypertriglyceridemia 
is a primary risk factor. In other words, when one takes into account 
associated changes in HDL and LDL metabolism, is hypertriglyceridemia a 
risk factor for atherosclerosis? This question cannot be dealt with fully in 
the context of this chapter; however, it is essential to realize that there is a 
very intimate relationship between the metabolism of all three classes of 
lipoproteins. Thus, the argument over what is a primary risk factor may be 
irrelevant in therapeutic efforts to treat the lipoprotein abnormality of 
patients with CRF. This conclusion may be particularly relevant in view of 
the recent report of a prospective study that found hypertriglyceridemia to 
be significantly associated with ASHD in patients with CRF.(51) 

4.4. Reduced HDL-Cholesterol 

Several recent studies(49.52,53) have confirmed the earlier observation(54) 
that ASHD and HDL-cholesterol concentrations are inversely related; i.e., 
the lower the HDL-cholesterol concentration, the greater the incidence of 
ASHD. Consequently, considerable attention is currently being directed 
toward study of HDL metabolism. As a result of this we have learned a great 
deal about the relationship between VLDL and HDL metabolism, as well as 
information concerning factors that can modify HDL-cholesterol concentra­
tion. Thus, we are in a position to modulate HDL-cholesterol levels in an 
effort to see if this would benefit patients at risk for developing ASHD. 

5. Conclusion 

In conclusion, profound abnormalities of carbohydrate and lipid metab­
olism are seen in patients with CRF. There is general agreement about the 
nature of the changes that do occur, and a good deal of understanding exists 
as to their pathogenesis. There is reason to believe that at least four distinct 
metabolic abnormalities are associated with the uremic syndrome, the pres­
ence of which may help explain the accelerated atherogenesis that occurs in 
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this situation. Understanding of the mechanism by which these abnormalities 
develop has reached a point where thoughtful therapeutic intervention is 
possible. The time may now be ripe to begin a multiple-risk intervention 
trial to see if it would be possible to inhibit the development of ASHD in 
patients with CRF. 
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24 
The Role of Blood Pressure Regulation 
in Uremia 

Donald J. Sherrard 

The risks of high blood pressure and the benefits of its control are well 
established in the nonuremic population. (1,2) Less well-controlled, older 
studies strongly support the benefits of blood pressure reduction in patients 
with moderate renal insufficiency.(3) There is little reason to doubt that 
treatment of hypertension is an important facet of the care of patients with 
end-stage renal disease. Indeed, attempts to prove this contention with 
studies that included a control group of untreated hypertensives would not 
be ethically defensible. 

The pathophysiology of elevated blood pressure centers around an 
expanded extracellular volume in the great majority of uremic patients. A 
minority of 10-15% are primarily renin dependent.(4) In both groups there 
is an abnormality in volume-mediated renin feedback inhibition.(5) 

Control of hypertension in this group of subjects therefore must be 
based on extracellular volume reduction (i.e., by limited salt intake and 
enhanced elimination). Renin suppression usually plays a secondary role. (6) 

For the occasional extremely refractory patient minoxidil, a potent vasodi­
lator, may be necessary.(7) Recently, the value of exercise in reducing blood 
pressure and serum triglycerides as well as elevating hematocrit has been 
documented in patients on dialysis. (8) 

In the general population it is established that hypertension is the most 
important and the most reversible risk factor for cardiovascular disease.(9) 
Accelerated atherosclerosis is generally accepted to be the major cause of 
death in the dialysis population,(lO,ll) two recent studies notwithstand­
ing.(12,13) 
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In reviewing subsequent patient data from a group reported earlier(lO) 
we found that hypertension was a major factor in early mortality. Of the 14 
patients who survived more than 10 years of dialysis only one was hypertensive 
(diastolic blood pre.ssure over 95). In sharp contrast are the 23 patients who 
survived less than 10 years; ten were hypertensive. Finally 7 of 14 patients 
dying from cardiovascular events were hypertensive. 

With this retrospective evaluation suggesting the importance of hyper­
tension we then assessed a Veterans Administration (V A) dialysis population 
in whom risk factor data had been prospectively collected over 11 years.(14) 
Again the deleterious effect of hypertension was striking with a 2-year 
survival of only 45% in the hypertensive group (n = 35) vs. 81 % (p < 0.01) 
in the 88 normotensive subjects. 

Ongoing assessment of dialysis mortality continues to implicate hyper­
tension. In a recent report we again noted the hazards of hypertensionY5) 
When combined with either smoking or elevated triglycerides it may be 
particularly deleterious. (14,15) 

As pointed out by Burke et al.,(ll) the status of a patient's vascular tree 
prior to starting dialysis may have an important influence on outcome. Both 
Vincenti et alY6) and Goodman et alY7) have been able to relate blood 
pressure control prior to dialysis treatment to overt vascular disease after 
the onset of dialysis. Thus, the control of blood pressure must be aggressively 
pursued throughout the course of renal disease. It is not enough to treat 
hypertension after the patient is on dialysis. 

The preceding discussion has emphasized the importance of hyperten­
sion in end-stage uremic and dialysis patients. Transplant recipients are also 
at great risk. Hypertension may impair a patient's health to such an extent 
that he is not a transplant candidate. One report(l6) noted such severe 
vascular disease in two hypertensive transplant candidates that the vascular 
anastamoses could not be made. 

In addition to reducing the possibility of a patient's obtaining a transplant, 
hypertension may seriously affect life after transplantation. Hypertension 
may be a result of transplantation(18) or may damage the transplanted organ 
or other organs at risk. Atherosclerotic complications are, in fact, the second 
most common cause of death in renal transplant recipients.(19) 

In summary, blood pressure control should be an integral part of the 
management plan of all patients with renal disease. No matter how mild the 
patient'S renal disease or what type of therapy is being used, hypertension 
frequently accompanies the renal disorder. Control of blood pressure may 
slow the progression of renal disease. It will certainly protect other organs 
at risk. 
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The Role of Manipulating Lipids 
Uremia 

Thomas A. Golper 
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Since the manipulation of lipids is such a broad subject, this chapter will 
specifically address the issue of hyperlipidemia (HL) associated with main­
tenance dialysis therapy. 

1. Introduction 

The incidence of HL in dialysis populations varies from 30 to 70%.0-5 ) 

The predominant pattern is that of type IV, consisting of increased total 
triglycerides (TG), an increased very low-density lipoprotein (VLDL) fraction, 
and near-normal total cholesterol (Chol). Prospective studies in patients 
without renal disease indicate that the type IV pattern is associated with an 
increased incidence of ischemic heart disease. (6-8) Both direct and indirect 
evidence confirms this association in patients with end-stage renal disease 
(ESRD). In a prospective longitudinal study the Seattle group has shown 
that males less than 60 years of age with high triglyceride levels on dialysis 
are at a greater risk for premature cardiovascular disease than are normo­
triglyceridemic patients of the same age.(9) Once a patient is on dialysis, his 
lipids tend to remain stable.(lO,ll) However, when group means are examined 
after years on dialysis, TG levels have fallen.(2,1l) This may be due to weight 
loss, decreased food intake, or a selection process in which those patients 
with high TG die, and those patients with lower TG survive and form the 
group studied at a later time. The appearance of HL coincides with the 
creatinine clearance declining to 50 mVmin. When dialysis is finally initiated, 
years of HL may have transpired. 

In ESRD, a decrease in the high-density lipoprotein (HDL) fraction of 
cholesterol accompanies the type IV pattern.(l) This, by itself, is associated 
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with an increased incidence of ischemic heart disease in both renal and 
nonrenal patients.(1O,12) 

Since both type IV HL and a decreased HDL-Chol are atherosclerotic 
risk factors, can correcting them improve the prognosis? In the Coronary 
Drug Project, nicotinic acid did decrease the incidence of further events.(13) 
However, the drug was associated with side effects and was not recommended 
for use in patients with known heart disease. In the World Health Organi­
zation study, the patients were selected because of increased Chol, but 
therapy with clofibrate did decrease the incidence of nonfatal ischemic 
cardiac events.(14) Of the three most often quoted diet studies,05-17) only 
Dayton and colleagues report a reduction in both Chol and total lipids, as 
well as a reduction in cardiovascular morbidity and mortality. Regression of 
atherosclerosis has been observed in patients specifically treated for their 
HL.(l8,19) 

I have found no evidence that specific correction of the type IV pattern 
reduces the incidence of ischemic cardiac events in the presence or absence 
of renal disease. Since uremia accelerates the atherosclerotic process,(20,21) 
uremic patients appear ideally suited to be the subjects of studies to investigate 
the hypothesis that correcting the type IV abnormality decreases ischemic 
cardiac events. The task would be to try to reverse the lipid abnormality in 
these patients. The remainder of this chapter deals with how this might be 
accomplished and emphasizes certain areas of controversy where further 
research is indicated. 

2. Manipulations Primarily by the Patient 

2.1. Ideal Weight 

Under the physician's guidance there are several manipulations that are 
still primarily the responsibility of the patient. First among these is achieve­
ment of the ideal body weight. This is the first step in the management of 
elevated VLDL. (22) Correlations between weight and elevated TG in dialysis 
patients have been reported.(4,23) We should strongly encourage our patients 
with HL to achieve their ideal body weight. 

2.2. Exercise 

A graded exercise program should accompany the weight reduction. 
Goldberg et at. demonstrated improvement in HDL-Chol, elevated TG, 
glucose disappearance, oxygen uptake, anemia, and hypertension in hemo­
dialysis (HD) patients who participated in aerobic exercise training. (24,25) 

2.3. Diet 

There are several beneficial changes that patients can make in their 
dietary habits that may contribute to their overall lipid-lowering efforts. 
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2.4. Phosphate 

Phosphate control and avoidance of hyperparathyroidism may prove 
beneficial in ESRD atherosclerosis. Hypercalcemia accompanying hyperpar­
athyroidism is associated with reduced tissue sensitivity to insulin, (26) and 
this is potentially lipogenic. Animal, human and in vitro studies have dem­
onstrated parathyroid hormone (PTH) effects on the lipolytic system,(27-29) 
and this may have clinically significant effects on lipid mobilization in ESRD. 
In contrast are the findings of Lazarus and colleagues.(21) Seven HD patients 
were evaluated pre- and postparathyroidectomy with a significant decrement 
in PTH levels after surgery but no significant change in carbohydrate 
metabolism, fasting insulin, TG, or Chol. In addition, Ponticelli and colleagues 
found no correlation between PTH and lipid levels.(5) However, this still 
leaves unexplained Cantin's observations on the interactions of PTH, lipids, 
and uremia. (30) He demonstrated that anephric or bilateral ureteral-ligated 
rats had more severe hyperlipidemia in the presence of PTH, either from 
functioning parathyroid tissue or, in the postparathyroidectomized rats, from 
parathyroid extract. Independent of lipids, PTH may have an effect on the 
acceleration of atherosclerosis through its effects on cellular calcium move­
ment, particularly in vascular smooth muscle.(31,32) The relationship between 
uremic hyperparathyroidism and HL is still unclear and needs to be resolved. 

2.5. Carbohydrates and Fats 

Although uremic HL may not be directly correlated with carbohydrate 
intake, (33,34) there is a tendency for TG to rise with protein restriction and 
increased carbohydrate compensation.(35) Gutman and colleagues have com­
mented that proper nourishment is probably a prerequisite for hypertrigly­
ceridemia to manifest itself. (3) 

Heuck et al. demonstrated in uremic rats that TG rose when the animals 
were fed diets rich in protein, fat, or carbohydrate.(36) With the protein-rich 
diet the animals died. With the carbohydrate-rich diet the TG were higher 
than with the fat-rich diet. This exacerbation of HL with short-term carbo­
hydrate-rich diets was confirmed in ESRD patients by Sorge et al.(37) 

Two types of dietary intervention have been described for the HL of 
ESRD in humans. The Stanford group has shown that a low-carbohydrate, 
relatively high-fat diet, regardless of the saturated fat or Chol content, 
significantly lowers TG in HD patients. (38) These patients did not suffer 
from HL and the diet period ran for only 10 days. Gokal et al. evaluated a 
high-carbohydrate, low-fat, low-Chol, low-saturated-fat diet in 20 patients 
with two forms of uremic HL.(39) TG fell in all patients; Chol fell in those 
with the lIB abnormality. Posttreatment values returned toward baseHne. 

At the University of Oregon we are utilizing a diet similar to that of 
Gokal, where complex carbohydrates are used to maintain a eucaloric state 
and the total cholesterol intake is further reduced to 100 mg/day.(40) 

Long-term studies using these various diets need to be completed. In 
the meantime, our HL patients should achieve their ideal weight, and 
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regardless of the diet regimen, unnecessary simple carbohydrates and alcohol 
should be avoided. 

3. Manipulations Primarily by the Physician 

The next major category of manipulations to lower lipids in uremic 
patients is that of physician-controlled adjustments. These can be subcate­
gorized into dialytic and medicinal. 

3.1. Dialytic Manipulations 

3.1.1. Acetate 

Uremic patients have HL before they come to dialysis therapy.(3,4) 
Therefore, dialysis or dialysate composition does not cause HL, but it may 
contribute to or exacerbate the preexisting condition. Part of the problem 
may be the use of acetate as the dialysate buffer. Acetate is a source of 
calories as well as a precursor of fatty acids and cholesterol. Savdie et al. 
employed two 3- to 5-week crossover periods using acetate, then bicarbon­
ate.(41) One of eight patients showed a clear fall in TG during the bicarbonate, 
as compared to the acetate, period. Kluge et al. report a significant fall in 
TG (367 mg% to 244 mg%) when using bicarbonate in their crossover study 
consisting of 2-month treatment periods. (42) After 8 months of bicarbonate 
dialysis, 9 of 12 patients with type IV HL had a TG fall from 273 to 122 
mg% with a rebound to 305 mg% after restarting acetate.(43) 

Very short studies of acetate administration yield mixed results. Whereas 
Port et al. found no evidence to suggest a role for acetate in HL, (44) Davidson 
et al. have shown that labeled acetate can be recovered in tissue and plasma 
lipids. (45) Perez-Garcia et al. have found free-fatty-acid levels to be higher 
during acetate dialysis than during either a heparin or glucose infusion. (46) 

Furthermore, the Heidelberg group has shown that despite the fall in 
TG after 2 months of bicarbonate, (42) the HDL-Chol also fell. (47) This could 
negate any beneficial effect of lowering TG in regard to ischemic heart 
disease. 

As Davidson et al. point out, over time even a small contribution to lipid 
production and deposition by acetate may contribute to HL and atheroscle­
rosis.(45) In light of the evidence outlined as well as the awareness that dialysis 
well-being is improved with bicarbonate,(48) I recommend changing HL 
patients to bicarbonate-buffered dialysate. 

3.1.2. Glucose 

The role of glucose dialysate (GD) in uremic HL is also unsettled, a 
situation attributable, in large part, to poorly designed studies. Because 
patients dialyzed at centers where GD was used had lower TG than patients 
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at centers where glucose-free dialysate (GFD) was used, Hubner et al. 
concluded that GD did not contribute to HL.(49) Dombeck et al., in the course 
of studies on the effects of androgens, noted no changes in lipids when GFD 
was used instead of GD.(50) Novarini et al. sequentially evaluated GFD and 
then 200 mg% GD for 2 months.(51) No individual patient's data are reported. 

Some prospective studies have yielded different results. In a IS-day 
study, Daubresse et al. demonstrated a mean TG rise of 30 mg% when a 
200-mg% GD was used in lieu of a GFD.(34) Swamy et al. compared a 500-
mg% GD to a GFD, each administered for 6 months.(52) For the group TG 
did not change, but 4 of the 16 patients clearly had a fall in TG in the GFD 
period. 

The presence of glucose in the dialysate has significant metabolic 
effects. (53) The absence of glucose leads to intradialytic gluconeogenesis, and 
this could be beneficial or not, depending on the patient's overall status. In 
marginally nourished patients, modest GD (100-200 mg%) may be beneficial. 
In obese HL patients, a 4- to 6-month trial of GFD is a simple, cheap, and 
easy maneuver to attempt to lower lipids. 

3.1.3. Heparin 

Heparin stimulates the release of several lipolytic enzymes that help 
clear the plasma of chylomicrons and VLDL. Since decreased postheparin 
lipolytic activity (PH LA) is a common defect in uremic patients, the question 
arises as to whether or not the heparin used during dialysis may playa role 
in uremic HL. As mentioned earlier, the majority of uremic patients have 
HL before they need dialysis and are exposed to heparin. Furthermore, 
patients on chronic peritoneal dialysis (CPD) do not receive heparin but also 
suffer from HL.(54) Felts and colleagues have shown that after repeated 
exposure to heparin on dialysis, a resistance to activation of lipoprotein lipase 
develops, possibly on an immunologic basis.(55) Daily dialysis does lower 
PHLA but TG levels do not rise. (56) In a given dialysis, TG levels fall because 
of heparin-induced activation of lipoprotein lipase, although this change can 
be negated by protamine.(3) In conclusion, heparin does not appear to play 
a significant role in the HL of dialysis patients. 

3.1.4. m2-Hours, Dialysis Efficiency 

Bagdade first observed that by increasing dialysis time from 18 to 40 hr 
per week, TG fell and PHLA increased. (57) In a prospective study involving 
only three patients, Samar et al. observed a worsening of the HL with 
increased m2_hr(58) although, in this study, the dialysate contained acetate. 
In contrast, Cattran et al. studied three patients after increasing m2-hr and 
lowering predialysis creatinine from 14 to 8.5 mg%.(54) TG turnover was 
increased by this manuever. Novarini et al. compared the lipid levels of 
patients on short and long dialysis and found the group means to be the 
same.(51) Delavelle et al. found a positive correlation between HDL-Chol and 
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nerve conduction velocity, implying that better adequacy of dialysis may 
improve that risk factor.(33) 

Since more efficient dialyzers are becoming available, we must learn 
about the metabolic consequences of increased m2-hr, particularly involving 
HL. 

3.1.5 . Peritoneal Dialysis 

Peritoneal dialysis more efficiently removes middle and large molecules 
but is less efficient in small solute removal when compared to HD. Acetate 
or lactate is the major buffer and carbohydrate loads are greater than in 
HD. The HL associated with CPD may be more prevalent and more severe 
than in HD. (54) Both TG and Chol are reported to progressively rise over 
the course of continuous ambulatory peritoneal dialysis. (59) An exacerbation 
of uremic HL appears to be a real, yet unexplained, finding in CPD. Whether 
this is due to the transperitoneal loss of lipid-regulating proteins is an 
intriguing speculation. 

3.1.6. H emofiltration 

A potential therapeutic intervention regarding HL may be hemofiltration 
(HF). Sanfelippo and colleagues have observed that five of six patients on 
HF for 3 months lowered their TG and all six lowered their Chol. (60) TG 
transport and fractional clearance rates were improved by HF.(61) These 
data are exciting and currently unexplained. 

3.2. Medicinal Manipulations 

The final group of manipulations primarily by the physician involve the 
use or avoidance of drugs. 

3.2.1. Drugs to Avoid 

Both propranolol and androgens are associated with higher TG in 
dialysis patients than in HD patients not taking these drugs. (11 ,50) Estrogens, 
glucocorticoids, diuretics, and ethyl alcohol all have a tendency to exacerbate 
a predisposition to HL, (4,22,62) and their avoidance is recommended in patients 
with HL, if possible. 

3.2,2. Specific Drug Therapy for Hyperlipidemia 

Friedman et al. have reported their initial success with activated charcoal, 
ingested as a slurry four times a day.(63) Lipids were the only biochemical 
parameters to change with significant reductions in both Chol and TG. 
Acceptance of this agent may limit its use (T, Manis, personal communica­
tion). 
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Nicotinic acid is effective in uremic HL but its side effects may also limit 
its usefulness.(64) 

Since Goldberg and colleagues established a safe regimen for the use of 
clofibrate in ESRD,(65) they and several others have reported wide success 
in lowering lipids in patients with ESRD.<5.66.67) Of additional benefit is the 
rise in HDL-Chol seen in these patients taking clofibrate.(66) Others have 
not enjoyed as much success with clofibrate(68) and a large prospective study 
with this agent is warranted. The World Health Organization study noted 
an increased mortality from gastrointestinal malignancies in patients on 
clofibrate. < 14) For this reason, the agent is not recommended for commu­
nitywide prevention of ischemic heart disease. In ESRD patients with 
accelerated atherosclerosis, VLDL elevations, low HDL-Chol, and decreased 
lipoprotein lipase activity, all of which clofibrate may improve, I cannot 
recommend withholding a drug as useful as clofibrate. 

4. Conclusion/Recommendations 

I am persuaded that our patients with ESRD suffer from accelerated 
atherosclerosis. The course of their atherosclerosis is collapsed into a time 
frame of usually less than a decade. Therefore, these patients are the ideal 
subjects in which to evaluate the effects of lipid lowering by any of the 
methods I have discussed. I have attempted to outline areas where expla­
nations are still forthcoming. These deserve our highest research priorities. 
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Coronary Artery Disease in Diabetic 
Patients with End-Stage Renal Disease 

William M. Bennett 

1. Introduction 

Diabetes mellitus is no longer considered a contraindication for end-stage 
renal disease care. In fact, in some centers approximately 20% of all new 
patients with uremia accepted into treatment programs have diabetic ne­
phropathy as a primary diagnosis. Although some investigators have reported 
excellent patient survival in diabetic patients undergoing renal transplanta­
tion,(l) other recent data have been less favorable, pointing out some selection 
bias in the previous results. It is uniformly accepted that both maintenance 
hemodialysis and renal transplantation in diabetic patients are associated 
with excessive mortality over that expected in nondiabetic subjects. (1-4) Much 
of the mortality observed in this high-risk group of patients is attributable 
to cardiovascular disease despite the relatively young age of many of these 
patients. 

In order to ascertain the role of cardiovascular disease in treatment 
outcome, a group of patients carefully selected because of absence of clinical 
coronary or cerebrovascular disease was studied and followed prospectively. 
This group of patients should represent individuals who would be predicted 
to have the best chance of longevity with currently available technology. 

2. Patients and Methods 

All 22 patients with insulin-dependent juvenile diabetes mellitus (onset 
less than age 20) who presented to the University of Oregon Health Sciences 

William M. BenneU • Division of Nephrology, Department of Medicine, Oregon Health 
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Center for renal transplant recipient evaluations from January 1973 through 
December 1976 were considered for the study. The University is the sole 
transplant facility in a state of 2.3 million people. Seven patients were 
excluded because of either a history of angina pectoris, a previous myocardial 
infarction, or pathological Q waves on electrocardiogram. Eleven of the 
fifteen patients with none of the cited evidence of arteriosclerotic heart 
disease gave their informed consent for coronary arteriograms and left 
ventricular angiograms. Selected patients had echocardiograms and stress 
electrocardiography. The four patients who refused arteriography were 
followed clinically. All patients had been accepted as candidates for end­
stage renal disease management prior to entering the study by virtue of 
having a need for imminent dialysis or transplantation. Renal function as 
measured by endogenous creatinine clearance was less than 10 mllmin in all 
patients. There were seven females and four males who underwent arteri­
ography with a mean age of 32 (21-50). All had medically treated hyperten­
sion and each had known insulin-dependent diabetes for at least 15 years. 
The clinical characteristics of the study population are depicted in Table 1. 

Left ventricular function was determined by measuring left ventricular 
end diastolic pressure and calculating the ejection fraction from the left 
ventricular angiograms. 

Seven patients underwent renal transplantation shortly after this study 
with 11 grafts done over the study period. Three were from living related 
donors and eight from cadaver donors. Eight patients entered chronic 
dialysis programs. Patients were followed at monthly intervals with clinical 
examinations and electrocardiograms. 

3. Results 

Findings of the coronary angiography and other special studies are 
shown in Table 2. All 11 patients studied by angiography had evidence of 
multi focal coronary atherosclerosis. The studies themselves produced no 
detectable deterioration in cardiac or renal function. A life table showing 
cumulative survival of these patients with respect to cardiovascular disease 
is shown in Fig. 1. Over the period of follow-up through December 1979 
only three patients remain alive. Only one patient remains free of sympto­
matic cardiac or cerebrovascular disease. The other two surviving patients 
have functional class 3 angina and a disabling stroke, respectively. Only 2 of 
those 15 patients died from causes related to treatment given for renal 
failure. One patient died of sepsis after a successful living-related-donor 
transplant, and another discontinued dialysis because of depression over his 
quality of life. 

4. Discussion 

During the past decade indications for treatment of end-stage renal 
disease by long-term dialysis and renal transplantation have expanded to 
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Figure 1. Life table showing cumulative survival of pa- lO 

tients with asymptomatic coronary disease. Numbers in 0 
parentheses indicate patients entering observation interval. 3 6 9 12 18 24 36 48 60 

Deaths from noncardiovascular causes are excluded. Months 

include patients with end-stage diabetic nephropathy. Since approximately 
half of the deaths in nondiabetic dialysis and transplant patients are due to 
cardiovascular disease, it is of interest to know the significance of coronary 
artery disease in diabetics, a group of patients known to be at high risk.(5) 
The data from our long-term observation of 15 patients asymptomatic for 
clinical coronary artery disease confirms the high risk of arteriosclerotic heart 
disease in the diabetic patient with end-stage renal disease. A cumulative 
morality rate due to cardiovascular causes of 80% at 5 years is of concern 
since patients were young and were selected because of lack of prior disease. 
Weinrauch et al. reported a high incidence of asymptomatic coronary artery 
lesions in 21 similar patients.(6) Their series differed from ours in that 57% 
of patients were designated as having no coronary artery disease if they had 
less than a 50% obstructive lesion in any coronary vessel. Thus, small multiple 
vessel lesions might be considered as no disease, whereas in our patients, 
any lesions were considered as evidence for the presence of atheroma. Their 
2-year survival of 22% in those with major coronary lesions is worse than 
our data. This contrasts with the situation in symptomatic nondiabetic subjects 
reported by Bruschke et al. who reported a 5-year survival of 66% in 590 
patients with coronary arteriographic lesions. (7) It is not known whether a 
similar degree of arteriographic abnormalities might be discovered in age 
and sex-matched, nondiabetic patients with end-stage renal disease. 

Diabetic subjects in a 16-year follow-up of the Framingham study showed 
an increased morbidity and mortality from all cardiovascular causes. (5) 
Coronary deaths were most increased in insulin-treated diabetic women. 
Known risk factors could not explain the increased mortality; however, renal 
function was not specifically assessed.(5) Recent data have cast some doubt, 
however, on renal dysfunction per se in promoting accelerated atherosclerosis 
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in nondiabetic patients on dialysis. It is not clear if this is also true of 
diabetics. (8) 

The lack of cardiac symptoms in these diabetic patients is not easily 
explained. Autonomic neuropathy may preclude perception of pain due to 
coronary ischemia. An increased incidence of silent myocardial infarcts has 
been reported in diabetics. (9) Alternatively, small-vessel disease might pre­
dispose to arrhythmia and death without large-vessel ischemic symptoms. 
Application of new noninvasive techniques to diagnose and follow these 
patients would appear warranted. The role of aortocoronary bypass surgery 
in asymptomatic patients with angiographic lesions or perfusion defects by 
myocardial radionuclide imaging is unclear at present. Careful randomized 
studies in high-risk patients such as those in this study might help ascertain 
whether a surgical approach might improve long-term survival in diabetic 
and nondiabetic patients. 

5. Critique of Previous Data Concerning Mortality in Diabetics 
Treated for End-Stage Renal Failure 

Many reports do not precisely define the patient population in terms of 
the nature of the diabetic state. Although most patients in these reports 
require insulin, this has not uniformly been the case.(4) In addition, most 
series combine patients whose disease begins in childhood (age less than 20 
years) with those who develop hyperglycemia in adult life. This tendency to 
lump patients with juvenile and maturity-onset diabetes together makes data 
concerning causes of death difficult to compare from study to study.(3.10) To 
be meaningful, survival statistics from various treatment centers must ex­
plicitly define the patient population. 

Selection criteria for the renal treatment modality are not always stated. 
These criteria, as well as the extent of vascular disease present in organ 
systems which might impair patient survival exclusive of treatment of renal 
failure, are needed. For example, one recent favorable report includes 
patients who were treated with renal transplantation prior to the medical 
need for dialysis therapy and excludes from analysis of posttransplant patient 
survival some patients who died prior to transplantation from pretransplant 
surgeryY) Ideally, time of diabetic patient entry into end-stage renal disease, 
type of diabetes, and extent of vascular disease will be controlled in future 
investigations concerning proper management of end-stage diabetic nephro­
pathy. 

The experience with treatment of end-stage diabetic nephropathy in 
our center, as well as in others during the past 2 years, shows a mortality 
greater than that expected for nondiabetics.(3.11) This occurs primarily in 
patients treated by hemodialysis. This may simply reflect selection of better 
risk patients for renal transplantation, other bias such as transplantation 
prior to reaching end-stage uremia, or use of large numbers of living related 
donors. The high incidence of both symptomatic and asymptomatic coronary 
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disease in this population and its eventual role in patient mortality demands 
attention by all those involved in the care of these patients. It is clear that, 
under some circumstances, treatment by transplantation can achieve reha­
bilitation from renal failure equal to that achieved by nondiabetics. (1) Progress 
in understanding the basic pathophysiology and management of diabetes is 
n~cessary if excessive patient mortality is to be avoided and expensive 
resources are to be saved. It is possible that the true ravages of coronary 
artery disease in diabetics might even be underestimated by our survey if 
patients die of heart disease prior to reaching end-stage renal disease referral 
centers. 
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27 
Indicators for Cardiovascular 
Catastrophe in Diabetic Patients with 
Renal Failure 

c. M. Kjellstrand 

Cardiovascular catastrophes are the most common cause of death in dialyzed 
patients and account for 50% of all patient deaths. Although there has been 
no change in relative death rate from cardiovascular diseases in hemodialyzed 
patients, there has been an astounding absolute decrease, particularly early 
in the first-year mortality, from 50% to 14% over the last decadey,2) This 
has occurred in spite of the marked rise in the age of patients when accepted 
into dialysis in spite of the fact that more patients with serious systemic 
diseases are now treated.(2) Actually, recent papers question whether there 
is still an increased incidence of cardiovascular deaths. (3,4) 

In diabetic patients, the absolute death rate is at least two or three times 
that of nondiabetic patients on dialysis, and the relative cardiovascular death 
rate is even higher, being close to 70% of all deaths.(5) Also, cardiovascular 
deaths are many times more common in transplanted diabetic patients than 
in transplanted nondiabetic patients.(6,7) Beyond the first posttransplant year, 
cardiovascular deaths are more common than septic deaths in diabetic 
transplanted patients. (8) It is obviously of great importance to identify any 
clinical markers predicting cardiovascular catastrophes in such patients. It is 
a waste of resources to start dialysis or transplant a patient who dies soon 
thereafter. It also prolongs the patient's agony and dashes the hopes of the 
patient's family. The following methods have been evaluated in predicting 
cardiovascular deaths in patients on dialysis and following transplantation: 
(1) history of angina, congestive heart failure, or myocardial infarct, (2) 
electrocardiogram (EKG), (3) stress EKG, (4) blood lipid levels, (5) angiog­
raphy, and (6) stress EKG, plus before and after 201TI imaging. 
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Table 1. Heart Disease and First-Year Mortalitya 

Pre-1972 
Post-1972 

a Reprinted from ref. 9. 

1. History of Hearl Disease 

All 

43% 
27% 

ASHD 

56% 
40% 

Angina or MI 

80% 
29% 

The most thorough evaluation of the predictive value of a history of 
heart disease in diabetic patients has been performed by Comty and co­
workers. (9) Table 1 summarizes their findings. Evaluating more than 100 
diabetic patients starting chronic dialysis, they had an overall first-year 
mortality rate of 43 % in patients started before 1972 versus 17 % of those 
started thereafter. Before 1972, a patient with a history of angina or 
myocardial infarct had twice the death rate, but after 1972 there was no 
difference in mortality. Their findings suggest that technologic advances 
modify predictive factors. Indirect evidence that preexisting cardiac arterio­
sclerosis is of predictive value of the survival of nondiabetic patients has been 
presented by BlaggYO) The I-year death rate in patients with a diagnosis 
other than nephrosclerosis was less than 10%, whereas in patients with 
nephrosclerosis it approached 50%. Three-year survival rates were 80% and 
40%, respectively. On the other hand, a history of heart disease was not a 
bad prognostic marker in patients started on dialysis according to a report 
summarizing the overall United States experience since 1975. The 3-year 
survival in patients with heart disease was 70%, the same as in all dialysis 
patients.(ll) The impact of a history of heart disease on the prognosis of 
dialyzed patients is thus contradictory but appears to be of little importance. 
No analysis of the prognosis of transplant survival relative to a history of 
heart disease has been reported. 

2. EKG or EKG Combined with History 

When Comty and co-workers combined a history of angina or myocardial 
infarct with grossly abnormal EKG, they found an increase in death rate of 
diabetic patients started on dialysis (Table 1). Thus, the death rates in patients 
With such findings were 56% and 40% versus 43% and 27%, respectively, 
before and after 1972.(9) In 132 transplanted diabetic patients, we evaluated 
the prognostic importance of grossly abnormal EKG and/or a history of 
angina. Sixty-eight patients had evidence of heart disease by these criteria. 
Two had had fatal myocardial infarcts and three nonfatal myocardial infarcts 
for an overall incidence of five (7.4%). In patients without such markers (64 
patients), four had fatal myocardial infarcts and five had nonfatal myocardial 
infarcts for an overall incidence of nine (14%). Obviously, there is no 
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difference.(7) Also, when a more sophisticated evaluation was done of EKG 
alone, this failed to differentiate patients who survived versus those who 
experienced myocardial infarct. (6) Three out of twenty-three patients with a 
normal EKG had myocardial infarct versus 2 of 17 with ST abnormalities 
only and 3 of 20 with left ventricular hypertrophy on EKG. None of three 
patients with clear-cut evidence of previous myocardial infarct had a recur­
rence after transplantation. Thus, we could not substantiate that a history of 
angina combined with EKG predicted myocardial infarctions after trans­
plantation. However, an article from Scandinavian transplant centers re­
ported that blind patients with a history of heart disease had a much worse 
survival after cadaver transplantation than those patients without heart 
disease and with good eyesight. The reported I-year survival was only 20% 
versus 65%, and the four-year survival 10% vs. 50%.(12) This is contrary to 
our finding but may represent differences in total patients included and 
method of analysis. Thus, although an abnormal EKG and a history of heart 
disease carry a bad prognosis for dialysis, this probably is not as significant 
for transplantation. 

3. Blood Lipid Levels 

Haas and co-workers(l3) report that the triglyceride level was significantly 
higher for dialysis patients who died of cardiovascular events than for those 
who survived or died of other causes. No similar study has been reported in 
diabetic patients although Goetz at our institution is presently conducting 
such an evaluation. A most interesting study was done by Goldberg and co­
workers. (14) They speculated that the reason for many abnormalities, includ­
ing elevated triglyceride and reduced HDL levels in dialyzed patients, might 
be that physicians and dialysis personnel reinforced that dialysis patients are 
"sick" and should be discouraged from exercise. When a number of their 
patients underwent a vigorous exercise program, there was an improvement 
in hematocrit, triglyceride levels, HDL levels, immune reactive insulin, and 
the glucose disappearance curve. In view of these findings, prognostic 
implications of blood lipid levels in dialyzed diabetic patients need to be 
reassessed. 

4. Angiography 

Two groups have used coronary angiograms and left ventriculography 
in diabetic patients with end-stage renal failure to study whether abnormalities 
of this test had prognostic importance. Weinrauch and co-workers(15) per­
formed coronary angiogram and left ventriculography in 21 patients with 
diabetes. Twelve had less than 50% narrowing of their coronary arteries; 12 
underwent transplantation, three receiving kidneys from cadavers, and nine 
receiving kidneys from living related donors; four patients died, and none 
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Figure 1. Flow diagram of 21 patients studied with coronary angiograms by Weinrauch et 
al.(15) For explanation, see the text. 

of those were sudden deaths; nine patients had more than 50% stenosis, and 
one of these died before dialysis; four patients went on long-term dialysis, 
and four received cadaver transplantation. All four cadaver recipients died 
sudden deaths as did three of the patients started on dialysis(l5) (Fig. 1). 

Bennett and co-workers(16) studied 22 juvenile-onset diabetic patients. 
Seven of these patients had a positive history of EKG or heart disease and 
were excluded from the study. The 15 remaining patients had only minimal 
EKG changes and a negative history. Four of those patients refused to have 
coronary angiograms and the other 11 underwent elective angiography. All 
patients who underwent angiography had gross abnormalities. Of three 
patients who received transplants from related donors, one is alive. Of two 
who underwent cadaver transplantation, one is alive on dialysis after rejection 
of two cadaver transplants. Of six patients who went on to long-term 
hemodialysis, one is alive. Of the eight patients who died, six died coronary 
deaths, one had a cerebral vascular accident, and one died of sepsis. Of the 
patients who refused angiograms, two are alive, one with cerebral thrombosis. 
Two died of suicide and arrhythmia(l6) (Fig. 2). It is obvious that these 
studies are very difficult to interpret. Both studies are uncontrolled, the 
series are obviously very small, follow-up time is short, and the death rates 
are much higher than those reported by almost anyone else treating diabetic 
patients either with transplantation or by dialysis. For example, the survival 
of Weinrauch's nine patients who underwent transplantation and who had 
relative normal angiography is no better than that of all of our patients, over 
half of whom had indicators of severe heart disease by history and EKG. 
Coronary angiogram has a considerable mortality and morbidity rate and is 
invasive and particularly dangerous to a patient who cannot defend himself 
against a volume overload caused by the markedly hyperosmolar dye used. 
It is also well known that patients with diabetes and renal failure have a very 
high incidence of exacerbation of their renal failure after contrast studies. 
This seems to occur in at least 75% of such patients after IVp,<I7,18) In 
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Figure 2. Flow diagram of 22 patients investigated by Bennett et al.(16) For explanation, see 
the text. 

Weinrauch's series of 13 patients, 12 patients had a serious problem from 
their kidneys, two developed hyperkalemia, and six needed emergency 
dialysis.o9) It can be argued that one can wait until the patient's renal function 
has deteriorated and dialysis is required before doing the angiogram. Still, 
the risk of the procedure is substantial. We believe that transplantation 
should be performed before dialysis is necessary, a policy that obviously rules 
out coronary angiograms as a prognostic tool. 

5. 201Tl Imaging 

201TI imaging can be used to improve the diagnosis of myocardial 
ischemia.(20-23) We are presently combining 201TI imaging with stress EKG 
as a prognostic test in all our diabetic patients. Technical problems of 
exercising blind diabetic patients have been overcome. During the 2 years 
of our study, 57 patients have undergone testing. The mean age of these 57 
patients was 34 years, and the peak pulse rate of 1311min was obtained 
during exercise. Thirteen (23%) of these patients had a positive EKG and/ 
or positive 201Tl test,' and eight (14%) had a positive 201Tl test alone. So 
far, we have not performed follow-up studies on these patients, but continue 
to observe these patients closely for future reference. 

6. Conclusions 

Cardiovascular accidents are the most common cause of death in diabetic 
patients on dialysis and after transplantation. It is important to search for 
prognostic indices for these accidents. 
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A history of heart disease combined with EKG seems to be of moderate 
prognostic significance in dialysis patients but less so in transplanted patients. 
Blood lipid levels are of some importance in nondiabetic patients, but their 
prognostic importance has not been studied in diabetic patients on dialysis 
or after transplantation. Two studies of coronary angiograms in diabetic 
patients with end-stage renal failure are inconclusive and have an unaccept­
ably high complication rate. We are presently studying pretransplant screen­
ing with 20lTl imaging in combination with stress EKG. At present, there 
do not seem to be any reliable, simple clinical markers for predicting success 
or failure of dialysis and transplantation in diabetic patients. 
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Chronic renal failure is an uncommon problem in children. The data available 
on incidence show considerable variation because of differing definitions 
and sources of information. The total incidence in Great Britain has been 
estimated at 3.5 cases per million total population per year (Meadow et ai., 
1970); in Germany at 3.0 (Scharer, 1971); and in the United States at 4.8 
(Zilleruelo et ai., 1980). Studies from dialysis and transplantation centers 
indicate that 1-1.6 children per million population present for treatment 
annually (Cameron, 1973; Potter et ai., 1980). Thus about one of three 
children with chronic renal failure survive to be considered for treatment 
by the current selection criteria. The feasibility of dialysis and transplantation 
as techniques for prolongation of life in children with renal failure has been 
well demonstrated. The results of several large published series suggest that 
children fare as well as or better than adults. The availability of partial 
funding for the enormous costs of end-stage renal disease (ESRD) treatment 
through federal programs and the wider application of this new technology 
require increased attention to a growing list of new problems, some of which 
are considered in this section. 

The data cited indicated that many young children with chronic renal 
failure are not considered suitable candidates for dialysis or transplantation. 
Some are severely mentally retarded or have other congenital malformations 
which are believed to preclude their selection for these modalities of 
treatment. Others are very young and are not judged to be salvageable by 
present criteria. Presumably their parents are told that nothing can or should 
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be done-a self-fulfilling prophecy. Such decisions are not made lightly by 
either the physicians or the parents, for very difficult moral, ethical, social, 
and financial considerations are involved-and there are few guidelines. 
The parents are usually young, often have other children for whom they 
are responsible, and nearly always have serious financial problems prior to 
the time that the question of management of renal failure arises. The issue 
of a living related (parental) donor may have been raised to further complicate 
their lives. What are the obligations and appropriate priorities of the parents 
to the affected child, to their other children, and to each other? 

The remaining technical problems of transplantation largely limit the 
application of this method to children of greater than 7-10 kg body weight. 
Hemo- or peritoneal dialysis is feasible in very small children, but survival 
and growth to an age and size that will permit successful transplantation 
have rarely been described. More often the practical problem is how to 
handle the young child with moderate renal failure and an irreversible 
kidney lesion. The physician must make a "best guess" of the probability 
that the child, with extraordinary medical care, might survive and grow to a 
size sufficient to receive an adult donor kidney. The physician team may 
present to the parents a plan for care necessary to achieve that goal. On the 
other hand, they may, for perfectly rational reasons (as we now understand 
the issues), decide to discourage extraordinary measures, in which case the 
natural history of the disease process will continue. The parents of the child 
have several choices in either case. In my experience and that of others 
(Matthews et at., 1981), parents offered the opportunity to participate in a 
plan for survival of the child almost always agree to proceed. Parents may 
either accept the natural history concept and agree that nothing extraordinary 
should be done, or they may seek another opinion. I believe that the latter 
attitude is growing among well-educated parents who are increasingly aware 
of the potential of high-technology medicine, and who will increasingly 
demand consideration for their very young children. We must develop 
improved understanding of the moral and ethical issues involved and 
guidelines which are acceptable to society. 

The causes of chronic renal failure in children differ greatly from those 
commonly reported by centers treating adults. Renal dysplasia, obstructive 
uropathy, vesicoureteral reflux, and chronic atrophic pyelonephritis account 
for 20-40% of several series and surveys (Scharer, 1971; Cameron, 1973; 
Potter et at., 1980; Zilleruelo et at., 1980). This unique distribution of diagnoses 
and the contrast with reports in adults are especially striking among younger 
children. In our renal transplantation experience at the University of 
Minnesota involving 89 children less than 10 years of age, 24% had obstructive 
uropathy dysplasia and 22% had congenital nephrosis (Lum et at., 1981). 
These unique medical problems of childhood offer special research oppor­
tunities to the scientist-physician caring for these children and ultimately 
may be shown to be partially preventable diseases. In this subparts, Dr. 
Winberg reviews the problem of chronic atrophic pyelonephritis and the 
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remarkable progress that has been made in reducing the incidence of this 
disease as a cause of renal failure in children in Sweden. 

Since a minimal body size and weight limitation exists for optimal-risk 
renal transplantation, the problem of growth retardation continues to be a 
mcyor concern of physicians caring for children with chronic renal failure. 
Optimal nutrition in a child with reduced renal function, and special attention 
to protein nutrition, total calories, acidosis, calcium and phosphorus, vitamin 
D, and other essential nutrients, constitute a unique field of research of 
great importance. Drs. Holliday and Grupe discuss the current status and 
new developments in this area. 

Renal osteodystrophy is almost invariably a consequence of chronic renal 
failure in the growing child. It is also likely that the severity of the failure 
of growth in most children with renal failure is determined to a large extent 
by the severity of the disturbances in metabolism at the growing ends of 
bones. In spite of a virtual explosion in new knowledge regarding bone 
disease, calcium absorption and metabolism, and vitamin D chemistry, optimal 
treatment of osteodystrophy in children with renal failure remains elusive. 
Dr. Chesney reviews the new developments in this important area. 

Finally, a group of European and American experts in the field of 
dialysis and transplantation of children review their personal experiences 
and project their views of the future. Our hope is that this review of the 
concepts, attitudes, and concerns regarding dialysis and transplantation in 
children will help the reader with specific interests in pediatric nephrology 
to formulate some guidelines for optimal management of end-stage renal 
failure in children. Given the current estimate of 1.6 children per million 
population with treatable renal failure, only 300 children will present for 
management each year. According to Potter's estimate (1980), only about 
160 children less than 11 years of age will be included per year. It seems 
clear that some attempt to regionalize the care of these smaller children must 
be made in order to provide for them the best care available. The medical 
community and the federal government, which pays much of the cost, must 
also deal effectively with this important problem. 
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Prevention of Renal Damage by Early 
Recognition of Urinary Tract Infections 
in Childhood 

Jan Winberg 

1. Introduction 

The ultimate goal of the care of children with urinary tract infections (UTI) 
is to prevent progressive renal damage with its consequences such as 
hypertension, complications of pregnancy, and end-stage renal disease. This 
will be a selected review of this subject, based mainly on an epidemiological 
study of the occurrence of acute, clinical pyelonephritis among children in 
a defined population and the long-term prognosis of these cases (Winberg 
et at., 1974, 1975). 

Recent studies of bacterial attachment have brought research on UTI 
down to a molecular level. Since such studies probably will contribute to a 
better understanding of the pathogenesis of UTI and renal damage, I will 
try to put these studies into their clinical context. 

2. The Goteborg Epidemiological Study, 1960-1966 (Winberg et al., 
1974, 1975) 

Goteborg was a city very suitable for true epidemiological research. It 
had about half a million inhabitants, one single pediatric hospital, and very 
few private practitioners. The medical care was so organized that when a 
child fell acutely ill with fever or other symptoms, he was brought to the 
hospital for examination. This provided us with a large group of acutely ill 
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Table 1. Renal Scarring in Males at "First" Infection and at 
Follow-up 

Age at "first" UTI 

1-30 days 
2-12 months 
1-16 years 

No. 

54 
62 
44 

a In earlier undamaged kidneys. 

Percent with scars 

At "first" 
infection 

o 
1 

25 

At follow-upa 

4 
6 
o 

patients aged 0-16 years from which we could draw those who had acute 
clinical pyelonephritis or other types of UTI. We also controlled the health 
care of all newborns, while they were in the maternity clinic-usually the 
first week of life. This provided a large source of patients with neonatal UTI 
(Bergstrom et at., 1972). The collection period started in 1960 and was 
completed by the end of 1966. All patients who had a history of one or 
several earlier infections were excluded from the epidemiological study, as 
were all patients with malformations or neurogenic bladder. Patients with 
vesicoureteral reflux (VUR) were included. In this way 596 children: 440 
girls and 156 boys, with a presumed "first" infection were collected consec­
utively. During follow-up, 38 children developed renal scars after the 
infection or had such scars already at the first infection. 

3. Main Determinants of Renal Damage 

3.1. Obstruction 

The role of obstruction, especially when associated with infection, in 
occurrence of severe renal damage is well established in the literature and 
will not be discussed here. Generous use of intravenous pyelography in 
infants and small children with febrile infections as well as in patients with 
recurrent infections is recommended. 

3.2. Age 

Table 1 shows that among boys under 1 year of age only 11116 had a 
scar at the time of the first infection, whereas approximately 5% developed 
a scar during follow-up. Among those who were more than 1 year old at the 
time of the so-called "first infection," a focal scar was present in one fourth 
at the time the first infection was diagnosed. This table indicates three things. 
First, it suggests that when infections are diagnosed during the first year of 
life, immediately treated, and followed up carefully, the infection carries a 
good prognosis with few patients developing scars. Second, when UTI is 
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Table 2. Sex Distribution of "First" UTI and of Focal Scarring 
at Follow-up in Goteborg 1960-1966 

UTI Scars 

0-16 years 
Males 156 18 
Females 440 20 

0-12 months 
Males 113 
Females 145 

0-6 months 
Males 102 
Females 91 
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diagnosed after the first year of life, patients have often had at least one 
earlier unrecognized and untreated infection causing scarring and renal 
growth retardation in a high percentage of the cases. The table also indicates 
that infections occurring after the first year of life seem to carry a small risk 
for scar development. Girls seemed, as a group, to have a later onset of 
initial infections than do boys. Girls developed scars usually up to about 3-
4 years of age, or later. 

McLachlan et al. (1975), studying asymptomatic bacteriuria in British 
schoolgirls, found that after the age of 5, the prevalence of radiological 
evidence of pyelonephritis is independent of age. Thus, the frequency of 
scarring was similar at 5 years and at 12 years. These findings emphasize 
the fact that efforts to prevent renal damage should be directed toward very 
young children. 

Postmortem examinations of adults show that focal renal scars are as 
common in males as in females. Since UTI are about 10 times more common 
in females than in males, it has been questioned whether infections are 
causally related to such scars (Freedman, 1967; Kleeman and Freedman, 
1968). 

Table 2 shows that in the 1960-1966 study group the male/female ratio 
for scars among 0- to 16-year-olds was close to one. The infection ratio was 
1: 3 in the whole material but, among 0- to 12-month-olds, it was 0.8, and 
among 0- to 6-month-olds, it was 1.1. If the age before 1 year is the most 
vulnerable period the sex ratio of 1: 1 for pyelonephritic scarring makes 
sense. 

Increased attention to the possibility of pyelonephritis in infants and 
children with fever, for which there is no other obvious cause, is necessary. 
For example, in the Goteborg study the number of infections recognized 
during the first 4 years were only half as frequent as during the last 3 years. 

Thus, age is an important factor in the development of a renal scar. 
Early infections often cause renal damage if they are unrecognized and 
untreated. Late infections carry a better prognosis. The most important 
populations to screen for bacteriuria are infants and toddlers with fever. 
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Table 3. Effect of Therapeutic Delay on Scar Development 

Adequate carea at first infection 
Adequate careb only at second 

infection 

UTI 
(No.) 

440 
41 

a Early diagnosis and treatment; follow-up after treatment. 
b First infection: therapeutic delay for various reasons. 

Scarring 

(No.) % 

20 4.5 
7 17 

This might be the way to recognize infantile pyelonephritis and thus to 
prevent subsequent severe renal damage. 

3.J. Therapeutic Delay 

One important determinant of renal damage is the duration of infection 
before treatment begins. A few days of persistent infection may be enough 
to cause persistent renal and ureteral damage. During the Goteborg study 
we were able to collect 41 girls in whom the first known infection was treated 
inadequately. The incidence of renal damage was four times as high in this 
group with therapeutic delay as in the group of 440 girls who were diagnosed 
and treated promptly and adequately (Table 3). 

In an analysis of causes of ureteral and renal damage, attention should 
be given to the duration of the first febrile infection before treatment begins. 
This has rarely-if ever-been done systematically in the many studies of 
determinants of renal damage, especially those of reflux and its operative 
correction. The impact of the therapeutic delay is demonstrated beautifully 
in a recent study by Miller and Phillips (1981). They induced pyelonephritis 
in rats by a very precise method and delayed therapy for varying periods. 
With each prolongation of the treatment-free interval, from 8 hr to 7 days, 
the renal damage became more and more severe. These findings have their 
obvious human counterpart. 

3.4. Bacterial Virulence 

Host and aggressor characteristics and their interaction deserve attention 
with regard to pathogenesis of renal scarring. Some infecting E. coli are 
extremely sensitive to the bactericidal action of normal serum. Such bacteria 
are stripped of nearly all virulence factors. When they appear in the urinary 
tract, usually in patients with asymptomatic bacteriuria, they seem to do no 
harm (Lindberg et al., 1975). In fact, their elimination by treatment may do 
more harm than good. 

The first step in initiation and propagation of any infection seems to be 
an adherence between the bacteria and epithelial cells (Jones, 1977). This 
adhesion is mediated by pili or fimbriae extending from the bacterial wall. 
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Table 4. Demonstration of VUR at the time of the 
First Infection in 23 Kidneys Developing Focal 

Scarring 

Grade 

0-1 
2 
3 
4 

Reflux 

% 

39 
26 
35 
o 
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They are of protein nature and appear in a frequency of 100-200 per 
bacteria. 

Bacteria causing pyelonephritis seem to adhere better to uroepithelial 
cells than bacteria causing cystitis or asymptomatic bacteriuria (Svanborg­
Eden et at., 1976). On the host side, uroepithelial cells from patients prone 
to infections seem to bind pyelonephritogenic bacteria better than cells from 
controls (Fowler and Stamey, 1977; Kiillenius and Winberg, 1978; Svanborg­
Eden and Jodal, 1979). 

Kiillenius, Mollby, and others in our group have recently been able to 
identify the structure of the minimal receptor on the cell surface which binds 
the fimbriae of pyelonephritogenic bacteria (Kiillenius and Mollby, 1979; 
Kiillenius et at., 1980a-c; Kiillenius et at., 1981a,b). This receptor has been 
identified as a galactose-galactose (gal-gal) moiety, which is related to the 
antigens of the P blood group system. Bacteria with fimbriae recognizing 
this structure thus have a virulence factor. 

Such P-fimbriated bacteria seem to cause about 90% of acute pyelo­
nephritis in childhood but are much less common in other types of UTI. This 
observation fits well with Svanborg-Eden's demonstration that adhesive 
properties of bacteria were related to the symptomatology of the infection. 

3.5. Ureteral Dysfunction and VUR 

The association of gross VUR and renal damage is well established in 
retrospective studies emanating from referral clinics. Bacterial invasion of 
the kidney by pyelorenal backflow seems to play a decisive role in the 
induction of renal damage. Gross VUR with intrarenal reflux (IRR) has been 
claimed to be operative in such instances (Hodson and Edwards, 1960; Filly 
et at., 1974; Rolleston et at., 1974; Smellie and Normand, 1975; Ransley and 
Risdon, 1975a,b). In the prospective Goteborg study, it was clearly shown 
that reflux with dilatation at the time of infection was found in only one 
third of those children who developed a focal renal scar (Table 4). 

The discrepancies between this study and others may be explained by a 
series of elegant experiments in monkeys performed by Roberts and co­
workers (Roberts, 1974, 1975; Roberts and Riopelle, 1977, 1978; Fussell and 
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Table 5. Effects of Ureteric Instillation of Gal-Gal­
Recognizing E. coli 04 and Non-Gal-Gal-Recognizing 

E. coli 06 and Ollr 

Ureteritis 

Ureteral 
function 

Peristalsis abnormal 
Slow passage of dye 
Increased ureteral pressure 

• From Roberts (1975) and Roberts et al. (1984). 

Strain 

04 06,01li 

+++ ± 
+++ ± 
+++ ± 
+++ ± 

Roberts, 1979; Angel et al., 1979). They found that some E. coli induced 
ureteritis leading to a functional obstruction of the urinary flow with increased 
intraureteral pressure. This could amount to approximately 35 mm Hg, 
roughly corresponding to the voiding pressure that is transmitted to the 
kidney in gross VUR (cf. Table 5). 

The E. coli strains used in these experiments were sent to us by Roberts. 
An E. coli 04, which regularly caused ureteritis and pyelonephritis, was shown 
to recognize the gal-gal receptor (Table 5). Less virulent strains did not 
show this binding specificity (Roberts et al., 1984). 

The functional obstruction of urinary excretion associated with infection 
with gal-gal-recognizing E. coli may be as effective as gross VUR with IRR 
to cause infection of the renal tissue. In fact, such changes of ureteral 
function seem to be the "missing link," which, looking on the problem from 
an epidemiological point of view, can explain the fact that more scars are 
found to develop in the absence than in the presence of gross reflux. 

4. Hypothesis for Renal Damage 

The following hypothesis for ureteral and renal damage is advanced: 
(1) Ascending infection with gal-gal-recognizing E. coli causes ureteral 
infection (by means of minute reflux?). (2) Ureteritis results in ureteral 
"holdup" in excretion and consequent increased perfusion pressure. This 
might be due to structural damage of the ureter (Fussell and Roberts, 1979) 
or to endotoxin inhibition of norepinephrine-mediated transmission in 
ureteral synapses (cf. Nergardh, 1974; Long and Nergardh, 1978; Nergardh 
et al., 1977). (3) Pyelorenal backflow and renal tissue inflammation follow. 
Confounding factors involve quality of care, gross VUR and compound 
papillae. When diagnosis and treatment are immediate, damage may be 
avoided even when there is gross intrarenal reflux. 

Figure 1 is an attempt to demonstrate graphically two different views 
about factors of importance for renal damage. The reflux nephropathy 
hypothesis (upper part) puts gross VUR in the center. In association with 
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CONGENITAL REFLUX ± Infection I RENAL SCARRING 

n URETERAL DAMAGE 

INFECTION + Congenital reflux ( 1 
RENAL SCARRING 

Figure 1. Two views on the relationship among infection, vesicoureteral reflux, and ureteral 
damage and scarring (see text). 

infection (sometimes without infection) and IRR, VUR causes renal damage. 
This hypothesis cannot explain the fact that many children developing 
scarring have never had demonstrable gross reflux or any reflux at all. 

Our current view is that infection with virulent bacteria causes ureteral 
damage which facilitates renal damage by means of functional obstruction 
and pyelorenal backflow of infected urine (lower part of Fig. 1). If gross 
VUR is present, renal scarring can occur whether ureteral damage is present 
or not. 

5. Summary 

Disregarding anatomical obstruction of the urinary flow, at ages of less 
than 1 year, therapeutic delay, and bacterial virulence seem to be the most 
important determinants of renal damage following UTI. The importance of 
the interval between onset of infection and onset of therapy has often been 
neglected. 
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30 
Nutritional Requirements for Growth in 
Children with Renal Insufficiency 

Malcolm A. Holliday 

Optimum requirements for growth in normal children are defined by the 
Recommended Dietary Allowances (RDAs) (National Research Council, Food 
and Nutrition Board, 1980). Given access to adequate food, it is assumed 
that normal children will have an appetite that assures an adequate intake 
of energy. Requirements for specific nutrients other than energy are usually 
met when children satisfy appetite for calories with customary foods. Specific 
nutrients are taken well in excess of RDA and, in many instances, the excess 
is excreted in urine. Dietary tolerances are generous in normal children 
(Holliday, 1976). 

Children with renal insufficiency or uremia lose tolerance roughly in 
proportion to loss of kidney function (Holliday, 1976). They also often lose 
appetite and eat less. The loss of tolerance may impose dietary restraint. 
This and the inherent anorexia of uremia are causes for poor intake of 
energy and potential deficiency of specific nutrients. 

Uremia changes metabolism so that some nutrients, e.g., calcium and 
vitamin D, must be supplied in quantities that exceed the RDA for normals. 
We monitor the diet and use a minilist of food composition (Pennington, 
1976) to derive a pattern of nutrient intake. Where we sense deficiency, 
either from clinical signs or from dietary analysis, we recommend supple­
ments. 

Loss of tolerance, because of loss of excretory function, is especially 
notable in the case of sodium and phosphorus. In some cases, recommending 
sodium restrictions is easier now than it has been because public education 
relating salt intake to hypertension has been extensive. It is more difficult 
in other cases because prepared foods, fast foods, and fad foods-often high 
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in sodium-are more widely used, especially by adolescents. Sodium restric­
tion is achieved in some patients by counseling, teaching food tradeoffs, and 
demonstrating a relation between sodium intake and hypertension. In others, 
diuretics or antihypertensive drugs are used. Hypertension per se may inhibit 
growth (Caliguire et at., 1963). 

Control of phosphorus absorption commonly is achieved by using 
phosphate-binding gels. They are not very palatable and depress appetite. 
Children often will not take them. Consequently, selecting out high-phos­
phorus foods can be useful. This advice is given to children and families as 
part of nutrition counseling. Hyperphosphatemia contributes to osteodystro­
phy, and osteodystrophy impairs growth. Hypocalcemia and vitamin D 
resistance are other nutritional factors that contribute to osteodystrophy and 
poor growth (Chesney et at., 1978). 

Hyperchloremic acidosis, which occurs in renal tubular acidosis (RT A), 
inhibits growth. Where this is a single defect as occurs in type I RT A, 
correcting acidosis leads to accelerated growth (McSherry, 1978). Metabolic 
acidosis associated with chronic renal failure is influenced by dietary protein 
and mineral content. To the extent that acid-base status can be corrected 
by diet and intake of alkali, growth may improve. However, alkali therapy 
in uremic children with growth retardation has not restored stature to 
normal. 

We have little information on requirements of vitamins and trace 
minerals in uremia in relation to their effect on growth (Holliday et at., 
1979). 

We have focused our efforts over the past decade on the question of 
energy metabolism. The initial question was whether dietary energy defi­
ciency contributed to poor growth and whether calorie supplements should 
be used. Two other questions that concern energy metabolism and which 
may affect growth have been the subject of recent work by several groups. 
These are whether the state of uremia is associated with an exaggerated 
catabolic response to stress with increased need for supplemental calories, 
protein, or carbohydrate and whether the sedentary state-characteristic of 
uremia-contributes to disordered metabolism which can be corrected by 
regular physical activity. The question should be raised: should we encourage 
exercise? 

The question of inadequate intake of calories as a cause of poor growth 
in children with kidney disease was first raised by West and Smith (1956) in 
a review of their clinical experience. We demonstrated low energy intake in 
children on chronic hemodialysis and found energy intake correlated with 
growth rate. Giving supplements of carbohydrate was associated with im­
proved growth (Simmons et at., 1971). Others have confirmed that energy 
intake is low and the level of intake correlated with growth in children with 
renal failure, including those on dialysis (Betts and Magrath, 1974; Chantler 
et at., 1976). The value of caloric supplements in clinical practice is less well 
documented both by report (Kleinknecht et at., 1980; Betts et ai., 1977) and 
by personal comments from other physicians. 
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Table 1. Characteristics of Children with Chronic Renal Failure 
at the Beginning of a I-Year Period in Which Diet Was 

Unsupplemented (U) with Carbohydrate and at the Beginning of a 
I-Year Period When They Took a Supplement (S) 

n 

Age (years) 16 
Renal function (mllmin per 1.73 16 

m2 ) 

Growth retardationa 16 

a Standard deviations below the mean height for age. 

u 

5.1 
21.0 

-3.0 

s 
5.9 

21.0 

-3.5 
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We recently completed a study of 16 children who had renal insufficiency 
and who were being followed in a special clinic (Arnold and Holliday, 1979a). 
The purpose of the study was to evaluate energy intake in relation to growth 
rate and other nutritional indices and to determine whether calorie supple­
ments were beneficial. Fourteen children were followed an average of 1 year 
during which management and counseling were done in accordance with 
our practice. They were then followed a second year during which time they 
were given a carbohydrate supplement as well. Two children received a 
supplement during the first year of the study and stopped taking the 
supplement during the second year. 

We evaluated results by comparing growth and other indices over the 
year in which no supplements were given-unsupplemented (U)-and again 
in which the supplement was given (S). The paired t test was used for 
statistical evaluation. 

Some of the results are listed in Table 1. The average age was greater 
during the S period because of the design of the study. Renal function 
evaluated at the end of each study year had not changed significantly. The 
children were an average of - 3.0 standard deviations (S.D.) below mean 
height for age at the beginning of the U period and, because they did not 
grow at a normal rate during the U period, were an average of - 3.5 S.D. 
below mean height for age at the beginning of the S period; i.e., they were 
severely growth retarded, and the degree of retardation progressed. 

During the U period food intake as percent of normal was low (74% 
normal); with supplementation it reached normal (102%). Carbohydrate, as 
a fraction of the total calories, was 47% in the U period and increased to 
53% in the S period. Growth rate increased from 4.4 to 6.1 cm/yr with 
supplementation or from 60% to 89% normal for height. The degree of 
growth retardation, which had increased during the period, remained 
unchanged during the S period (Table 2). In other words, supplementation 
improved growth from below normal to normal but did not support catch­
up growth in these children with severe growth retardation. Somatomedin 
levels, which we have shown to be elevated in children with renal failure 
(Spencer et at., 1979) despite the low growth rate, were higher at the end of 
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Table 2. Dietary Intake and Growth Responses of Children at the End of the 
Unsupplemented (U) and Supplemented (S) Periods of Study 

n U S 

Duration of study (years) 16 0.98 1.02 
Energy intake (% of normal) 16 74.0 102a 
Carbohydrate content (% total calories) 12 47.0 53h 
Growth rate (cm/year) 16 4.4 6.1a 
Relative growth rate (% of normal) 16 60.0 89.a 

S.D. score at end of study 16 -3.7 -3.7 
Change in S.D. score during study 16 -0.7 -0.2h 
Somatomedin level (units/ml plasma) 8 2.6 3.8a 

• Difference significant at p<O.O 1. 
b Difference significant at p<O.05. 

supplementation corresponding with the higher food intake and growth rate 
observed over that period (Table 2). 

We observed a significant correlation (r = 0.68) between growth rate 
and energy intake, both expressed as percent normal, during the U period. 
There was no correlation between these variables (r = 0.07) during the S 
period. 

We believe that these findings support the hypothesis that simple dietary 
energy deficiency is common in children with renal insufficiency and that 
calorie supplement corrects the deficiency. The deficiency inhibits growth, 
but correcting the deficiency has only a modest impact on growth rate-no 
catch-up growth occurred. The absence of a correlation between food intake 
and growth rate in the S period contrasts with the correlation found in the 
U period. We interpret this difference as evidence that further supplemen­
tation would have been pointless. 

Two other observations in our study support these conclusions. Serum 
albumin concentrations rose to normal and skinfold thickness, a measure of 
adipose tissue, increased to average values found in normal children over 
the period of supplementation. Other support comes from a study of lysine 
flux in uremic children. Total body lysine flux, a measure of protein synthesis, 
is depressed in children with renal failure (Conley et al., 1980), and the 
degree of depression correlated with the level of energy and protein intake. 

Our ability to gain acceptance by the children of a supplement was 
limited. Children do resist taking carbohydrate supplements or, accepting 
them, become tired and often stop taking them. We believe our success, 
where others have failed, is due to the emphasis we place on nutrition 
support services and the fact that a nutritionist has time to work with children 
rather than simply to advise. Now that supplements are integrated unobtru­
sively into nutrition education, their use is less an issue. 

Conventional widsom has it that the catabolic response to stress is 
exaggerated in uremia. The stress of infection in dialysis patients is associated 
with large losses of body protein nitrogen (Grodstein et al., 1980). We 



30 • Nutritional Requirements for Growth 305 

reported that uremic rats fasted 36 hr had an increased in net urea synthesis 
or appearance over the last 12 hr compared with fasted controls. Correlated 
with this was a reduction in muscle protein synthesis. The difference was 
abolished if carbohydrate was given (Holliday et at., 1977). Plasma and 
intracellular leucine values rose with fasting in uremic rats whereas they 
declined in controls. We interpreted these findings as evidence that catabolic 
stress of fasting as measured both by net loss of body protein and by degree 
of depression of muscle protein synthesis was increased. Rubenfeld and 
Garber (1978) have reported alanine turnover in uremic humans fasted 
overnight to be 2-3 times control values, and glucose derived from alanine 
also was increased. These are stress responses that are augmented in uremia. 

Although overnight fasting is a short event, the differences in response 
brought on by uremia may act cumulatively to affect growth. This was 
inferred from a study where uremic and control rats were pair-fed over a 
period of 21 days. Uremic rats grew less in length, gained less weight, and 
had a carcass lipid and protein contents below their pair fed controls (Mehls 
et at., 1980). Some process in uremia impaired conversion of dietary energy 
and protein to body mass. Urinary area nitrogen excretion was increased in 
uremic rats. 

Resistance to insulin-mediated carbohydrate uptake is characteristic of 
infection and injury-classical models of exaggerated catabolic stress. Re­
sistance to insulin-mediated carbohydrate (Westervelt, 1969; DeFronzo et at., 
1978) and amino acid (Arnold and Holliday, 1979b) uptake by peripheral 
tissue is characteristic in uremia. Whether the insulin resistance in uremia is 
directly related to the exaggerated catabolic responses seen in uremia is not 
known. 

The cumulative evidence implicates an altered metabolic response to the 
common stress of short fasting in which loss of body nitrogen and inefficient 
use of dietary energy may contribute to the poor nutritional state and to 
poor growth. These effects of uremia contrast with the effects of simple 
energy deficiency. Malnutrition results in a decline in basal metabolism, a 
sparing of body protein nitrogen loss in response to fasting, a lower rate of 
gluconeogenesis from amino acids, and more efficient use of fatty acids 
(Keys et at., 1950; Kerr et at., 1978a,b). Sensitivity to insulin-induced hypo­
glycemia is increased (Beeker et at., 1975). However, lysine flux in malnutrition 
is reduced (Picou and Taylor-Robert, 1969) as it is in uremia (Conley et at., 
1980). When abundant food is provided to malnourished infants, energy 
intake and growth rate exceed normal by 1-2 times (Spady et at., 1976). This 
contrasts with findings in our study. 

Hyperlipidemia is a feature of uremia in adults (Bagdade et at., 1968) 
and children (Bishti et at., 1977). Its presence in adult dialysis patients 
increases the risk for myocardial infarction (Brunzell, 1980). We found in a 
small number of children given supplements in whom we followed plasma 
lipids that lipid levels increased (Table 3). This increase parallels the increase 
that follows a switch to a higher-carbohydrate diet in normal (Ginsberg et 
at., 1976) and in uremic (Sanfelippo et at., 1977) individuals. An increase in 
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Table 3. Differences in Nutritional Status of Children after 1 Year of an Unsupplemented 
(U) Diet and after 1 Year of a Diet Supplemented (S) with Carbohydrate 

n U S 

Weight (% of ideal wtlht) 16 92 95 
Skinfold thickness (% normal) 16 77 lOla 
Plasma albumin (g/dl) 15 4.2 4.5a 

Plasma cholesterol (mg/dl) 10 220 252a 

Plasma triglycerides (mg/dl) 5 174 275a 

a Difference significant at p<O.05. 

plasma lipids occurs in patients undergoing continuous ambulatory peritoneal 
dialysis (CAPD) (Moncrief et at., 1979). Of seven children followed on CAPD 
who were fed a glucose supplement that averaged 65 g/day or 260 kcal/day, 
plasma triglycerides rose in two. Definitive information about whether total 
energy intake or growth improves in children on CAPD is not available 
(Potter et at., 1980). 

We are confronted with a dilemma. Carbohydrate provided as a supple­
ment increases energy intake. The added carbohydrate may correct a 
deficiency in dietary energy and may improve growth. It also causes a further 
increase in plasma lipids. 

It is not clear that carbohydrate supplements will increase the risk of 
early coronary disease, but the possibility is sufficient that one must look for 
remedies. Hyperlipidemia is related to insulin resistance in both normal 
(Oleskfy et at., 1974) and uremic (Reavan et at., 1980) subjects. One means 
oflowering plasma lipids and increasing insulin sensitivity is aerobic exercise. 

A recent report describes the effect of aerobic exercise training on 
plasma lipids and insulin sensitivity in uremic adults. Plasma lipids decreased 
and insulin sensitivity improved (Goldberg et at., 1980). This observation 
poses an interesting question. Can exercise that increases energy demand be 
beneficial to uremic patients? It can if, associated with the increased demand, 
there is an improvement in appetite so that energy intake increased to match 
or exceed demand. If this occurs, then we have the physiological basis for 
encouraging an activity regimen that increases energy demand and a diet 
that will increase supply. This study needs to be initiated. An underlying 
question is whether changes in life-style that improve the individual's 
adaptation to uremia are acceptable and practical for patients. In children, 
there is the further question of whether these maneuvers will improve 
growth. 
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31 
Protein Utilization in Chronic Renal 
Insufficiency in Children 

Warren E. Grupe, Nancy S. Spinozzi, and 
William E. Harmon 

It is obvious that at least some of the toxic compounds responsible for uremia 
are metabolic products of protein catabolism. There is also ample evidence 
that protein metabolism is significantly altered in children with chronic renal 
insufficiency (Delaporte et at., 1976, 1978; Conley et at., 1980; Holliday et at., 
1970; Grupe, 1981b). These studies, coupled with the empiric demonstration 
that low-protein diets alleviate many of the symptoms of uremia, have led 
to a precept that has now become axiomatic: stipulating low-protein intake 
in chronic renal insufficiency. There is, however, the rational goal of reducing 
the main dietary sources of hydrogen ion, phosphate, potassium, and sulfate 
to the lowest possible level commensurate with the patient's renal function. 

For the child, in whom the attainment of growth demands an excess of 
protein and energy, the level of protein intake deemed low enough for 
uremic limitations, yet adequate for growth, remains to be resolved. There 
appears little question that too much protein is bad. In this respect, uremia 
appears almost unique in that minimal intakes are perceived as advantageous 
(Hegsted, 1978). However, it is justly inconceivable that growth could progress 
in the absence of sufficient nitrogen for nitrogen retention. With adequate 
dialysis, and with better means to measure and assure adequate dialysis 
(Harmon et al., 1981; Fliickiger et al., 1981), it seems reasonable to challenge 
whether low-protein intake per se is still valid, particularly for the potentially 
growing child. 

There are multiple known aberrations of protein metabolism in renal 
insufficiency. Separation of malnutrition from altered metabolism, however, 
is difficult since significant interdependence exists (Conly et al., 1980; 
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Table 1. Abnormal Protein Metabolism in Renal Failurea 

A. Altered intake 
1. Decreased serum and muscle protein concentration 
2. Decreased EAAb concentration 
3. Decreased EEAlnon-EEA ratio 
4. Decreased valine/glycine ratio 

B. Altered synthesis 
1. Increased muscle EAA pool, while plasma EAA pool decreased 
2. Decreased muscle EAAlnon-EAA ratio 
3. Alteration of specific amino acid concentrations 
4. Intracellular abnormalities intensified by EAA supplements 
5. Hyperammonemia with EAA supplements 
6. Decreased intracellular citrulline/arginine ratio 
7. Reduced protein flux ([15NJlysine enrichment) 

C. Altered utilization 
1. Decreased plasma tyrosine/diphenylalanine 
2. Abnormal turnover of specific amino acids 
3. Increased release of muscle amino acids 
4. Inhibited cellular uptake of amino acids 

a Data extracted from Giordano et ai., 1970; Counahan et aI., 1976; Delaporte et ai., 1976, 1978; Kopple, 
1978; Holliday et ai., 1978; Alvestrand et ai., 1978; Garber, 1978; Broyer et ai., 1980; Arnold and Holliday, 
1980; Conley et ai., 1980; Motil et ai., 1980. 

b EAA, essential amino acids. 

Counahan et at., 1976). Several known alterations previously noted in children 
are outlined in Table 1. Some of the alterations are consistent with malnu­
trition (Holliday et at., 1977; Abitbol and Holliday, 1978; Holliday and 
Chantler, 1978). The decrease in both serum and muscle protein concentra­
tion appears to be greatest in children who are on low-protein diets and 
have either poor or insignificant growth (Delaporte et at., 1976). Although 
variable results have been reported, plasma essential amino acid levels are 
often decreased whereas nonessential amino acids have generally increased 
or remained unchanged (Delaporte et at., 1978; Broyer et at., 1980; Counahan 
et at., 1976). This becomes more significant the more advanced the renal 
failure (Broyer et at., 1980), The total free-amino-acid pool is increased in 
both plasma and muscle when severe renal insufficiency develops, however 
(Delaporte et at., 1978; Broyer et at., 1980). The ratio of valine to glycine is 
also decreased in both plasma and muscle and more drastically reduced in 
patients on lower protein intakes (Delaporte et at., 1978). 

Other alterations are not consistent with simple protein malnutrition. 
The essential-amino-acid pool in muscle is increased during periods when 
the plasma essential-amino-acid pool is decreased (Delaporte et at., 1978). 
This suggests a problem of either transport or incorporation rather than of 
diminished excretion. The rise in muscle essential amino acids is also 
disproportionate relative to nonessential amino acids (Delaporte et at., 1978). 
Since these essential amino acids are by definition exogenous in origin, such 
a disproportionate rise further suggests an incorporation defect; excessive 
catabolism of protein would be expected to produce a proportionate rise in 
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both. This tendency occurs early in renal insufficiency (Broyer et at., 1980), 
even in the face of adequate nutrition and during periods of normal or 
catch-up growth, but reaches significance at glomerular filtration rates less 
than 10% (Delaporte et at., 1978). 

Alterations of specific amino acids also have been noted, especially an 
increase in the plasma concentrations of hydroxyproline, citrulline, and l­
and 3-methylhistidine (Delaporte et at., 1978; Counahan et at., 1976). Such 
changes are not fully explained on the basis of excessive intake. In muscle, 
there is generally an increase of most essential amino acids. However, the 
muscle concentrations of threonine, valine, and tyrosine are commonly 
decreased in severe renal insufficiency (Delaporte et at., 1978). Amino acid 
supplements can intensify intracellular amino acid abnormalities (Alvestrand 
et at., 1978), which are more noticeable after prolonged administration of 
supplements with essential amino acids. Chiefly, a decrease in the muscle 
concentrations of phenylalanine and tyrosine and an increase in lysine, 
histidine, ornithine, and citrulline have been found (Alvestrand et at., 1978). 
This suggests interference with either transport or synthesis. Should changes 
in the proportions of amino acids used in supplemental mixtures abolish 
these intracellular effects, it would not obviate the importance of the 
incorporation defect. 

Hyperammonemia occurs in children changed from supplementation 
with complete amino acid mixtures to isonitrogenous and isocaloric amounts 
as essential-amino-acid mixtures (Motil et at., 1980). This was accompanied 
by a decrease in urea generation at a stage when intracellular arginine should 
have been adequate or normal. In both children and adults there is a 
disproportionate rise in intracellular citrulline, relative to arginine, with a 
decrease in the citrulline-to-arginine ratio. In children, citrulline can increase 
256% at a time when arginine has risen only 144% (Delaporte et at., 1978; 
Broyer et at., 1980). Using [15N]lysine enrichment, protein flux has been 
noted to be decreased in children with renal insufficiency (Conley et at., 
1980). This returned toward normal with dialysis, suggesting a role for 
abnormal excretion. However, a similar improvement was produced in both 
dialyzed and nondialyzed children by increasing both energy and nitrogen 
intake, suggesting that inadequate substrate may also playa role. 

Other evidences of altered utilization include a decrease in the plasma 
tyrosine: diphenylalanine ratio, because of either impaired synthesis of 
tyrosine from diphenylalanine or a defect in tyrosine uptake or distribution 
(Giordano et at., 1970; Young and Parsons, 1973). Abnormal turnover of 
specific amino acids, increased release of muscle amino acids, inhibited 
cellular uptake of amino acids, including insulin-stimulated amino acid 
uptake, and abnormal incorporation of specific amino acids also have been 
described in renal insufficiency (Alvestrand et at., 1978; Counahan et at., 
1976; Kopple et at., 1978; Garber, 1978; Arnold and Holliday, 1980). 

Despite all that is known about protein metabolism in uremic children, 
several ambiguities persist. The quantitative requirements for both energy 
and protein remain unclear. Attempts to calculate requirements on the basis 
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of normal infant growth, recommended daily allowances, or percentages of 
normal child intake have been proposed (Holliday et at., 1978; Broyer, 1974; 
Jones et at., 1980; Betts et at., 1977; Chantler et at., 1980). The actual 
requirements for the uremic child on regular hemodialysis have not been 
completely determined. The optimal quantitative relationship between pro­
tein and energy has not been established, if, in fact, one exists. The effect 
that excessive energy intake has on the interpretation of protein requirement 
data is unknown. The potential relationship between the efficiency of protein 
utilization and the relative level of energy intake is uncertain. Finally, it is 
not known whether the current protein recommendations are appropriate 
to the needs of the uremic child to build lean body mass rather than fat. 

Even if it is presumed that positive protein balance is a desirable goal 
in uremic children as a prerequisite for growth, there is no universally 
accepted way to measure definitely whether the goal has been reached 
(Munro, 1978; Hegsted, 1978). Several errors inherent in the standard 
nitrogen balance technique have been well addressed, relative to the uremic 
individual (Hegsted, 1978; Munro, 1978). The amount of energy available 
directly influences nitrogen balances, with excess energy leading to positive 
nitrogen balance. Protein needs are higher when energy intakes are marginal, 
and inadequate protein can thwart the nitrogen-retention effect of energy 
(Munro, 1978; Calloway, 1975; Garza et at., 1976). Therefore, the determi­
nation of protein needs and nitrogen balance has a marked dependence on 
the energy status of the individual. 

Apparently humans can adapt to conserve amino acids that are in short 
supply (Hegsted, 1978). Therefore, previous restriction of the diet will lead 
to an underestimation of the true protein need by nitrogen balance techniques 
if an insufficient time is allowed to adapt to a more suitable level. Also, the 
apparent retention measured can be exorbitant, bearing no relation to 
reasonable expectations. The accuracy of standard nitrogen balance meas­
urements is insufficient to distinguish between the needs of the growing 
child and of the stable adult man (Hegsted, 1978). Thus, nitrogen balance 
results may be qualitatively directive, but not quantitatively accurate. Finally, 
any measure of nitrogen balance reflects the net change in the entire 
individual and, thus, may not be reflective of all tissues. It is conceivable that 
a particularly critical tissue may be depleted of nitrogen, even though the 
measured nitrogen balance is positive. 

The design of the experimental conditions can have significant impact 
on the results of protein requirements determined by balance techniques. 
Most studies in both normal and uremic individuals that have been designed 
to determine nitrogen utilization, protein requirements, or the influence of 
protein quality have been constructed to maximize energy in an effort to 
assure full utilization of the protein presented (Garza et at., 1976). The 
reason for this in the uremic individual is evident. Nevertheless, high energy, 
either absolute or relative to protein, can maintain or increase body weight, 
even for those in negative nitrogen balance (Garza et at., 1977). Therefore, 
the results of long- or short-term studies that have relied on ponderal change 
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to define either energy or nitrogen needs may be erroneous (Giordano et 
at., 1978). A concomitant low urea nitrogen generation rate can be perceived 
as nitrogen sparing, even though nitrogen retention may not be present 
(Holliday et at., 1978). Thus, experiments that have been designated to 
maximize nitrogen utilization through high energy intake have promoted 
the inaccurate precept that only insufficient, and not excessive, energy intake 
can affect the interpretation of nitrogen balance results (Garza et at., 1976). 
In this light, high energy intake, coupled with protein restriction, could 
generate seriously misleading information when aimed at the quantitation 
of nitrogen requirements, the value of nitrogen quality, the effectiveness of 
amino acids, or the benefit from keto acids in the uremic child. 

Of further importance for the depleted uremic child, the additional 
nitrogen retained as a result of high energy intake does not appear to be 
distributed in the same fashion as nitrogen retained through an increase in 
nitrogen intake (Garza et at., 1977; Elwyn et at., 1979). High energy intake 
produces an increase in fat deposition. Obesity does not appear to be a valid 
goal in the therapy of uremic children. Studies in overfed adults have shown 
that no more than 25-37% of weight gain represents lean body mass (Keys 
et at., 1955; Calloway, 1975). The increase in nitrogen retention that results 
from excess energy appears to be used mainly for the support of the 
increased fat stored. In the depleted uremic child, as in other depleted 
patients (Olson, 1975; Garza et at., 1977; Elwyn et at., 1979), an increase 
predominantly in energy would be expected to replete only that one quarter 
of lean body mass lost in association with fat. The other three fourths, or 
the major share of the depletion, cannot be expected to be affected by 
changes in energy intake alone. Restoration of that remainder occurs only 
with changes in nitrogen intake independent of any changes in energy intake 
(Elwyn et at., 1979). In addition, the nitrogen retained by adding excessive 
calories is deposited in a less labile pool, which is poorly recoverable if or 
when energy intake becomes suboptimal (Munro, 1964). Nitrogen retained 
as the result of higher protein intake, however, becomes readily available 
when nitrogen intake is reduced (Garza et at., 1977). In the normal situation, 
nitrogen retention is responsive to changes in energy in a linear relationship. 
Nitrogen balance responds at the same rate to energy change at both 
sub maintenance and at excessive energy levels, suggesting that substrates 
other than protein, when available, are preferentially metabolized at subop­
timal energy levels (Garza et at., 1976). This capability would be of potential 
advantage to the uremic child on dialysis and suspected of an inability to 
adapt to periods of low energy consumption (Holliday et at., 1977). 

High energy intake can influence the efficiency of nitrogen retention. 
Nitrogen retention produced by increasing energy intake alone is only 10-
40% as effective as when changes in protein intake are made. For example, 
increasing egg protein intake in normal adult volunteers improved nitrogen 
retention by as much as 10 mg of nitrogen per additional kilocalorie (Inoue 
et at., 1974). Similar patients, however, receiving marginal protein intakes 
generally retained only 2-4 mg nitrogen per extra kilocalorie when nitrogen 
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Figure 1. Net protein catabolic rate determined by standard nitrogen balance techniques (PCR 
measured) compared to net protein catabolic rate determined by urea kinetics (PCR calculated) 
(r = 0.97; P = 0.94). 

balance was produced through increasing energy intake alone (Garza et al., 
1976). It also has been shown by Garza et al. (1976, 1977) that the amount 
of additional energy required to maintain positive nitrogen balance at 
borderline protein intake is 10-20% above the estimated requirements based 
on nitrogen balance data and weight change. The concern is that the 
introduction of inefficiency may force energy requirements to levels of intake 
beyond the already reduced appetite capabilities of uremic children, simply 
by limiting the amount of nitrogen to that which has been felt to be both 
safe and effective. 

Nitrogen balance has been measured in uremic children on dialysis 
(Harmon et al., 1979) using urea kinetics to determine urea generation rates 
and net protein catabolic rates (peR). This method of net peR estimation 
appears to be as valid in the child as' it is in the adult (Sargent et al., 1978), 
when appropriate correction for size is included. In one study (Harmon et 
al., 1981) of 14 balance periods in dialyzed children (weight range 9-37 kg), 
a comparison between measured net peR determined by standard balance 
techniques and calculated net peR determined by urea kinetics showed 
excellent correlation (p = 0.94), as in Fig. 1. In addition, responses to dietary 
change seemed both quantitatively and qualitatively appropriate. An increase 
in energy intake reduced net peR 32% and increased net nitrogen balance 
>200% whereas an increase in both protein and energy increased net peR 
by 43% and net nitrogen balance 78% (Harmon et al., 1981). Thus, urea 
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Figure 2. Protein balance as a function of daily energy intake in children on regular 
hemodialysis. Neutral protein balance occurs at a daily intake of 11.6 kcallcm of height. The 
interrupted regression line (r = 0.84; P < 0.005) delineates a slope of 5.4 mg nitrogen retained 
per kilocalorie ingested. 

kinetics would appear to be a convenient and accurate tool to monitor protein 
metabolism and to derive nitrogen balance in the uremic child on dialysis. 

Extending this methodology to another group of diet-adapted children 
on chronic hemodialysis (Figs. 2 and 3), our unit has demonstrated a linear 
relationship between nitrogen balance and the intake of either energy or 
protein. Under the conditions used, neutral nitrogen balance appeared to 
occur at daily intakes of 11.6 kcallcm of height and at 0.33 g protein per 
centimeter of height. In addition, the slope of the regression demonstrated 
a retention of 5.4 mg of nitrogen for each additional kilocalorie ingested. 
This retention is considerably greater than the 2-4 mg nitrogen per kilocalorie 
noted in normal adults receiving excess energy and marginal protein intakes 
(Garza et at., 1976, 1977; Calloway, 1975), which is a diet more comparable 
to that usually given to uremic patients. Further examination of the children 
disclosed that 0.7 g nitrogen was retained for each additional gram of 
nitrogen ingested, suggesting that the highly efficient retention was related 
to previous nitrogen depletion. Nitrogen balance in the children was inversely 
related to net PCR, as previously noted in adults (Sargent et at., 1978). 
However, the net PCR was not invariably related to either energy or protein 
intake, although at comparable intakes, net PCR was always lower in the 
patients in positive nitrogen balance. 

The characteristics of the patients in positive nitrogen balance were 
revealing. The mean daily caloric intake of 12.1 kcallcm of height was above 
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Figure 3. Protein balance as a function of daily protein intake in children on regular 
hemodialysis. Neutral protein balance occurs at a daily protein intake of 0.33 g/cm of height. 
The interrupted regression line (r = 0.78; P < 0.005) delineates a retention of 0.21 g protein 
per 0.3 g protein ingested. 

the tenth percentile for statural age. The mean daily protein intake was 0.35 
g/cm, and protein represented a normal mean for statural age of 12.4% of 
the total energy intake. This is higher than has been previously thought 
necessary (Holliday et at., 1978; Chantler et at., 1980; Broyer, 1974). Protein 
intakes as high as 0.51 g/cm per day and protein/energy ratios as high as 
19.6% of total energy were well tolerated, with measurable positive nitrogen 
balance and acceptable levels of pre- and postdialysis blood urea and serum 
creatinine levels. 

Other studies have used similar high protein-to-energy ratios in dialyzed 
and nondialyzed uremic children (Conley et at., 1980; Betts et at., 1977). In 
the Conley et at. (1980) study, the three patients whose protein flux was in 
the near-normal range had daily protein intakes above 0.4 g/cm and respective 
energy intakes of 8.2, 12.8, and 14.9 kcallcm. Holliday and Chantler (1978) 
have reviewed the theoretical dietary protein-to-energy requirements for 
children with renal failure. They suggest that protein representing 6% of 
total energy probably will support body mass in the uremic child, if energy 
intake is adequate. However, the repair of malnutrition in these children 
may require that protein represent 8-10% of the total caloric intake. These 
studies imply that children with uremia probably require relatively normal 
protein-to-energy ratios and little, if any, protein restriction when energy 
levels are maintained in the 12-kcal/cm range. 
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Betts et at. (1977) studied 17 nondialyzed children with renal insuffi­
ciency. Their daily spontaneous intake averaged 14.2 kcallcm and 0.37 g 
protein per centimeter with protein representing an average of 10.8% of the 
total energy. When these children were fed a carbohydrate supplement that 
contributed an average of 19% of their total caloric requirements, their total 
energy intake increased only 3%. Thus, the spontaneous ingestion of 
conventional foods declined, reducing their total protein intake by an average 
of 8% and their protein-to-energy ratio to only 8.6%. This raises the distinct 
prospect that energy supplements alone may actually be counterproductive 
to protein nutrition. 

The implications of these studies for the nutritional management of 
children with renal insufficiency suggest that exogenous nitrogen, along with 
energy, should probably be maintained at higher levels than previously 
suggested (Holliday and Chantler, 1978; Chantler et at., 1980; Holliday et 
at., 1978). When caloric intake is above 12 kcal/cm per day and protein intake 
represents approximately 12% of the total energy intake, nitrogen balance 
is positive and protein turnover improved. The obvious aim would be to 
maintain exogenous protein intake at a level at which exogenous nitrogen 
excesses can be eliminated by either the remaining renal function and dialysis 
or incorporated into lean body mass. For some, this may require an earlier 
institution of dialysis than might occur if protein intake were severely 
restricted and urea generation reduced by excessive energy consumption. 
The evidence suggests that excess energy, relative to protein, is a less efficient 
way to promote nitrogen retention (Garza et at., 1976) and likely to promote 
obesity rather than growth or replenishment of lean body mass (Elwyn et at., 
1979). In that light, and with the known anorexia that accompanies renal 
insufficiency (Grupe, 1981a; Spinozzi et at., 1978), earlier institution of 
dialysis may have benefits for some patients if it facilitates adequate nutrition. 

It remains to be determined whether positive nitrogen balance and 
improved protein synthesis are synonymous. It is questionable whether 
balance can be maintained sufficiently to stimulate growth. It is not known 
whether long-term nitrogen toxicity can be avoided. It is not clear whether 
the other abnormalities of protein metabolism can be alleviated. It is not 
evident to what degree the uremic child can adapt to changes in either 
energy or protein intake. What appears adequate by short-term analysis in 
the chronically depleted child may underestimate the long-term need in the 
repleted child. The importance previously placed on protein quality may not 
be valid (Hegsted, 1978), particularly in the presence of adequate protein 
intakes; nevertheless, appropriate data are not yet available. 

The composition of the protein in the diet has received considerable 
attention. However, no study has shown that variations in the form or quality 
of the protein source have any advantage over an adequately designed 
conventional diet (Grupe, 1981b; Counahan et at., 1978; Jones et at., 1980; 
Hegsted, 1978). There is no question that children can utilize essential amino 
acids, complete-amino-acid mixtures, and keto acid analogues of amino acids 
effectively, but the effectiveness is not sustained and growth does not regularly 
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ensue (Abitbol and Holliday, 1976; Counahan et at., 1978; Jones et at., 1980; 
Giordano et at., 1978). Some evidence, using short-term changes in weight, 
suggests that complete amino acids are better utilized than keto acids in 
children (Giordano et at., 1978; Giordano, 1980). Likewise, complete-amino­
acid mixtures appear more beneficial than essential-amino-acid supplements 
(Holliday et at., 1978; Motil et at., 1980). The potential for enhanced toxicity 
and the absence of growth would suggest that low-protein diets supplemented 
with amino acids are of limited value in the treatment of uremic children 
(Alvestrand et at., 1978; Motil et at., 1980; Jones et at., 1980; Counahan et at., 
1978). 

However, if protein is allowed in the diet, the spontaneous intake 
approaches levels that are consistent with positive nitrogen balance (Spinozzi 
and Grupe, 1977) with the average intake approaching the ninetieth percen­
tile for age (Grupe, 1981a; Betts and Magrath, 1974; Betts et at., 1977). It is 
routinely difficult or impossible to persuade children to remain on prescribed 
low-protein intakes (Chantler et at., 1980; Jones et at., 1980; Betts et at., 1977). 
Such diets have been successful only when spontaneous intake has been 
bypassed through nasogastric or parenteral feeding (Chantler et at., 1980; 
Abitol and Holliday, 1976; Holliday et at., 1978). Diets using conventional 
protein sources and protein-to-energy ratios closer to normal for age seem 
more palatable to the children and, therefore, more likely to maintain protein 
nutrition over the longer term (Betts et at., 1977; Holliday and Chantler, 
1978; Broyer, 1974). 

Attempts to maintain adequate and appropriate protein nutrition remain 
reasonable. Recognizing the limitations of current quantitative techniques, 
the rates and the direction of change with dietary and dialytic manipulation 
may provide more rapid and more accurate definition of whether the 
management of the patient is offering any potential for long-term benefit. 
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32 
Renal Osteodystrophy in Children 

Russell W. Chesney 

The aSSOCIation between renal insufficiency and bone disease has been 
recognized for more than 100 years since Lucas, in 1883, described anemia, 
dwarfism, and "late form of rickets" in children with chronic renal failure.(l) 
Although the term renal rickets has been used to describe this bone disorder, 
the clinical and histologic differences between vitamin D deficiency and 
juvenile renal osteodystrophy are sizable. Advanced osteodystrophy consists 
of bone pain, metaphyseal fractures, osteitis fibrosa cystica, delayed bone 
age, linear growth failure, severe bowing, and slipped epiphyses.(2) Mehls et 
al. (3) have made the point that childhood uremic bone disease has a unique 
epiphyseal lesion, largely related to secondary hyperparathyroidism, that is 
histologically distinct from D deficiency and which accounts for the widened 
growth plate and for retardation in bone age (Fig. 1). Childhood uremic 
osteodystrophy has certain real differences from adult renal bone disease 
(Table 1) that are often dramatically highlighted.(3-5) 

The same pathogenic sequence probably accounts for bone disease in 
children as well as in adults. With the reduction in nephron mass, both 
phosphate (P04 ) retention and reduced 1,25-dihydroxyvitamin D synthesis 
occur, and this leads to intestinal calcium malabsorption and secondary 
hyperparathyroidism.(6-7) With the decline in glomerular filtration rate and, 
presumably, in functional nephron mass, progressive parathyroid hormone 
(PTH) gland hyperplasia and PTH secretion ensue, solubilizing the mineral 
portion of bone. An added feature in childhood is that uremia per se, as well 
as inadequate dietary intake, particularly of protein, results in a reduction 
in the usually high bone turnover and remodeling rate of bone in childhood, 
the extent of which is difficult to assess. 

The discovery during the past decade that the kidney is the site for the 
production of two important vitamin D metabolites-namely, 1,25-dihy-
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CONTROl RICKETS OSTEITIS FIBROSA 

Figure I. The growth zone in bone from a normal child , a rachitic child, and a child with 
osteitis fibrosa . In the normal child, the zone of provisional calcification mineralizes normally 
to ultimately form bone trabeculae. In the rachitic child , mineralization in the zone of provisional 
calcification is delayed , leading to a broad zone of poorly ossified chondroosteoid. In osteitis 
fibrosa, the growth cartilage is narrow and the longitudinal orientation of trabeculae is lost. 
(Reprinted from ref. 3, with permission.) 

droxyvitamin D and 24,25-dihydroxyvitamin D [24,25(OHhD](IO,II)-helps 
to explain the apparent resistance of uremic subjects to the biologic actions 
of vitamin D given in usual doses. (12) Early studies demonstrated the biologic 
potency of 1,25-dihydroxyvitamin D (calcitriol) in blunting iPTH secretion 
and in overcoming the classical features of vitamin D resistance-intestinal 
malabsorption and hypocalcemia.<I 3 ,14) 1,25-(OH)2-vitamin D appears to be 
the hormonally active form of vitamin D which is both feedback inhibited 
and accounts for most of the biologic effects of vitamin D-increased gut 
calcium and phosphate absorption and increased bone resorption to maintain 
normal plasma calcium levels. (II) 1,25-(OHh vitamin D does not directly 

Table 1. Distinctive Features of Osteodystrophy in Childhood 

Bone turnover and remodeling rates are higher in children than in adults. 
Radiologic abnormalities are more common. 
Slipped epiphyses and sharp angulation of bones are seen. 
Renal hypoplasia/dysplasia or congenital obstructive uropathy develops in utero, contributing to 

lifelong renal disease. 
Tubulointerstitial disease is more common, which may impair 1,25(OHh-vitamin D synthesis. 
Bone linear growth requires adequate supply of calcium and phosphate. 
Bone growth and maturation are impaired. 
Chronic acidosis is often related to reduced renal tubular bicarbonate reabsorption. 
Vascular and extraosseous calcification is seldom seen despite abnormal calcium x phosphate 

solubility product. 
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Figure 2. Shown are the serum 1 ,25-dihydroxyvitamin D levels in patients with severe, moderate, 
and mild renal failure and in control subjects. 

mineralize bone, and, possibly, 24,25(OHhD or 25-hydroxyvitamin D 
[25(OH)D] is more active in promoting skeletal mineralization,05,16) 

The aims of this chapter are to review the evidence that childhood 
uremia is a 1,25-(OHh-vitamin D-deficient state, to discuss a rational thera­
peutic approach to childhood osteodystrophy, and to comment briefly on 
the controversy as to whether or not treatment with vitamin D analogues 
will result in a decline in renal function in nondialyzed patients with stable 
renal function. 

Indirect indicators of abnormal vitamin D metabolism are the high 
incidence of elevated iPTH concentrations in sera and the abnormalities of 
bone evident on biopsy and histomorphometric analysis. (3,5, 17) Norman et 
ai. (5) in an analysis of 29 patients, provide evidence that at clearances below 
45 ml/min per 1.73 m2 iPTH is elevated and abnormal bone histology is 
evident, whereas abnormalities of serum chemical values or radiological 
appearance occur only at very low clearance values. Mehls et ai.(3) point out 
that children with congenital renal diseases tend to have more severe growth 
retardation since their renal impairment began in utero, and that dietary 
calcium intake is often inadequate in these children. Reduced calcium intake 
only enhanced negative calcium balance and augments iPTH secretion. Using 
the technique of photon absorptiometry, Chesney et ai.(18) have also dem­
onstrated that children with congenital tubulointerstitial disease have a higher 
rate of bone undermineralization than children with other renal disorders. 
Demineralization in these children was correlated with higher serum creati­
nine levels and decreased creatinine clearance values. 

Both Portale et ai. (8) and Chesney et ai. (9) have directly examined the 
circulating values of vitamin D metabolites in children with renal disease 
using the precise assay of Shepard et ai.(19) Shown in Fig. 2 are the 
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Figure 3. Serum 24,25-dihydroxyvitamin D levels in patients with severe, moderate, and mild 
renal failure and in control patients. Also shown are the values in patients with severe renal 
failure, treated wtih ergocalciferol at 10-50,000 units/day. 

concentrations of 1 ,25-(OHh-vitamin D at various clearance values; no decline 
in 1,25-(OHh-vitamin D concentration is evident until clearance values fall be­
low 48 ml/min per 1.73 m2 . In the Chesney study, almost all patients with a 
decreased 1,25-(OHh-vitamin D level had tubulointerstitial disease, usually 
on a congenital or hereditary basis. A direct relationship between creatinine 
clearance and serum 1,25-(OHh-vitamin D concentration was found (r + 
0.683, P < 0.001). The study of Portale et at. (8) yielded comparable results. 

In Chesney's study,(9) the serum values for 25(OH)-vitamin D did not 
vary with degree of renal failure, and no single value below 16 ng/ml was 
found. The only elevations of 25(OH)-vitamin D were in those patients with 
prior ergocalciferol (vitamin D2 ) therapy where the concentrations of25(OH)­
vitamin D rose to a level of 176 ng/ml-6 times higher than the normal level 
of 30 ± 10 ng/ml (S.D.). 

The circulating levels of 24,25(OHh-vitamin D are shown in Fig. 3, and 
only in severely affected patients are the concentrations of 24,25(OHh­
vitamin D reduced to values significantly below control values-0.6 ± 1.4 
ng/ml (S.D.) vs. 1.70 ± 0.47 ng/ml, p < 0.01. Prior ergocalciferol treatment 
was associated with a higher 24,25(OHh-vitamin D level of 1.41 ± 0.36 ng/ 
ml, despite a marked reduction in clearance in these patients. A direct 
correlation was found between 1,25(OHh-vitamin D levels in sera and those 
of 24,25(OHh-vitamin D, r = 0.668, P < 0.001.(9) As in Norman's(5) study, 
hypocalcemia, hyperphosphatemia, and increased alkaline phosphatase ac­
tivity were found only in patients with clearance values of less than 13 mll 
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min per 1.73 m2. Accordingly, there is evidence of reduced circulating levels 
of 1,25(OHh-vitamin D and 24,25(OHh-vitamin D in childhood renal failure. 

The treatment of uremic bone disease in childhood is rather complex. (4) 
First, it is evident from childhood growth charts that children grow most 
during the first 24 months of life, and this is a critical period for optimizing 
care. Chantler et al. (20) have reviewed the evidence that children, and 
especially younger children, require more calories and greater protein intake 
than adults in order to maintain any growth. Again, the child with congenital 
obstructive uropathy, renal dysplasia, or hypoplasia is at the greatest risk for 
poor nutrition and subnormal protein synthesis. 

Second, chronic metabolic acidosis also can contribute to bone deminer­
alization and hypercalciuria, particularly if the calcium carbonate, which 
comprises 10% of bone mineral calcium content, is used as a buffer of 
excessive extracellular protons.(21.22) Again, the child with congenital tubular 
disease is at greatest risk for developing renal tubular acidosis and excessive 
bicarbonaturia. (23) Therapy should include correction of acidosis with sodium 
bicarbonate or some anion that liberates bicarbonate. Since uremic subjects 
require increased oral calcium intake, it is convenient to provide bicarbonate 
as calcium lactate or carbonate. 

Third, although 1,25(OHh-vitamin D and possibly pharmacologic doses 
of 25(OH)-vitamin D regulate the active transport of calcium by the upper 
intestine, the passive transport of calcium by lower intestinal segments is 
directly dependent on the intake of this divalent cation. (24) Studies 60 years 
ago demonstrated the value of increased calcium intake in uremic children 
in terms of calcium balance.(25) Phosphate intake must be limited either by 
decreased dietary phosphate or by the use of phosphate-binding agents. 
Obviously, phosphate restriction is not indicated in those tubular disorders 
where renal phosphaturia is common.(26) It should also be recalled that 
severe phosphate restriction may result in osteomalacia,(27.28) and that the 
circulating concentrations of phosphate during childhood are higher than 
those found in adults-5.8 ± 0.2 mg/dl vs. 3.6 ± 0.2 mg/dl in one series.(29) 

The cautious use of vitamin D compounds is indicated to augment 
intestinal calcium absorption, suppress iPTH secretion, and, hopefully, 
improve skeletal mineralization. Currently, four "active" vitamin D com­
pounds are in use: dihydrotachysterol (DHT), 25(OH)-vitamin D, 1,25(OHh­
vitamin D, and its synthetic cousin la-hydroxyvitamin D or "I-alpha." It has 
been known since 1943 that rather small doses of DHT could improve 
intestinal calcium absorption. (30) 

The newer la-hydroxylated vitamin D compounds have been employed 
in several childhood studies.(14.31-37) Findings have included increased serum 
calcium levels, suppression of PTH secretion, a reduction in alkaline phos­
phatase activity, and relief of bone pain. Dramatic improvement in the 
myopathy of uremia and in gait disturbances has been noted. 

Chesney et al.(4.34.37) have employed a dose of 10-15 ng/kg per day, 
given as a daily divided dose if possible, and this appears to achieve plasma 
levels of 1,25(OHh-vitamin D that are in the normal range when examined 
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Figure 4. The serum concentrations of 1,25-dihydroxyvitamin D in controlled subjects and in 
patients with renal failure and creatinine clearances between 75 and 150 mllmin per 1.73 m2• 

To the right are shown the 1,25-dihydroxyvitamin D levels in patients with clearances below 13 
mllmin per 1.73 m2 before and after treatment with calcitriol at 10 to 15 ng/kg per day. 

4 hr after a dose (Fig. 4). The half-life of these la-hydroxy metabolites in 
plasma is a few hours, so that a level taken at 4 hr will represent the peak 
plasma value achieved.(38) The biologic half-life of 1,25(OHh-vitamin D is a 
few days, (7) so that hypercalcemia can be rapidly reversed by discontinuing 
the agent or lowering the agent for a few days. This short half-life is an 
advantage of these compounds, but it can also pose a problem in poorly 
compliant patients. The child who is given his medicines infrequently may 
have long periods of relative D deficiency that can be avoided using 
compounds with a longer half-life. 

The serum 1,25(OHh-vitamin D values achieved will suppress iPTH 
secretion by raising serum calcium level. (1 1) We have used the PTH-to-
1,25(OHh-vitamin D ratio in order to evaluate the effect of therapy in a 
dynamic fashion (Fig. 5). C-terminal or intact PTH molecule antibody assays 
do not accurately measure gland secretion, since the reduced renal mass 
leads to decreased degradation of the carboxy portion of the molecule. (39) 
By examining the ratio iPTH to 1,25(OHhD, it can be seen that therapy 
causes a 90% fall in this ratio, but that the ratio is still higher than that found 
in healthy control subjects, p < 0.001. Further, an examination of this ratio 
reveals that 1,25(OHh-vitamin D production by the diseased kidney is 
inappropriately reduced for the circulating PTH level. 

We had noted improved growth velocity in children receiving 1,25(OHh­
vitamin D over a period of 12-24 months.(34) When a group of 10 children 
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Figure 5. The ratio of PTH to 1,25-dihydroxyvitamin D in patients with creatinine clearances 
below 13 mVmin per 1.73 m2 before initiation of treatment with calcitriol and after caicitriol 
therapy. Also shown by comparison is the ratio in normal subjects. 

was followed for periods up to 51 months, the mean height velocity increased 
from 4.2 ± 1.1 em/year (SE) while receiving vitamin D2 or DHT to 7.2 ± 
0.9 em/year on 1,25(OHh-vitamin D, p < 0.001.(37) These data indicate that 
long-term growth patterns parallel the usual growth percentile lines from 
growth charts. When length is expressed as standard deviation from control 
mean for chronologie age (Fig. 6), one can see that there is a marked decline 
in height during the initial period of observation (at least 12 months) while 
patients are receiving vitamin D2 or DHT, and that 1,25(OHkvitamin D 
therapy will improve, but not completely reverse, this trend. Several recent 
studies have shown that children on chronie dialysis therapy do not have an 
increase in height velocity after starting 1,25(OHh-vitamin D.(40) The reasons 
for this latter observation are unclear. 

25-Hydroxyvitamin D has proven efficacious in two childhood studies. 
Witmer et al.(41) found this agent to be superior to vitamin D2 in terms of 
healing osteomalacia and osteitis fibrosa cystica and in correcting hypocal­
cemia. Baron et al.(42) described a correction of hypocalcemia and a decline 
in alkaline phosphatase activity and PTH level. Histomorphometric analysis 
of bone showed improvement in the abnormal osteoblastic surface and in 
osteoid volume measurements after 2 years of therapy. Hypercalcemia was 
infrequent at a dose of 1.6 jJ.g/kg per day. 

Recent evidence suggests that la-hydroxyvitamin D or 1,25(OHh­
vitamin D therapy may result in a decline in creatinine clearance in nondi­
alyzed subjects with uremia associated with hypercalcuria. (43-45) By contrast, 
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Figure 6. Changes in growth after calcitriol therapy, expressed as standard deviation for 
chronologie age; • indicates mean ± S.E. 

Healy et at. (46) found no change in creatinine clearance in patients treated 
with lower doses of 1,25(OHh-vitamin D and who did not develop hyper­
calcuria. Chesney et at. (4) found no change in the slope of the rise in serum 
creatinine with time during observation for 24 months before and up to 51 
months after 1 ,25(OHh-vitamin D therapy (Fig. 7). Urinary calcium excretion 
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Figure 7. The ratio of IIserum creatinine versus time in patients treated with calcitriol. The 
arrow on each line denotes the initiation of calcitriol therapy. Note that there is no break in the 
slope of the line after calcitriol therapy. 
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Figure 8. Change in calcium excretion expressed as a percent before and after therapy with 
calcitriol; • indicates mean ± S.E. 

did not change in these patients (Fig. 8). Lund et at. (47) and Nordin(48) have 
made the point that treatment with any vitamin D analogue can result in a 
fall in GFR if the patient becomes hypercalcemia. Obviously, it is imperative 
to prevent patients from becoming hyperphosphatemic as well so as to avoid 
calcium phosphate deposition in the tubules. (49) A well-designed controlled 
study of the prophylactic efficacy of 1,25(OHh-vitamin D therapy in patients 
with moderate reduction is indicated to establish whether this agent is 
beneficial in preventing osteodystrophy or harmful in terms of renal function. 
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Review of the University of Minnesota Experience 
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Jon 1. Scheinman, David S. Fryd, andJohn S. Najarian 

1. Introduction 

The chapters of Dr. T. M. Barratt and colleagues (Chapter 36) and Dr. M. 
Broyer et al. (Chapter 35) in this book admirably set the background for the 
presentation of our experience in the transplantation of children age 5 years 
and under. In this chapter we will compare our experience with that of 
Barratt and Broyer to support our view that renal transplantation is feasible 
and is the preferred therapy for end-stage renal failure in the young child. 

The causes of chronic renal failure (CRF) in our population of young 
children are similar to those described at other centers (Table 1). The notably 
different lesions causing CRF in this population, as compared to older 
children and adults, include hypoplasia-dysplasia, obstructive uropathy 
(38%), and congenital nephrotic syndrome (29%). Since these disorders do 
not recur in the transplanted kidney, one of the concerns commonly faced 
after transplantation in older children and adults is obviated. 

Dr. Barratt emphasized the difficulty of achieving acceptable growth in 
young children with CRF, despite aggressive efforts to provide optimal 
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Table 1. Causes of Renal Disease in 42 Transplanted Children Aged 1-5 Years 

Hypoplastic-dysplastic kidneys 
Congenital nephrotic syndrome 
Oxalosis 
Hemolytic uremic syndrome 
Infantile polycystic kidneys 
Cystinosis 
Rapidly progressive glomerulonephritis 
Steroid-resistant nephrotic syndrome with focal segmental sclerosis 
Steroid-sensitive nephrotic syndrome and interstitial nephritis 
Jeune's syndrome 
Gonadal dysgenesis and glomerulonephritis 
Wilms' tumor 
Birth asphyxia: cortical necrosis 
Chronic glomerulonephritis, type unknown 

16 
12 
2 
2 

nutrition, to maintain acid-base balance, and to prevent bone disease. Our 
parallel experience has led us to conclude that if, despite optimal manage­
ment, growth does not occur for 6-12 months, transplantation may be 
warranted. Further procrastination and delay are unlikely to result in a 
larger or stronger kidney transplant recipient. 

The results of long-term dialysis treatment in small children from the 
European Dialysis and Transplant Association registry and the H6pital des 
Enfants Malades (Chapter 35) also parallel our own and are discouraging 
for these small patients, their families, and health care teams. Mortality is 
high, growth is generally poor, vascular access is technically difficult, and 
bone disease is frequent and often severe. 

Although not discussed in detail by Dr. Broyer (Chapter 35), it is our 
experience that the emotional stresses of chronic dialysis on the small child 
and their families are enormous, and the costs of dialysis, nursing care being 
more intensive, are extraordinarily high. In discussions with Dr. Broyer 
(personal communication) it is clear that, given more abundant cadavers or 
living relative donors, his group would greatly prefer transplantation to long­
term dialysis in these young children. 

Dr. Barratt's data have demonstrated a steep downward slope of survival 
for children with congenital disorders in the first year of life and a continuing 
considerable loss of life over the next 4 years. Although there is little evidence 
of success in the transplantation of children much less than 1 year of age, 
our experience with children aged 1-5 years is encouraging. The remainder 
of this chapter will review that experience which we believe supports our 
view that early transplantation is appropriate therapy for CRF in the young 
child. 

2. Patients 

We have transplanted 42 children (26 boys, 16 girls) aged 1-5 years (X 
3.3 years, range = 0.9-5.9 years, median 2.9 years) between 1970 and 
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1981. The original diseases are listed in Table 1. All children but two were 
growth retarded (more than 2 S.D. below mean for chronologic age) at the 
time of transplant. Most had mild to severely delayed psychomotor devel­
opment. One child with hypoplastic-dysplastic kidneys developed severe 
deterioration in neurologic function despite only moderate uremia and was 
transplanted in an effort to reverse this process. All failed on conservative 
management. All but three children received hemodialysis for an average of 
2 months prior to transplant. In no case was transplantation performed 
because of an inability to maintain the child on dialysis. 

3. Donor Source 

Thirty-five patients initially received living related donor (LRD) grafts, 
34 from parents (21 mothers and 13 fathers) and one from a grandmother. 
The remaining seven, with no suitable family donor, received cadaver donor 
(CD) grafts which, for the last 5 years, have been matched for at least two 
of four HLA A and B antigens. All children but one received adult donor 
kidneys. One received two kidneys from a 5-year-old donor. No effort was 
made to search for pediatric cadaver donors, since such donors are rare and 
waiting for a well-matched pediatric donor would greatly prolong dialysis. 
The advances in transplantation techniques (see Section 4) have permitted 
transplantation of adult kidneys into children as small as 5400 g without 
great technical problems. 

4. Surgical Strategies 

Since the kidneys were all placed intraabdominally in these small 
children,(l,2) every attempt was made to perform a one-stage procedure 
including nephrectomy (where necessary), splenectomy (performed in all but 
one child), and transplant in order to avoid two major intraabdominal 
operations. Exceptions included two children requiring urgent nephrectomy 
for malignant hypertension and children with congenital nephrotic syndrome 
(CNS) and anasarca. In the latter situation 6-10 weeks were allowed following 
nephrectomy for recovery from hypoproteinemia, hyperlipidemia, hypo gam­
maglobulinemia, hypercoagulability, and malnutrition. Three children, two 
with CNS and one with steroid-resistant nephrotic syndrome, became anuric 
with vigorous ultrafiltration on hemodialysis, thus undergoing spontaneous 
reversal of nephrotic syndrome and avoiding a two-stage procedure. In the 
past all children with external urinary diversions underwent a two-stage 
procedure with removal of the kidneys and ureters in order to eliminate 
infectious foci and to avoid the risk of sepsis after the institution of high­
dose immunosuppression. More recently we have begun to take down-loop 
cutaneous ureterostomies to reestablish a normal urine flow prior to trans­
plantation in children who have been relatively free of recurrent infections. 
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This reconstruction substitutes a relatively minor procedure for a major 
intraabdominal procedure (nephrectomy), allows distention of any unused 
bladder, decreases the difficulty of ureteroneocystostomy at transplant, and 
allows the child a period of bladder control training which simplifies the 
posttransplant management period. 

5. Intraoperative Management 

These small children are monitored intraoperatively for central venous 
pressure (GVP) using lines placed via jugular veins at surgery or Hickman 
catheters which were previously placed as dialysis access devices. The arterial 
limb of modified Scribner shunts or percutaneously placed arterial lines are 
used to monitor blood pressure and arterial blood gases. Great care is taken 
to maintain normothermia by warming the operating room, the patient, and 
all abdominal lavage solutions and wet packs. Kidneys are perfused with 
warm solutions prior to clamp release. The vascular anastomoses (end to 
side) are made between donor renal artery and vein and the recipient aorta 
and vena cava, respectively. Before the vascular clamps are released, the 
GVP is acutely raised to 10-12 cm H20 in order to ensure adequacy of the 
vascular volume needed to fill the new kidney. 

The ureteral reimplantation is a standard Ledbetter-Politano tunneling 
technique. The large bowel is tacked to the upper pole of the kidney in 
order to provide access to the lower pole for percutaneous graft biopsy, 
should this become necessary. The kidney may appear hypo perfused during 
abdominal closure and may require repositioning to avoid vascular kinking 
and compromise of renal blood flow. 

6. Postoperative Care 

Urine output may be low in these small patients for the first few 
postoperative hours but usually increases spontaneously. It is important to 
avoid severe hypertension and fluid overload during this critical period. The 
GVP alone is a wholly inadequate monitoring technique in these tiny patients, 
and other parameters, including blood pressure, pulse, frequent chest X 
rays, and arterial blood gases, must be followed in addition to GVP in order 
to avoid fluid overload. These children may be severely hypertensive and in 
pulmonary edema with GVPs in the 2- to 5-cm-H20 range. Large urine 
outputs are frequent in the first 24 hr postoperatively, and monitoring of 
urine and plasma glucose is important to avoid hyperglycmia and consequent 
osmotic diuresis. We switch from a 5% to a 1 % glucose urine replacement 
solution if the urine glucose becomes positive and/or hyperglycemia develops. 
Immunosuppressive management and treatment of rejection episodes routine 
to our institution have previously been described.(2,3) 
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Table 2. Causes of Death in 42 Transplanted Children Aged 1-5 Years 

Overwhelming pneumococcal sepsis 2 
Abdominal sepsis following graft artery stenosis repair, recurrent Wilms' tumor at 1 

autopsy 
Disseminated chickenpox 
Iatrogenic fluid overload 
Withdrawal of active therapy following graft rejection 

7. Patient Surivival 

337 

We have lost six children in this series. The causes of death have been 
varied (Table 2) and theoretically preventable in most patients. Two splen­
ectomized children who were receiving sulfonamide prophylaxis died of 
overwhelming pneumococcal sepsis. All children are now maintained on 
once-daily penicillin.(4) One child died of disseminated chickenpox 3 years 
posttransplant. A recent review of this disease disclosed that the continuation 
of Imuran during the course of this child's illness was probably responsible 
for his death. (5) One child with urine leak died of inappropriate fluid 
administration and unrecognized pulmonary edema. One child had treatment 
withdrawn at parental request after acutely rejecting a graft. In retrospect, 
our handling of this intrafamilial emotional crisis following graft rejection 
was less than ideal. Thus, the child with Wilms' tumor dying of intraabdominal 
postoperative sepsis (Table 2) probably represents the only inevitable death 
in this group since he had advanced metastatic disease at autopsy. 

Deaths in these children may be further minimized by experience and 
consistent application of sound principles of medical and surgical care. 
Nonetheless, the overall risk of death is not higher for these young children 
than for older children or adults (Fig. 1). Although the number of patients 
(six) is too small for statistical comparison, the patient survival of recipients 
with cadaver grafts was essentially identical to that of recipients of parental 
grafts. These data support our view that patient survival rates after trans­
plantation in infants and young children are comparable to those in older 
children and adults. 

8. Graft Survival 

Graft loss is no more frequent in these young children than in older 
children or adults (Figs. 2 and 3), and comparison of these figures indicates 
that parental and cadaver graft survival rates were almost identical. As 
expected, the dominant cause of graft loss was rejection. Acute rejection in 
these small children frequently presents as a picture of rapidly progressive 
renal failure which, despite aggressive antirejection treatment, is unremitting 
leading to total destruction of the graft within a few days to a few weeks. 
Six of the eleven first grafts lost in our series followed this dramatic clinical 
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• • 10 mos.-5 yrs. (n= 42) 
o 0 6 yrs.-16 yrs. (n: 124) 
o 0 17 yrs. and above (n= 616) 

5 mos. 1 yr: 2yrs. 

Time 

22 

3yrs. 4yrs. 

Figure 1. Actuarial patient survival curves for patients in three age groups. Numbers above 
data points indicate number of patients at risk at that time and numbers in parentheses (n) 
equal number of patients entered into each group in Figs. 1-3. Data describe patient survival 
from the initial point of all first transplants in nondiabetic patients. There are no significant 
differences between these curves. 

pattern. Although this relatively violent rejection, in our experience, is more 
common in small children than in adults, it does not influence the frequency 
of graft loss (Fig. 2 and 3). 

Seven children have received second grafts and two have received third 
grafts. Of these nine children with multiple grafts, seven are alive with 
functioning grafts and two are dead. Only one child in this group remains 
on dialysis because of 100% cytotoxic antibodies following rejection of a 
maternal graft. Thus, the commitment to provide aggressive care to these 
42 young children has generated only a single child who is lingering on 
dialysis. 

Recently the important influence of graft source on graft survival was 
shown by our associates. (6) The data derived mainly from parental grafts 
showed that male (paternal) donors provided statistically significantly better 
graft survival (73%) than female (maternal) donors (52%) at 5 years post­
transplant. (6) This may represent subtle sensitization of children to maternal 
antigens in utero. Whatever the explanation, the tendency toward more 
frequent maternal donation (21 mothers versus 13 fathers) represents both 
societal maternal role expectations and our previously held incorrect belief 
that maternal kidneys, being slightly smaller, would "fit" better in the 
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Figure 2. Actuarial graft survival for all first transplants. regardless of donor source in 
nondiabetic patients. There are no significant differences between these curves. 

abdomen of these small children. In the future we will encourage families 
toward initial paternal graft donation. 

In summary, it is clear from Figs. 2 and 3 that, in terms of functional 
graft survival, infants and small children are excellent transplant candidates. 

9. Growth 

The growth patterns of these children after transplantation are now 
quite well definedy,7) Given a successful graft and the presence of significant 
(less than fifth percentile) growth retardation prior to transplantation, all 
but one of these children showed catch-up growth for the first 1 or 2 
posttransplant years followed by normal growth rates. The one exception 
grew at almost a normal rate (88% of expected growth) in the first 5 
posttransplant years. Achievement of normal height for age for these 
profoundly growth-retarded children is unusual (20%), but most approach 
this goal. Children with multiple severe rejection episodes requiring repeated 
treatment with high-dose steroids and leading to renal insufficiency or 
multiple transplants grow poorlyy,7) Recently, we have shown that low-dose 
once-daily prednisone (X = 0.3 mg/kg per day) does not inhibit catch-up 
growth and provides only a small growth disadvantage over alternate-day 
prednisone therapy.(8) However, a significant risk of rejection resulted from 
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Figure 3. Actuarial graft survival for all first transplants from parental donors in nondiabetic 
patients. There are no significant differences between these curves. 

switching to alternate-day therapy in children who had rejection episodes in 
the early posttransplant period. (8) Thus, we recommend alternate-day pred­
nisone only for those children with retarded posttransplant growth who have 
had no history of transplant rejection. 

In summary, growth in most transplanted young children is satisfactory 
and may be extremely good. Our experience does not support, a priori, that 
young severely growth-retarded uremic children should be excluded from 
consideration for transplantation because of the fear that they will remain 
renal dwarfs. 

10. Development 

Most small children with uremia or congenital nephrotic syndrome have 
mild to moderate delay in psychomotor development (see Chapter 60).(9) 
One child who developed rapid decline in global central nervous system 
function prior to transplant remains profoundly retarded after transplant. 
One child requires special education for retardation which developed post­
transplant and was associated with intractable petit-mal seizures. One child 
with Jeune's syndrome and multiple perceptual problems and seizures 
remains on dialysis 4 years after loss of her maternal graft and requires 
special education, although her IQ is close to normal. An additional child's 
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verbal learning has been markedly delayed by severe hearing loss which 
developed after her second transplant. All other successfully transplanted 
children have shown catchup in psychomotor development and, with the 
exceptions mentioned, all of school age attended regular school, and most 
are in their appropriate grade. 

In summary, the intellectual outcome of successfully transplanted young 
children has been one of the most gratifying aspects of our experience in 
the care of the small transplant recipient. 

11. General Thoughts 

Clearly, the care of the very small child requiring dialysis and transplan­
tation is highly complex. Experience is a necessary ingredient for success. 
Since renal failure in childhood is rare and children 5 years of age and 
under make up only 10-15% of the pediatric renal failure population 
(Chapter 35), it would be difficult for any center to gain the experience and 
maintain the high level of skill necessary if many centers undertake to care 
for these patients. It is thus our view that specialized centers should be 
developed and that referral patterns should be established which will foster 
the maintenance of an effective patient care team. This team should operate 
in centers with a broad base in pediatrics, including subspecialty interests in 
nephrology, infectious disease, cardiology, neurology, nutrition, child psy­
chiatry, and social work. Broad-based surgical representation in transplan­
tation surgery, vascular access surgery, urology, and orthopedics is at least 
of equal importance. Skilled dialysis and transplant nurses and technical 
personnel are essential team components. Information that we have received 
through personal communication indicates that many centers have been 
discouraged in their early efforts in this area because the requisite team 
approach was not established and early failures were thus predictable. It is 
our estimate that five or six centers in the United States concentrating on 
transplantation of small children would be sufficient to meet the national 
needs. 

Many problems remain unresolved. The very long-term outcome of 
most of these children remains shrouded in the future as few have been 
transplanted for a sufficient length of time to reach puberty. The problem 
of graft rejection, yet to be satisfactorily solved, has much greater impact on 
the small child who does relatively poorly on long-term dialysis. New 
immunosuppressive treatments such as Cyclosporin A (10) and total lymphoid 
irradiation(ll) are still experimental and pose ethical dilemmas, especially in 
young children who cannot give meaningful consent. Recent evidence that 
uremia in the first year of life may have a significant negative impact on the 
developing brain(9) (see Chapter 60) needs careful examination and may 
indicate that earlier transplantation may be desirable for maximal develop­
mental potential. Despite the extra effort involved, our results indicate that 
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discrimination against aggressive treatment of the small uremic child on the 
basis of age or size alone is unwarranted. 
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34 
Experience with End-Stage Renal 
Disease Treatment of Young Children 
A Brief Note 

Richard N. Fine 

The optimal treatment of young children with irreversible renal insufficiency 
remains controversial, and there is a paucity of data about end-stage renal 
disease (ESRD) therapy in this age group. Once ESRD develops, the technical 
capability exists to initiate either hemodialysis or peritoneal dialysis. Although 
there are minimal data validating the efficacy of long-term intermittent 
peritoneal dialysis (IPD) or continuous ambulatory peritoneal dialysis (CAPD) 
in young children, it would seem advantageous to consider IPD preferentially 
in young children. This preference should be considered because of the 
minimal amount of technical expertise required to implement IPD and the 
paucity of technical problems, especially problems related to access devices. 
It must be emphasized that limited data are available about the course of 
dialysis in young children. 

Similarly, limited data are available regarding the long-term outcome of 
renal transplantation in young children. Rizzoni et at. (1980) recently reviewed 
the literature concerning renal transplantation in children less than 5 years 
of age and added the experience at Children's Hospital of Los Angeles 
(CHLA) over a lO-year period. The CHLA experience differed from that 
of the group from Minnesota (Hodson et at., 1978) in that the outcome of 
transplants in young children was poorer than the overall CHLA results, 
whereas the Minnesota group reported similar results in both young and 
older children. It should be noted that most of the allografts were from 
cadaver donors in Los Angeles and from living related donors in Minnesota. 
These data indicate that current information requires dissemination if parents 
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of young children with ESRD are to be given a dispassionate assessment of 
the -potential outcome from various treatment modalities. 

The current status of all children less than 5 years of age at the initiation 
of ESRD treatment who were treated initially at CHLA, and more recently 
at the University of California, Los Angeles, Center for Health Sciences, 
during the past 14 years, is reviewed here. 

The characteristics of the children are listed below: 

1. Patient material: During the 14-year period February 1967 to 
February 19S1, 29 children less than 5 years of age received ESRD 
care. Of the 29 children, 13 were female and 16 were male. 

2. Age: At the initiation of treatment, the children were 7/12 to 4-S/12 
years of age; three were less than 1 year old. 

3. Primary disease: The following is the distribution of primary diseases 
among the 29 ESRD children: obstructive uropathy, seven; hypo­
plasia/dysplasia, seven; focal segmental glomerulosclerosis, five; hem­
olytic uremic syndrome, four; cortical necrosis/acute tubular necrosis, 
two; oligomeganephronia, membranoproliferative glomeruloneph­
ritis, antitubular basement antibody glomerulonephritis, bilateral 
Wilms' Tumor (one each). 

4. Initial ESRD treatment modality: Hemodialysis was the initial mod­
ality in 20 children; IPD in seven; CAPD in one; and one child 
received an initial cadaver donor transplant without prior dialysis. 

5. Transplantation: Of the 29 children, 23 received 40 renal allografts 
from five live related and 35 cadaver donors. All the living related 
donor transplants were initial allografts, whereas IS of the cadaver 
donor allografts were first, 12 were second, four were third, and 
one was a fourth allograft. Currently, two of the five living related 
and 9 of 35 (three first, four second, and two third) cadaver donor 
allografts are functioning. 
The etiology of the 29 allograft failures was as follows: acute 
rejection, 16; chronic rejection, three; technical failure, four; re­
currence of original disease one; and five children died with a 
functioning allograft. The incidence of technical failures and of 
patient deaths in this group of young recipients is higher than that 
observed in older children. Some of the patient deaths were attrib­
utable to overzealous attempts to salvage a rejecting allograft in a 
recipient who tolerated hemodialysis poorly. 

6. Current status: Of the 29 children, 23 received one or more renal 
allografts and six received dialysis only. Two died on dialysis and 
four are currently undergoing dialysis therapy. Of the 23 allograft 
recipients, 11 currently have a functioning allograft, ten have died, 
and two are undergoing dialysis. All six patients currently undergo­
ing dialysis are receiving peritoneal dialysis (IPD four and CAPD 
two). 

7. Patient deaths: Of the 12 patients who died, the interval between 
initiation of ESRD treatment and death was as follows: less than 6 
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months, four; 6-12 months, one; 1-2 years, three; 3-4 years, two; 
5-6 years, one; lO-l1 years, one. 

Summary 

Twenty-nine children, 7 months to 4% years of age, received ESRD 
treatment over a 14-year period. Currently, 11 of23 (48%) allograft recipients 
have functioning allografts, six patients are undergoing dialysis, and 12 
(41 %) have died. These data indicate that the outcome of ESRD care in 
young children is poorer than that of older children. 
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35 
The European Experience with 
Treatment of End-Stage Renal Disease 
in Young Children 

Michel Broyer, Raymond Donckervolke, Felix Brunner, 
Hans Brynger, Claude Jacobs, Peter Kramer, 
Neville Selwood, and Antony Wing 

In developed countries children with terminal renal failure are accepted in 
dialysis-transplant programs. There is nevertheless an age limit under which 
these programs are not currently applied. For arbitrary reasons this limit 
has been fixed at 5 years in some countries, but not in others, where the 
treatments have been applied more broadly when feasible. This chapter 
deals with the European experience in treating children less than 5 years of 
age by dialysis and transplantation through two sources: (1) European Dialysis 
and Transplant Association registry-for general information; (2) Hopital 
des Enfants Malades (Paris)-to provide more details on some points. 

1. European Dialysis and Transplant Association (EDTA) Registry 

1.1. Number of Patients 

At review (December 31, 1979), 128 children less than 5 years of age 
were listed on the EDT A registry out of 2175 patients less than 15 years of 
age, that is, 5.8%. In fact, the number of young patients varied markedly 
from 1.7% in the United Kingdom to 12% in Israel (Table 1), the highest 
figures probably giving a more exact description of the patient population. 
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Table 1. European Pediatric Registry, December 31, 1979a 

Total <5 years at 
number onset Percent 

Belgium 74 6 8 
Denmark 43 4 9.3 
France 441 50 11.5 
DDR 63 2 3.1 
GFR 289 11 3.8 
Israel 49 6 12 
Italy 248 13 5.2 
Netherlands 112 8 7.1 
Spain 115 10 8.6 
Sweden 47 1 2.1 
Switzerland 52 3 5.7 
UK 401 7 1.7 
Others 95 6 

Total 2175 128 5.8 

a From Donckervolke et al. (1980). 

The number of new patients less than 15 years of age accepted each year 
increased regularly in Europe from 100 in 1970 to 300 in 1977 and then 
seemed to reach a plateau. The progression of the annual number of new 
patients less than 5 years is much more irregular, probably indicating the 
absence of a definite policy for patients of this age group. 

The sex ratio of children less than 5 years at the start was 0.63 with an 
excess of males as contrasted to a sex ratio of 0.50 for all children on the 
registry. 

1.2. Age at Start of Treatment 

Age at start of treatment varied from 1 year to 4 years 11 months, with 
the following distribution: 

1-2 years: 17 
2-3 years: 30 
3-4 years: 37 
4-5 years: 44 

1.3. Primary Renal Disease 

The primary causes of renal failure were glomerular disease, 28% (36/ 
128); hemolytic-uremic syndrome and/or cortical necrosis, 21% (281128); 
and a group including hypoplastic kidney, dysplastic kidney, uropathy, and 
pyelonephritis, 21 % (27/128). Some rare causes are also represented such as 
nephronophthisis, 7% (91128); Wilms' tumor, 5% (61128); polycystic disease, 
2% (3/128); and oxalosis, 2% (3/128). 
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Table 2. Suroival Rates 

Age 
(years) n 1 year 2 years 

0-4 109 84% 73% 
5-9 481 87% 74% 

10-14 1285 88% 81% 

1.4. Mode of Treatment 

The majority of patients were treated by intermittent hospital hemodi­
alysis (HD). Peritoneal dialysis (PD) was used as an alternative to HD. Thus 
66 children were treated by HD alone, 40 children by both HD and PD, and 
seven by PD alone. In addition, eight patients were treated at home, three 
by HD and five by PD. Finally, seven children were transplanted directly 
without a preliminary period of hemodialysis. 

Fifty-seven patients received kidney transplantation, 45 from a cadaver 
donor and 12 from a living related donor. 

On December 31, 1979, 86 patients were alive; 36 were treated by HD 
in hospital and one at home; three were treated by PD at hospital and two 
at home; and 44 had a functioning renal transplant. 

1.5. Survival 

The overall survival of all patients less than 5 years of age was 68% (86/ 
128). Mortality was higher on dialysis 28% (34/121) than after transplantation 
17% (8/44). 

Actuarial survival was lower in the age group 0-4 than in the other 
pediatric age groups for hospital hemodialysis (Donckervolke et ai., 1980) 
(Table 2). 

1.6. Causes of Death 

The causes of 15 deaths on dialysis (three on PD) and seven deaths after 
transplantation are documented. Infection was more frequent cause of death 
in this age group than in the whole pediatric group: respectively, 4/15 (26%) 
on dialysis and 3/7 (42%) after transplantation versus 11 % and 28% of all 
deaths of children on the registry (Scharer et ai., 1976). Vascular causes of 
death were less frequent: respectively, 5/15 (33%) on dialysis and 117 (16%) 
after transplantation versus 63% and 32% of all deaths of children on the 
registry. In two cases death was due to voluntary interruption of dialysis 
treatment. Seven patients less than 5 years of age were lost to follow-up in 
specialized centers. They probably died after withdrawal from the dialysis 
center. 
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1.7. Transplantation 

Fifty-seven transplantations had been performed in these patients, 45 
from a cadaver donor. Twenty-nine of the cadaver grafts were achieved 
before age 5 (2-5 years) and 16 afterward (5V2-9 years). The graft survival 
was 53% at 1 year for children 1-5 years and 67% for children more than 
5 years of age. Seven children died after cadaver kidney transplantation: six 
of them belong to the group of children who had been transplanted at less 
than 5 years of age and one to the group of older children. 

The mean waiting time for transplanting these young children was 16 
months. In fact, this time was very variable from one country to another (1 
month in the United Kingdom to 28 months in France). 

Twelve patients received a live related kidney, eight before age 5 and 
four after this age. At the last recording all these grafts were functioning 
except in one patient who died at age 21-8/12 years. 

2. Data from the Hopital des Enfants Malades 

2.1. Number of Patients 

Thirty-three children less than 5 years and more than 16 months of age 
had been accepted on a dialysis-transplant (DT) program from 1969 to 1981 
in this center, that is, 17% of the total number of children and adolescents 
less than 16 years accepted during the same period of time for the same 
reason (n = 190). The sex distribution was even more asymmetric than in 
the European registry with seven girls versus 26 boys (sex ratio: boys = 0.78 
versus 0.63 in the EDT A). 

2.2. Etiology of Renal Failure 

Etiology was as follows: glomerular disease (12), hemolytic-uremic 
syndrome (4), hypoplastic kidney, dysplastic kidneys, ± urinary tract abnor­
malities (10), and others (7). In these young patients some special glomerular 
diseases ,were found: diffuse mesangial sclerosis (7), congenital nephrotic 
syndrome (Finnish type) (2), focal and segmental sclerosis (1), anti-GBM 
nephropathy (2). 

2.3. General Approach and Mode of Treatment 

These evolved with time. The difficulty of maintaining a permanent 
blood access with external bypass techniques explains the frequent and 
repeated use of intermittent peritoneal dialysis (IPD) during the first years. 
Since 1973 internal fistulas were systematically created. Improvement of 
surgical techniques (use of microscope) and availability of adapted artificial 
vessels allowed continuation of hemodialysis without the need of PD periods. 
Recently home continuous ambulatory peritoneal dialysis (CAPD) was applied 
preferentially in three cases instead of HD. 
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The present status of this group of patients (n 33) is as follows: on 
hemodialysis-13, on CAPD-four, with a functional transplant-nine, and 
deceased-seven. 

The seven deaths occurred-except one-before 1975, six on HD and 
one on PD. All children were registered as soon as possible on the cadaver 
transplantation program. 

2.4. HD 

2.4.1. Dialysis Schedule 

The children initially received two dialysis sessions per week. A better 
approach has been applied during the last years since it was found that three 
sessions per week were needed to avoid mineral and water overload in these 
young patients (taking into account their food intake). Time on dialysis was 
usually 9-15 hr/week according to residual diuresis and compliance to dietary 
recommendations. 

2.4.2. Dialyzers 

The dialyzers used were related to the size of patients according to 
several principles: 

1. Dialyzer surface arealbody surface area ratio around 1 
2. Dialysis or urea at the rate of about 3 ml/kg body weight and no 

higher than 5 ml/kg body weight 
3. Extracorporeal blood volume less than 10 mllkg body weight 

Precise monitoring was applied during the sessions using control of 
weight and permanent control of ultrafiltration (Rhodial, or special module) 
with special procedures for the first sessions (e.g., mannitol, diazepam, 
phenobarbital). 

2.4.3. Vascular Access 

Internal fistulas using the humeral artery and a cephalic vein in children 
less than 8-12 kg of body weight were systematically created since 1973 even 
in very young patients. The radial artery was used in children above this 
weight. Of 19 children accepted after 1973 on the DT program, (1) six had 
no complications of vascular access and were treated for periods up to 3 
years; (2) nine had thrombosis of the fistula either immediately or after 2-
20 months leading to the need for creation of another fistula; among these 
nine children, four were submitted to several operations including vascular 
grafts and had recurrent thrombosis; (3) in four other patients other 
complications were observed: two infections, one stenosis with surgical 
revision, and one hand ischemia which is improving progressively. Cardiac 
failure was observed in one case and was attributed at least partly to a high-
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flow humeral fistula, since cardiac symptoms disappeared after partial 
ligation. Four children received one or two vascular grafts after thrombosis 
of radial or humeral fistulas. These grafts remained functional in two cases 
but were rapidly thrombosed in two others. 

2.4.4. Complications 

Anemia was not more severe than in older children. Mean hematocrit 
was the same in the two populations in 1980: 19.2%. Bone disease was more 
frequent in young patients: seven children of this series developed signs of 
renal rickets and hyperparathyroidism in spite of vitamin D preventive 
therapy, that is, 23% of patients versus 14% in the whole series of the Hopital 
des Enfants Malades. Five of these children improved with medical treatment, 
but two patients had to be submitted to parathyroidectomy. . 

Seizures developed in two patients (no more frequently than in older 
children) and were controlled by phenobarbital. 

Except for one child who died after coming back to dialysis following a 
transplantation failure at 13 years, all deaths occurred before 5 years of age. 
The causes of these deaths were pulmonary edema (two), myocardial ischemia 
(one), Wilms' tumor (one), anaphylactoid shock (one), and voluntary inter­
ruption of the treatment in a severely brain-damaged child (one). 

2.5. IPD 

IPD was used as the only treatment in four cases, and sequentially or 
alternately with hemodialysis in nine cases, especially before 1975. Two 
patients were treated at home for periods exceeding 2 and 3 years, respec­
tively, and the others were treated in hospital. In all the cases dialysis was 
performed through a Tenckoff catheter with an automatic cycling machine 
(LKB) using sterile dialysate. The children were generally treated 2 x 24 
hr/week. 

Obstruction of the catheter was observed 14 times in seven patients, 
leaks three times in two patients, and evisceration twice in one patient. 
Peritonitis occurred 15 times in seven patients out of the 11 treated at the 
hospital and only once in the two patients treated at home (one episode per 
5.5 months in hospital and one per 63 months at home). One patient treated 
at the hospital died from peritonitis. These complications explain why hospital 
intermittent PD was practically abandoned after 1975. 

2.6. CAPD 

Four patients aged 2V2 to 5 years have been treated by CAPD for 
periods of 6-20 months. One of them who was switched from IPD to CAPD 
had four episodes of peritonitis. One catheter obstruction and one leak were 
observed in one other patient at the start of this treatment. At the present 
time these four patients continue to be treated by CAPD with satisfactory 
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results. CAPD results seem similar in young patients and in older children, 
with the exception that leakage of peritoneal protein is more marked in 
younger children. 

2.7. Transplantation 

In the Enfants Malades series, only two patients were transplanted under 
5 years of age. As a matter of fact, the mean waiting time on dialysis was 28 
months because of shortage of cadaver kidneys in France and availability of 
living related donors. A total of 11 children with onset of renal failure prior 
to 5 years of age have been transplanted with cadaver kidneys. None have 
died. At the present time two kidneys have been rejected after 6 and 2 years, 
respectively, and the nine others remain functionning for periods of 5 
months to 7 years. No special complication related to the young age of the 
patients could be recorded. The high level of graft survival could be related 
to the number of transfusions during the dialysis period. 

2.8. Body Growth 

On hemodialysis, 20 cases are well documented: 11 had a negative 
standard deviation score (SDS), three continued to grow on the same standard 
deviation (SD) line (SDS = 0), and six had some catchup growth. The mean 
SDS for these 20 patients since the start of hemodialysis and eventually up 
to 5 years of age was - 0.26/year, and if the analysis is limited to the 14 
patients referred during the last 5 years, the mean SDS was - 0.05/year. 
These figures are clearly above the mean SDS of - 0.36/year recently 
described in a large prepubertal population (Kleinknecht et at., 1980). 

On peritoneal dialysis and CAPD the data are too limited to deserve a 
report. They do not seem different from hemodialysis; the two patients on 
CAPD for the longest period, 20 and 8 months, respectively, continued to 
grow on their line. 

2.9. Psychologic Factors and Schooling 

Tolerance to venipuncture was generally accepted, except for two 
patients. Between dialysis these children looked like other children. Their 
psychomotor development remained in the normal range. 

At the present time 26 (26/33) patients who started the DT program 
before 5 years are alive. Eleven remain less than 5 years old and are in 
kindergarten. Fifteen are aged 6-13 years; ten are in school full time at an 
appropriate level, three are in school part time, and two have medical 
problems preventing normal schooling. 

2.10. Hyperconservative Treatment 

In very small children both HD and PD may be impractical. In this 
situation survival remains possible in spite of a creatinine clearance less than 
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3 mllmin per 1.73 m2 with a special diet using a-keto and OH analogues of 
amino acids and strictly calculated intakes of water and minerals. This 
approach was applied to three patients 6-10 months of age weighing 4-6 
kg at the start and who survived up to 9 months in spite of terminal uremia. 
Two of these children belong to the present series and were started on 
hemodialysis as their urine output fell below 10 mllkg per day and vascular 
access became possible. 

3. Conclusion 

Long-term dialysis is often more difficult to apply in young children 
than in older ones for technical reasons. Vascular access could vanish or 
become impracticable, but in these cases peritoneal dialysis could be used to 
allow survival. 

The relatively high mortality rate observed in this series was more related 
to initial inexperience than to special difficulty with this age group. Finally, 
there is no reason to select the limit of 5 years for refusing children on DT 
programs, and if a limit has to be drawn, it would be rather between 1 and 
2 years with the possibility to extend this limit using the "hyperconservative" 
approach. 
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36 
Prognosis of Renal Disease in Infancy 

T. M. Barratt, J. Fay, and S. P. A. Rigden 

1. Introduction 

Although it is generally agreed that renal transplantion should be available 
for children over 5 years of age, there is less certainty about the correct 
policy for younger children with end-stage renal failure, particularly those 
in the first year of life, in whom the results of transplantation are less good 
than at other ages (Hodson et at., 1978). In order to formulate the appropriate 
policy for this age group, however, a prerequisite is an accurate knowledge 
of the natural history of renal disease presenting in the first year of life. 
Such knowledge is also important for the pediatricians responsible for the 
care of these babies in the first instance, and it has been our experience that 
an inappropriate air of pessimism at the time of initial diagnosis has interfered 
with mother-child bonding and with the institution of the detailed medical 
care necessary in the first months of life to obtain best results. We have 
reviewed the 711 infants admitted to the Nephrology and Urology Depart­
ments of the Hospital for Sick Children, Great Ormond Street, London, 
during 1971-1980 with this problem in mind (Barratt et at., 1982). 

2. Survival 

The principal causes of death from chronic renal disease in the first 
year of life in infants who have actually passed urine after birth are the 
congenital nephrotic syndrome, infantile polycystic disease, and renal hy­
poplasia/dysplasia. Survival in these groups is illustrated in Fig. 1. 
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Figure 1. Survival of neonates with congenital nephrotic syndrome, or with infantile polycystic 
disease, and of infants with renal dysplasia and chronic renal failure (discharge plasma creatinine 
> ISO fLmoles/liter). 

2.1. Congenital Nephrotic Syndrome 

Nephrotic syndrome appearing in the first months of life is heteroge­
neous, but the group as a whole has a deservedly bad reputation. However, 
6 of the 19 children survived to 2 years, and although most were dead by 5 
years of age, one boy (with mesangial proliferative glomerulonephritis on 
biopsy) was still alive at 91/2 years of age. 

2.2. Infantile Polycystic Disease 

Infantile polycystic disease presenting in the neonatal period also is 
generally assumed to carry a poor prognosis, but in fact more than half such 
patients will still be living at the age of 5 years, and it is very difficult to 
offer at presentation an accurate prediction of outcome. 
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Table 1. Infants with Renal Dysplasia and Chronic Renal 
Failure,a Hospital for Sick Children, Great Ormond Street, 

1971-1980 

Isolated dysplasia 
Reflux 
Urethral valves 
Absent abdominal muscles 

a Plasma creatinine> 150 j.Lmoleslliter. 

2.3. Renal Dysplasia 

CRF 
n (Pc> 150 J.Lmoleslliter) 

19 
82 
89 
24 

12 
17 

9 
6 
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In this chapter we use the term renal dysplasia in a loose sense, encom­
passing all small misshapen kidneys presumed abnormal at birth, and we 
have not restricted it to strict histological usage. There is a clear association 
of such kidneys with urological problems, and insofar as our hospital has 
had a strong tradition of urological surgery in infants, these cases are well 
represented in the present series. These babies can be subdivided into four 
main groups: those without urological abnormality, and those with vesicour­
eteric reflux, with posterior urethral valves, and with absent abdominal 
musculature. We have further identified a subgroup with chronic renal 
failure on the basis of a sustained plasma creatinine concentration above 150 
J.1moVliter after discharge from their first hospital admission, problems of 
salt depletion, infection, and urinary obstruction having been corrected 
(Table 1). 

Half of such children are living at 5 years of age; the majority of deaths 
have occurred in the first month of life ("deaths" include regular dialysis or 
transplantation) (Fig. 1). The current status of the 44 children with renal 

Table 2. Status at 2 Years of Infants with Renal Dysplasia 
and Chronic Renal Failure 

Alive 
Dead 
Age < 2 years 

Total 

Discharge plasma creatinine 
(J.Lmoleslliter) 

150-300 >300 

17 5 
6 7 
5 4 

28 16 
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Figure 2. Current status of infants with renal dysplasia and chronic renal failure (discharge 
plasma creatinine> 150 fLmoles/liter). 

dysplasia and chronic renal failure is shown in Fig. 2. Six (21 %) of the 28 
children with a discharge plasma creatinine concentration between 150 and 
300 j-Lmoles/liter died under the age of 2 years, in contrast to seven (44%) 
of the 16 with discharge plasma creatinine concentration above 300 j-Lmolesl 
liter (Table 2). There is apparently a decline in reciprocal plasma creatinine 
concentration with increasing age in the survivors, but this does not necessarily 
imply a decline in glomerular filtration rate (GFR), which is more closely 
related to the height/creatinine ratio (Counahan et at., 1976). 
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3. Growth 

Impaired growth of the infant with chronic renal insufficiency is a well­
known phenomenon and is a major factor in the overall outcome of later 
dialysis and transplantation in the survivors. Many factors have been iden­
tified, particularly calorie deprivation, osteodystrophy, and acidosis, and 
undoubtedly the metabolic disturbance in the uremic infant is complex Gones 
et ai., 1980). The evidence points to growth in the first year of life as the 
principal determinant for subsequent growth, and it is indeed difficult to 
recoup ground lost at that age (Betts and McGrath, 1974). As an overall 
measure of success in the management of these infants we have therefore 
taken the height standard deviation (S.D.) score at the chronological age of 
2 years (Tanner et at., 1966). The data on the 22 available infants are shown 
in Fig. 3; it is well to remember, however, that there may be other causes 
for growth failure in addition to renal failure, for 7 of these 22 infants had 
abnormalities in other systems than the urinary tract, some being already 
small for dates at birth. Nevertheless, the data are disturbing, with only five 
(23%) being within 2 S.D. of their expected height for chronological age. 

Since 1977 we have run a special clinic for uremic infants, allocating to 
it a research fellow, dietitian, and social worker and paying special attention 
to calorie intake, salt and acid-base balance, and the prophylactic use of la­
hydroxycholecakiferol (Rigden et ai., 1980). If such detailed attention were 
worthwhile, it should be discernible in an improvement in the 2-year height 
SD scores. There is indeed a correlation between the 2-year height SD score 
and the year of birth (Spearman rank correlation coefficient + 0.42, p < 
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0.05), but, in our hands at least, the growth of these infants is still far from 
satisfactory. 

4. Conclusions 

Infants with infantile polycystic disease or with renal dysplasia and 
chronic renal failure (plasma creatinine> 150 /-Lmoles/liter) have an approx­
imately 50% chance of survival to the age of 5 years, but growth in the latter 
group is poor and has improved only slightly during the past decade. 
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Physicians have become increasingly aware that the promise and potential 
of the current pharmacopeia is but one blade of a double-edged sword. 
Drug-induced disease is an alarming problem in every area of medical 
endeavor and indeed has had a major impact on the incidence, nature, and 
natural history of commonly encountered renal disease (Table 1). The broad 
array of modern nephrotoxins includes, among others, the penicillin homo­
logues and antifungal, antiinflammatory, and antineoplastic agents. How­
ever, this introduction will concentrate on the two classes of drugs of greatest 
epidemiologic importance, i.e., radioiodinated contrast materials and ami­
noglycoside antibiotics. 

1. Radioiodinated Contrast Materials 

Since the introduction of contrast media over 50 years ago, their use 
has become indispensable in routine diagnostic evaluation. A variety of 
procedures, including urography, cholecystography and cholangiography, 
angiography, and computed tomography, are widely employed, and the 
contrast agents utilized are generally well tolerated. However, in a small 
percentage of all patients undergoing such examinations, acute deterioration 
of renal function occurs (Table 2). The recognition that in some patients the 
risk of renal injury is considerably greater has led to numerous case reports 
and series(l-4) and to reviews(l) and editorial comment.(5,6) Part of our 
purpose here is to review selected aspects of this entity and to identify 
questions that merit investigation. The proposed pathogenetic mechanisms 
are several, and as they will be discussed in depth by Dr. Cronin in Chapter 

Mark H. Gardenswartz, Jan P. Goldberg, and Robert W. Schrier • Department of Medicine, 
University of Colorado Health Sciences Center, Denver, Colorado 80262. 
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Table 1. Etiolog;y of Acute Renal Failurea 

Percent acute renal failure 

Medical 
problems 

Source Years n Toxin Trauma Surgery and sepsis Mise. 

Levinsky and 1959-1972 2200 9 9 43 26 13 
Alexander(51) 

McMurray et ai.(52) 1967-1975 276 11 18 42 23 5 
Anderson et ai. (28) 1975-1976 92 21 24 50 5 
Galpin et al.(53) 1978 43 33 5 21 40 2 

a Overall toxins: 261 out of 2611 = 10%. From ref. 50. 

39, they will not be considered here. Therefore, the following remarks will 
summarize the clinical state of the art of contrast nephrotoxicity. 

1.1. Risk Factors 

Historically, the first patient subgroup to highlight the potential risk of 
contrast procedures was that of patients with multiple myeloma.(7,8) Subse­
quently, as hydration was demonstrated to ameliorate the nephrotoxic risk 
in this group of patients,(9-11) other risk factors became evident (Table 3). 
In an extensive recent review by Byrd and Sherman, (I) the accumulated 
experience from several recent series was collated, as shown in Table 4. A 
constellation of apparent risk factors has emerged, though in several cases 
the independent contribution of one factor to the patient's risk is difficult 
to discern. 

Table 2. Incidence of Acute Renal Failure after Contrast Proceduresa 

Source Year 

Metys et ai. (54) 1971 Angiogram 
Reiss et ai. (55) 1972 Angiogram 
Port et al. (56) 1974 Angiogram 
Older et ai. (57) 1976 Angiogram 
Swartz et al. (58) 1977 Angiogram 
Byrd and Sherman(l) 1978 IVP, angiogram, CAT, 

OCG 
Krumlovsky(l7) 1978 IVP, angiogram, OCG, 

IVC 

a From ref. I. 

No. 
studied 

110 
2,710 
7,400 

90 
109 

12,000 

7,125 

Cases of acute renal 
failure 

No. Percent 

0 0 
8 0.29 
8 0.1 
9 10 

14 13 
18 0.15 

8 0.11 
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Table 3. Frequency of Known and Suspected Risk Factorsa 

1. Advanced age (mean = 70 years, range = 28-87) 60 years 
or older 

2. Prior renal insufficiency (SeT 1.6 mgldl or over) 
3. Dehydration (examination, 110, weights) 
4. Hyperuricemia (8.0 mgldl or over) 
5. Diabetes mellitus 
6. Multiple-contrast exposure within 24 hr 
7. Proteinuria (over 1 g/24 hr) 
8. HypoalbumineIpia 
9. Multiple myeloma 

a From ref. 1. 

1.1.1. Prior Renal Insufficiency 

18/23 

16/24 
14/24 
12/24 
9124 
8/24 
5/24 
4/24 
1124 

(78%) 

(67%) 
(58%) 
(50%) 
(37%) 
(33%) 
(21%) 
(17%) 

(4%) 
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Prior renal insufficiency is now well accepted as a factor predisposing 
to radiocontrast nephrotoxicity. Early reports that urography in azotemic 
patients was not particularly hazardous(l2.13) have been contradicted in several 
more recent series, in which the incidence of preexisting renal insufficiency 
ranged from 50% to 76% percent.(I.14-17) In one series(l) the only risk factor 
that occurred by itself was prior renal insufficiency. In a recent prospective 
survey by Shafi et al. (2) pre- and posturographic renal function was analyzed 
in 40 patients with chronic renal insufficiency. A 25% loss of renal function 
was observed in 11 of 12 diabetic patients (92%) (Fig. 1) and in 17 of 28 
nondiabetic patients (61 %) (Fig. 2). This incidence .in nondiabetic azotemic 

Table 4. Clinical Course and Risk Factors in Recent Series ofBeterogeneous Patient 
Populationsa 

Byrd and Alexander et Krumlovsky et Ansari and 
Sherman(l) al.(14) al.(l?) Baldwin(15) 
(n = 24) (n = 7) (n = 14) (n = 25) 

Advanced age (mean) 70 63 64 62 
. age 60 or over 80% 72% 64% 76% 
Prior renal insufficiency 67% 72% 50% 76% 
• SeT (predye) 2.0 2.9 2.4 2.4 
Dehydration 58% 57% "Frequent" 36% 
Diabetes mellitus 37% 43% 21% 44% 
Hyperuricemia 50% 40% 29% 
Hypertension 86% 
SeT (mg/dl) 

Range 2.0-8.8 2.5-12.0 1.5-7.2 2.6-11.6 
Mean 4.0 6.8 4.2 5.6 

Return to predye SeT 80% 72% 79% 64% 
Dialysis required 0% 43% 7% 8% 
Mortality 4%h 0% 0% 20% 

a From ref. 1. 
b Death not directly caused by renal failure. 
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Figure 1. Radiocontrast nephrotoxicity in diabetic patients with chronic renal insufficiency. 
Serial serum creatinine levels from before and after excretory urography. (From ref. 2.) 
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Figure 2. Radiocontrast nephrotoxicity in nondiabetic patients with chronic renal insufficiency. 
Serial serum creatinine levels from before and after excretory urography. (From ref. 2.) 
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Figure 3. Reversible radiocontrast-induced renal deterioration in diabetic patients with chronic 
renal insufficiency. Serial serum creatinine levels from before and after excretory urography. 
(From ref. 19.) 

patients was somewhat unexpected, but underscores the risk of urography 
in this group of patients. 

1.1.2. Diabetes Mellitus 

Diabetes mellitus has been recognized recently as a major risk factor, 
particularly in patients with diabetic nephropathy and prior renal insuffi­
ciency. Although several series have documented a predictable, alarming 
risk of acute renal deterioration in azotemic diabetics,(I,2,15,18-21) (Figs. 3-5), 
11 % of the diabetic patients with contrast nephrotoxicity in the literature 
did not have preexisting renal insufficiency.(l) The increased risk of contrast 
radiography in diabetics is particularly unfortunate in view of their incidence 
of generalized and coronary vascular disease and of renal and urologic 
disease which often necessitates such examinations. 

1.1.3. Advanced Age 

Advanced age has been a prevalent finding in a number of series 
reporting contrast nephrotoxicity. Whether this reflects merely the older age 
of patients examined with contrast media or actually represents an increased 
susceptibility to toxic renal injury in the aged is unclear. The latter possibility 
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Figure 4. Irreversible radiocontrast-induced renal deterioration in diabetic patients with chronic 
renal insufficiency. Serial serum creatinine levels from before and after excretory urography. 
D represents the starting of dialysis. (From ref. 19.) 

could result from underlying vascular disease in the elderly, or from an age­
associated decrease in renal function. That vascular disease may contribute 
to the risk of contrast radiography has been suggested by Shafi et al. (2) and 
Heneghan(5) and is supported by the prominence of hypertension and 
diabetes in the profile of patients affected with contrast nephrotoxicity. 

1.1.4. Other Factors 

Other factors have been suggested as contributing to the risk of contrast 
nephrotoxicity, including hypertension, dehydration, and hyperuricemia. 
Hypertension has been considered a prominent risk factor,(2,20) but its 
common occurrence with renal insufficiency and/or diabetes precludes 
quantitation of its role. Dehydration is thought to compound the existing 
risks in susceptible patients, though this also is unproven,09) and adequate 
hydration does not necessarily protect against renal failure.(2,15,18,20,22) Hy­
peruricemia generally occurs against a background of renal insufficiency 
and/or dehydration, and the case for its independent contribution to radio­
contrast-induced acute renal failure is similarly tenuous. Other risk factors 
which have been proposed, but whose independent contribution is probably 
negligible, include high dose of contrast, impaired hepatic function, conges­
tive heart failure, and hypoalbuminemia. 
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Figure 5. The distribution of patients in the three groups plotted versus age at onset of 
diabetes and serum creatinine levels at time of intravenous pyelography. Age at onset of diabetes 
of below 40 years is associated with a high incidence of renal failure. If the creatinine level is 
also above 5 mg/lOO ml, the risk of sustaining irreversible renal failure increases considerably. 
All patients who sustained irreversible damage had the onset of diabetes at less than 40 years 
of age and had a creatinine level of 5 mg/IOO ml or more. (From ref. 19.) 

1.2. Clinical Features 

Whatever the clinical setting, radiocontrast-induced acute renal failure 
generally presents with oliguria, though a nonoliguric presentation is not 
rare (Table 5). In fact, the proportion of affected patients whose urine 
output remains adequate may depend somewhat on the vigor with which 
evidence of decreased renal function is sought. In the prospective survey of 
Shafi et at. (2) in which patients with preexisting renal insufficiency were 
studied closely for evidence of renal failure, the affected group nevertheless 
maintained a urine output of approximately 1200 mllday. This series supports 
the contention that many episodes of nonoliguric radiocontrast-induced 
acute renal failure escape our clinical recognition. Whether oliguric or 

Table 5. Clinical Characteristics of Radiocontrast-Induced Acute 
Renal Failure 

1. Oliguric more often than nonoliguric 
2. Rapid onset-within 24 hr 
3. May have low UNa, FENa 
4. Serum creatinine peaks within 1 week 
5. Moderate severity-usually self-limited 
6. Return to baseline serum creatinine in greater than 75% 
7. Mortality-less than 5-10% 
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nonoliguric, radiocontrast-induced acute renal failure occurs soon after the 
examination and generally peaks within the first week thereafter. Though 
the clinical syndrome is generally that of "acute tubular necrosis (A TN)," 
some oliguric patients have been reported with urine sodium concentrations 
of less than 20 meqlliter(16) and a persistently low fractional excretion of 
sodium. (23) 

The serum creatinine eventually returns to baseline in more than 75% 
of cases, though permanent renal injury, and the need for acute and chronic 
dialysis, are well documented. (1,19,21) The management of radiocontrast­
induced acute renal failure is identical to that of acute renal failure of any 
other cause, though this syndrome tends to be of mild to moderate severity 
and is usually self-limited. Its mortality is less than 5-10% in most centers. 
Clearly the best approach lies in the attempt to avert this problem though 
an appreciation of its clinical setting, minimization of pertinent risk factors, 
and abstemious use of radiocontrast procedures unless the information 
gained is clearly necessary for the patient's best interest. 

2. Aminoglycoside Antibiotics 

The other class of nephrotoxic agents that is of compelling epidemiologic 
importance is that of the aminoglycoside antibiotics. Aminoglycosides have 
formed the cornerstone of therapy in the treatment of gram-negative 
infection over the past two decades. Now that gram-negative organisms 
account for the majority of hospital-acquired infections, there is little doubt 
that the use of these agents will increase. Current evidence suggests that 
aminoglycosides are indeed nephrotoxic in therapeutic doses.(24,25) At pres­
ent, 16-30% of acute renal failure is due to nephrotoxic medications, and 
aminoglycosides account for the majority of these agents. (26-28) 

2.1. Incidence 

The incidence of aminoglycoside nephrotoxicity appears to be increas­
ing.(29) In Fig. 6 the incidence of nephrotoxicity is presented from several 
papers and abstracts over the last 10 years. This evident increase in the 
incidence of nephrotoxicity probably relates to several factors. First, the more 
prevalent usage of these drugs and a higher dosage and longer duration of 
therapy have resulted in an increased incidence. In addition, our recognition 
of the problem has been facilitated by more frequent monitoring of renal 
function. 

2.2. Histology 

The histologic lesion of aminoglycoside nephrotoxicity affects the prox­
imal tubule primarily, with occurrence of cellular necrosis, and the earlier 
ultrastructural appearance of myeloid bodies. (25,27) These "myelinlike" 
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Figure 6. Aminoglycoside nephrotoxicity-incidence during the past decade. Data from several 
papers and abstracts covering this period. (With permission from R. Gronin.) 

whorls, which represent the lysosomal ingestion of phospholipid membranes, 
are believed to be a histologic marker of drug administration and tissue 
uptake but do not necessarily correlate with the degree of toxicity. (25) Study 
of the glomeruli, even with electron microscopy, has failed to show glomerular 
histologic damage, despite the physiologic finding of a decreased glomerular 
capillary ultrafiltration coefficient in this entity. (30) 

2.3. Renal Tissue Binding 

The extent of aminoglycoside nephrotoxicity has been correlated with 
both the number of free amino groups on the antibiotic molecule(31,32) and 
the degree of renal cortical tissue binding of the drug, This latter correlation, 
though imperfect (netilmicin appears to be less nephrotoxic than gentamicin 
despite comparable tissue binding), (33,34) has important clinical implications. 
As a result of tissue binding, parenchymal drug levels may be concentrated 
20-fold over serum levels, (35) After a single injection, the half-life of gentam­
icin in serum is 30 min, but in renal tissue it is 109 hr. (32) The observation 
that acute renal failure can occur after discontinuation of the aminoglycoside, 
and that recent exposure to aminoglycosides is a risk factor for nephrotoxicity, 
can be explained by the long tissue half-life of these drugs. 

2.4. Clinical Features 

Aminoglycoside nephrotoxicity presents as renal insufficiency with other 
characteristic abnormalities (Table 6). The urinalysis may demonstrate cylin­
druria, proteinuria, glycosuria, and enzymuria. (36) Urinary concentrating 
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Table 6. Aminoglycoside Nephrotoxicity 

1. Reduce glomerular filtration rate 
2. Impair urinary concentration 
3. Enzymuria 
4. Proteinuria 
5. Glycosuria 
6. Electrolyte abnormalities 

ability is also impaired. (29) Azotemia ensues, and characteristic electrolyte 
abnormalities, including hypokalemia, may occur. In a more chronic setting, 
hypomagnesemia, hypocalcemia, and metabolic alkalosis have been demon­
strated.(37,38) 

Two clinical patterns of nephrotoxicity have been observed,(39) The first 
pattern is usually gradual in onset, with a transient rise in the serum 
creatinine, which rapidly reverses with cessation of the drug, This type may 
occur in the absence of predisposing risk factors and may result from 
inadvertent overdosage. Its incidence is 5-10% of the patients so treated. (39) 
The second pattern is characterized by the acute loss of renal function, often 
with oliguria, which occurs in the setting of concomitant risk factors. 
Experience with this syndrome suggests that the entity is generally self­
limited and of moderate severity, with a mortality of 15-20%. (28.40) 

2.5. Risk Factors 

2.5.1. Drug Dose and Age 

Factors known to predispose patients to the development of aminogly­
coside toxicity are listed in (Table 7). (26) The dose and duration of the 
aminoglycoside probably are most important in determining nephrotoxic­
ity. (29) The incidence of nephrotoxicity significantly increases with amikacin 
with advancing age. Lane et at. (41) found a 7% incidence of nephrotoxicity 
in patients aged 16-30 years, whereas in patients older than age 75 years 
there was an incidence of 20% (Fig. 7).(41) Failure to decrease drug dosage 

Table 7. Risk Factors for Aminoglycoside Nephrotoxicity 

1. Dose and duration of aminoglycoside 
2. Renal insufficiency 
3. Advancing age 
4. Recent exposure to other nephrotoxins 

a. Prior aminoglycosides 
b. X-ray contrast 
c. Anesthetic agents 
d. Diuretic agents 

5. Combined use of aminoglycoside and cephalosporin 
6. Potassium depletion 
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Figure 7. Amikacin nephrotoxicity-importance of age as a risk factor. Shown are percentage 
of each age bracket in which renal functional deterioration developed (group A) or did not 
develop (group B). (From ref. 41.) 

in proportion to the reduced glomerular filtration rate seen with advancing 
age is believed to be responsible, at least partially, for this problem. 

2.5.2. Renal Impairment 

Prior renal insufficiency is another factor predisposing to aminoglycoside 
nephrotoxicity. A 20% incidence of nephrotoxicity was seen in patients with 
a serum creatinine of 2.0 mg% prior to antibiotic administration compared 
to an 8% incidence of nephrotoxicity in patients with an initial serum 
creatinine less than 1.3 mg% (Fig. 8).(41) 
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Figure 8. Amikacin nephrotoxicity-importance of prior renal insufficiency as a risk factor. 
Shown are percentage of patients, arranged by pretreatment serum creatinine, whose renal 
function deteriorated (group A) or did not deteriorate (group B). (From ref. 41.) 

2.5.3. Volume Depletion and Furosemide 

Sodium restriction and volume depletion, which have been shown to 
increase cortical parenchymal drug concentration, are associated with an 
increased incidence of amino glycoside toxicity.(35) By extension, furosemide 
is thought to enhance kanamycin nephrotoxicity through its volume-depletion 
effection, though direct toxicity cannot be excluded.(42) Antecedent exposure 
to other nephrotoxic agents such as anesthetics, contrast media, and other 
aminoglycosides was shown to increase the incidence of amikacin nephro-
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Table 8. Prospective Studies of Aminoglycoside-Cephalosporin Nephrotoxicity 

Klastersky et al. (46) 

EORTC(59) 
Wade et al.(45) 

Aminoglycoside 
+ 

cephalosporin 
(%) 

21 
16 
26 

Aminoglycoside 
+ 

penicillin 
(%) 

a p < 0.05; EORTC, European Organization for Research and Treatment of Cancer. 
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toxicity from 7% in amikacin-treated patients without other toxic exposure 
to 22% in patients so exposed.(41) 

2.5.4. Cephalosporins 

The issue of whether cephalosporins enhance or diminish aminoglyco­
side nephrotoxicity is not settled. Animal studies suggest that cephalosporins 
may protect against aminoglycoside toxicity by decreasing amino glycoside 
renal cortical tissue concentration. (43,44) Although previous clinical data had 
been controversial, a recent prospective, randomized, double-blind clinical 
trial comparing cephalothin plus an amino glycoside to methicillin plus an 
aminoglycoside has clearly demonstrated a highly significant increase in 
amino glycoside nephrotoxicity, 25.5% versus 7%.(45) This is in agreement 
with previous clinical studies (Table 8).(46) Recent animal evidence indicates 
that not only is hypokalemia a consequence of gentamicin nephrotoxicity, 
but that potassium depletion itself may enhance aminoglycoside toxicity.(29) 

2.6. Monitoring for Nephrotoxicity 

The widespread use of aminoglycosides, with their potential for good 
and harm, makes the monitoring of a marker of toxicity necessary and 
desirable. Though the routine measurement of serum antibiotic levels has 
been advocated, (27,36,39,47) the true value of such determinations has been 
questioned. (26,48) This skepticism has resulted, in part, from the dissociation 
of peak serum levels of gentamicin from nephrotoxicity in rats. (48) In addition, 
since the aminoglycosides primarily are filtered and excreted, much as is 
creatinine, a case has been made for the measurement of serum creatinine 
rather than following rising serum through drug levels for nephrotoxicity.(26) 
The actual clinical value of serum antibiotic levels thus awaits appropriate 
clinical study. 

Other means of predicting nephrotoxicity have been sought. One animal 
study has demonstrated that early in the course of gentamicin nephrotoxicity 
the urinary excretion of <X2-microglobulin, J3-glucuronidase, and other 
proximal tubular enzymes often preceded azotemia by several days. (29,49) 
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Table 9. Guidelines for Aminoglycoside Administrationa 

1. Maintain an expanded extracellular fluid volume 
2. Adjust dose to glomerular filtration rate, especially in elderly, before and during therapy 
3. Use with caution when an aminoglycoside has been given recently or in the presence of 

other nephrotoxic agents (antibiotics, anesthetics, X-ray contrast) 
4. Using culture results, establish clear guidelines for continuation or discontinuation of 

aminoglycoside when therapy was begun empirically 

a From ref. 26. 

Though this technique may be too sensitive to be practical, it holds promise 
for future investigation. 

Since prevention is always the best form of clinical management, rea­
sonable guidelines to minimize aminoglycoside nephrotoxicity are presented 
in Table 9. 

3. Summary 

The previous discussion has summarized the clinical aspects of two types 
of common nephrotoxins. Our understanding of these entities is based, in 
large part, on empiric and retrospective observations. Though valuable, the 
instruction from this kind of experience is inherently limited. Though 
considerable progress has resulted from decades of disciplined clinical and 
laboratory investigation, the state of our ignorance remains profound. There 
is a sense of challenge in identifying the necessary questions and promoting 
their resolution about such examples of nephrotoxicity. 
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Antibiotic Management of Urinary 
Tract Infection in the Chronic Renal 
Failure Patient 

William M. Bennett 
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Preservation of renal function in patients with established renal failure is an 
important goal in overall management, even in patients who require main­
tenance dialysis. Although hypertension and obstruction have been identified 
as reversible causes of deterioration in renal function, urinary tract infection 
has received little attention. In patients undergoing renal transplantation, 
the native kidneys might serve as a source of sepsis for the immunosuppressed 
recipient. In addition, bacterial antigens in the renal parenchyma could 
trigger rejection episodes. These theoretic possibilities have led to pretrans­
plant bilateral nephrectomy in patients known to have active or remote 
urinary tract infection. Therapy of such patients with antibiotics has not 
been examined critically especially in the context of recent knowledge 
concerning the renal handling of antibiotics in patients with normal and 
impaired renal function. 

Patients with polycystic kidney disease represent a special challenge since, 
in this patient group, residual cystic kidneys may provide the patient with 
enough excretory function to allow a liberal sodium intake and enough 
erythropoietic stimulus to avoid anemia. The management of infection in 
these patients can be difficult since individual cysts may harbor bacteria even 
when the urine is sterile and the patient is without symptoms. Renal 
transplantation in such a patient could prove hazardous although this point 
has not been conclusively established. 

William M. Bennett • Division of Nephrology, Department of Medicine, Oregon Health 
Sciences University, Portland, Oregon 97201. 
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1. Urinary Infection in the Presence of Renal Failure 

A substantial percentage of patients with urinary tract infections have 
involvement of the renal parenchyma, and relapse rates are high if antibiotic 
therapy is not prolonged. (1,2) Suboptimal concentrations of antibiotics might 
be present in patients such as those with advanced renal insufficiency and 
consequently impaired ability to filter, concentrate, or transport antimicro­
bials. In addition, there is considerable variability among antibiotics in the 
drug levels achieved in the medullary-papillary region of the kidney, which 
is the main site of bacterial infection. (3) In the case of systemic infection, the 
potential difficulties secondary to renal failure can be circumvented by 
careful adjustment of drug dosage when necessary to provide adequate 
serum and tissue levels without drug accumulation and toxicity.(4) However 
by adjusting dosage to prevent extrarenal toxicity, inadequate levels of drug 
may be present in the urine. Stamey et ai. have shown that urinary drug 
concentrations showed a greater correlation with bacteriologic cure than with 
concomitant serum levels, even in upper-tract infectiony,5) Furthermore, 
the presence of advanced renal disease may impair drug transport or 
diffusion from the blood to the site of infection even with therapeutic serum 
levels. 

Kunin has outlined the characteristics an ideal drug should have to be 
effective in the urine of uremic patients. These include (1) lack of toxicity 
even at high serum levels so that no adjustment is needed with low glomerular 
filtration rates, (2) excretion unchanged in the urine and, thus, little metab­
olism or inactivation, and (3) renal handling by tubular secretion so that 
high levels are achieved in the urine.(6) There are few correlative studies 
relating such pharmacologic studies with clinical infections. Susceptibility 
testing and, indeed, drug measurement in urine, serum, and tissue from 
uremic patients have not been evaluated rigorously in comparison to similar 
studies in subjects without renal disease. 

2. Aminoglycoside Antibiotics 

With gentamicin prescribed in doses adjusted for renal insufficiency, 
Whelton et ai. (7) and Bennett et ai. (8) have demonstrated inconsistent urine 
concentrations below the minimum inhibitory concentrations of some urinary 
pathogens.(7,8) Subtherapeutic tissue levels were present in the kidneys of 
subjects undergoing surgery for kidney removal prior to transplant. (8) In 
some instances gentamicin therapy resulted in failure to eradicate infection 
despite adequate serum levels. These data are presented in Table 1. Although 
the urine levels achieved were above the minimum inhibitory levels of 6.25 
J.Lg/ml reported to kill 97% of 150 strains of Pseudomonas aeruginosa,(9) vascular 
disease. In normal man and experimental animals, aminoglycosides are 
largely excreted by glomerular filtration. Accumulation of a small percentage 
of drug by luminal and perhaps antiluminal active uptake results in renal 
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Table 1. Gentamicin Therapy for Urinary Infections in Patients with Severe Renal Failurea 

GFR Serum cone. 
(mllmin) n (lJ.g/ml) 

3.3 10 4.1 
7.6 5 3.5 

a From ref. 8. 

Urine cone. 
(lJ.g/ml) 

8.7 
21.6 

Tissue cone. 
(lJ.g/ml) 

Clinical outcome (cures! 
treated) 

Cortex Medulla Upper tract Lower tract 

1.2 0.7 
2/3 112 

cortical concentrations 20-fold greater than in serum. Medullary uptake is 
fivefold less in normal kidney tissue and is reduced further in parenchymal 
disease.(3,7) 

Miller and associates reported experimental evidence relating persistence 
of bacteria in the renal parenchyma to the concentration of gentamicin 
present 2 weeks after a full course of treatment in the rat. Renal cortex 
demonstrated bactericidal concentrations of drug while the drug concentra­
tions were inadequate in the medulla.(lO) Despite an extensive literature 
about aminoglycoside pharmacology in experimental animals, more work is 
needed in models of renal and extrarenal infection. 

Since other aminoglycosides are handled similarly by the kidney, it is 
expected that other members of this class of antibiotic would behave in a 
like manner. Recently, low urinary netilmicin concentrations and treatment 
failures were reported in patients with complicated urinary tract infections 
and renal dysfunction.(ll) 

3. Penicillins and Cephalosporins 

Oral penicillins and cephalosporins given in ordinary doses to uremic 
patients result in only modest accumulation in the serum and adequate 
therapeutic concentrations in the urine.(12) The peak in urinary concentration 
may be delayed somewhat as compared to that in patients with normal renal 
function. In patients with more severe renal failure, Bennett and Craven 
demonstrated bacteriologic cure of both upper and lower urinary tract 
infections with amipicillin prescribed in the same dosage as would be given 
to nonuremic subjects. No extra renal toxicity was noted.(13) Similar data 
ideally should be given for newer penicillins and cephalosporins as they are 
released. The beneficial therapeutic effects of these drugs may be due to 
active tubular secretion resulting in relatively high urinary levels. In addition, 
penicillins and cephalosporins concentrate in medullary-papillary regions to 
levels up to 10 times serum values. This concentration is enhanced by 
hydropenia and alkaline urine and reduced by hydration. (3) 
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4. Sulfonamides and Trimethoprim-Sulfamethoxazole 

In a fashion similar to penicillins and cephalosporins, therapeutic urinary 
concentrations of sulfonamides can be achieved in the urine of uremic 
subjects, provided ordinary doses are administered. The appearance of 
adequate drug in the urine may be delayed until high blood concentrations 
are reached. In combination with trimethoprim (TMP), urine concentrations 
of this useful combination exceeded minimum inhibitory concentrations of 
urinary pathogens resulting in bacteriologic cure.(13) The sulfamethoxazole 
concentration rose in the serum whereas both sulfamethoxazole and TMP 
urinary levels were lower when compared to normal subjects. (14) Since the 
usual synergistic ratio of sulfamethoxazole to TMP is 20 : 1, the good clinical 
responses may be due largely to TMP. Trials with TMP as a single agent 
may be particularly useful in patients with renal failure. Systemic acidosis 
and low urine pH retard sulfamethoxazole excretion, which may partially 
explain lowered urine sulfamethoxazole levels in uremic subjects. (14) The 
lower urine concentrations may be offset by the high serum and possibly 
parenchymal levels in uremics. Toxicity due to systemic reactions to sulfon­
amides should be anticipated. Elevations in serum creatinine per se, however, 
may simply reflect TMP competition with creatinine for tubular secretory 
sites and not true decreases in glomerular filtration rate.(15) 

5. Other Drugs 

Drugs with liver metabolism such as chloramphenicol, erythromycin, 
and nitrofurantoin do not achieve adequate urinary concentrations in the 
presence of renal failure. Nalidixic acid does appear in the urine in sufficient 
quantities; however, rapid emergence of bacterial resistance limits its utility. 
Tetracyclines generally are considered to aggravate symptoms of renal failure 
by worsening azotemia, acidosis, and hyperphosphatemia. Whelton et at. 
reported the similarity of renal concentrations of doxycycline in human 
diseased kidneys and in normal canine kidneys. (16) This member of the 
tetracycline family seems to be relatively free of systemic side effects and 
could prove useful to treat urinary infections in uremic subjects. 

6. Urinary Infections in Patients with Renal Cystic Disease 

Genitourinary infection is a m~or cause of morbidity in patients with 
renal cystic disease. Despite seemingly adequate antibiotic therapy, these 
infections usually persist and often progress, although the patient may 
become afebrile and asymptomatic. One recent report suggests that peri­
nephric abscesses may develop in 60% of polycystic patients with urinary tract 
infections on chronic hemodialysis.(l7) This difficult diagnosis may be aided 
by 67Gal scintigraphy. Indeed, surgical drainage or nephrectomy may be 
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Table 2. Antibiotic Determinations in Patients with Simple Renal Cysts 

Drug Serum Cyst" Urine Urine/serum Cyst/serum Cyst to urine 

Gentamicin 3.7 0.4 135 36.5 0.10 0.003 
Sulfamethoxazole 69 0 0 0 
Trimethoprim 2.4 0 0 0 

a Values represent means of three cysts; concentrations in IJog/m!. 

necessary to treat infections in both simple renal cysts and in polycystic 
kidney disease.(17.18) 

There are several possible reasons to explain the refractory nature of 
these infections to antibiotics. Bacteria present within cysts may differ from 
those cultured from urine, fostering ineffective antibiotic therapy. Resistant 
microorganisms also may exist within these cysts. In addition, poor antibiotic 
penetrance into the renal cysts may contribute to the poor clinical response 
of these patients. 

To examine this latter possibility, we measured the cyst fluid levels of a 
variety of antibiotics in four patients with simple renal cysts and in four 
patients with polycystic kidney disease (PCKD). Mean glomerular filtration 
rate (GFR) in patients with simple cysts was 63 mVmin, whereas in the 
patients with PCKD it was less than 10 mVmin. 

Antibiotics were started 2 days prior to routine cyst puncture in patients 
with simple renal cysts. All patients with PCKD had been on therapeutic 
doses of antibiotics adjusted for renal failure for at least 5 days. Two patients 
required nephrectomy for progressive renal infection not responsive to 
antibiotics. Cyst fluid was obtained from these patients at the time of surgery. 
No patient received more than two antibiotics simultaneously. 

The results in patients with simple renal cysts are shown in Table 2. 
Gentamicin was detected in only one of three cysts punctured. Mean cyst 
fluid concentration of gentamicin was only 10% that of serum and 0.3% that 
of urinary levels. TMP/sulfamethoxazole was given to one patient. Despite 
adequate serum levels, neither sulfamethoxasole nor TMP was detected in 
the cyst fluid . 

. The results in patients with PCKD are shown in Table 3. From 3 to 33 
individual cysts were punctured in each patient with PCKD. Aminoglycoside 
antibiotics were found in low concentrations in the cysts ofPCKD. Tobramycin 
averaged only 8% of serum levels and 1 % of urine levels. The cyst fluid level 
of gentamicin averaged approximately one half that of serum levels. Sulfa­
methoxasole cyst fluid levels averaged 36% of serum and 23% of urinary 
levels. Despite high serum and urinary levels in one patient, cephapirin was 
poorly concentrated in cysts of his polycystic kidneys. Levels averaged 1 % 
that of urine. In another patient, 49% of urine concentrations were found 
in cyst fluid. 

Proximal and distal cysts in PCKD can be distinguished by cyst: serum 
sodium ratios, with values greater than 1 suggesting proximal cysts,<I9) 
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Table 3. Antibiotic Determinations in Patients with Polycystic Renal Disease 

Ratio Ratio Ratio 
Drug n Serum Cysta Urine U:S Cy:S Cy:U 

Tobramycin 3 3.7 ± 0.3 0.3 ± 0.1 28 ± 5 7.6 0.08 O.oI 
Gentamicin 1 3.1 1.4 0.45 
Sulfamethoxazole 1 28 10 43 1.5 0.36 0.23 
Trimethoprim 1 0.6 0 0.6 1. 0 0 
Cephapirin 2 105 15.6 1300 12.4 0.15 0.01 

27 1O.5h 22 0.81 0.39 0.48 

a Values are means of all cysts punctured (3-33). Units are I1g/ml. 
b Proximal cysts only. 

Aminoglycoside antibiotics were detected only in cysts with proximal tubular 
electrolyte patterns. Neither tobramycin nor gentamicin was detected in 
distal cysts. Cephapirin, on the other hand, was detected in greater absolute 
concentrations in the cysts of distal nephrons. However, the ratio between 
cyst fluid and urine decreased owing to high urinary concentrations. 

Cysts in PCKD are thought to be cysts of single nephrons. The single­
nephron GFR in man is at least 10- 8 liters/min. Therefore, it would take 
months for a cyst to reach its usual volume (3-5 cm3 ) by glomerular filtration 
alone. It seems unlikely that any antibiotics detected in renal cysts within 5 
days could accumulate solely by filtration. Abnormal tubular function of 
polycystic nephrons may contribute to the poor antibiotic penetrance, par­
ticularly of drugs normally transported by the renal tubules such as the 
cephalosporins. Also, dilution of the drug within the cyst is almost certain 
to occur by the inward movement of water. Drugs could enter cysts by 
diffusion across abnormal cyst epithelium, although this could not account 
for the discrepancy of drugs detected in proximal versus distal cysts. Diffusion 
trapping due to the effect of pH could account for this difference. This 
seems not to be an important factor since distal nephron cysts, with lower 
pH, would be expected to have a high concentration of organic bases (i.e., 
aminoglycosides) and a low concentration of organic acids (i.e., cephalospo­
rins). Our results suggest the opposite. 

Thus, simultaneous determination of serum, cyst fluid, and urine 
concentrations of various antibiotics showed low drug levels in both simple 
renal cysts and polycystic kidney disease. These data help explain the poor 
response of infected renal cysts to antibiotic therapy. Surgical management 
of these patients is warranted. Study of pharmacology of drug accumulation 
in cysts may give insights into the pathophysiology of polycystic kidney 
disease and antibiotic management of urinary tract infections in patients 
with renal failure. 
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39 
Contrast Media Acute Renal Failure 

Robert E. Cronin 

1. Hemodynamic Changes 

Several observations point to the possibility that contrast-induced vascular 
alterations could be the common pathway for contrast-related cases of acute 
renal failure. Porter and Associates(l) noted that iothalamate, when injected 
into the left ventricle of the dog, resulted in an increase in cardiac output 
and caused a 25% decrease in renal blood flow. When isoosmolar quantities 
of mannitol were injected, however, the same increase in cardiac output 
occurred, but renal blood flow increased. Transient decreases in renal plasma 
flow and glomerular filtration rate occur after large-dose excretory urogra­
phy.(2-4) In fact, noncontrast hypertonic solutions also produce this effect.(5) 
The response tends to be biphasic showing initially a transient increase in 
renal flood flow followed by a more prolonged (10-20%) decrease in renal 
blood flow which may persist for up to 1 hr. 

The effect on renal vascular resistance of contrast agents injected directly 
intraarterially may be directly related to the osmolality of the solution. 
Contrast agents with a high osmolality when injected into the renal circulation 
affect renal blood flow much more than do those of lower osmolality.(6,7) 
Microcirculatory changes also occur after injection of contrast material. (8-10) 
The mechanism for this increase in flow may involve blood sludging resulting 
from alterations in red cell shape(8,ll,12) and vasCl~lar endothelial injury YO) 
The role of osmolality in the microcirculatory changes was called into question 
by the demonstration that ionic and the newer nonionic contrast agents, 
which have a much lower osmolality, cause equal degrees of ischemia on the 
rabbit microcirculation. (9) 

Although these studies indicate that the tonicity of contrast materials 
injected into the renal artery can have a major effect on renal vascular 
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resistance, it is unclear how contrast material that is injected into the venous 
circulation and is substantially diluted by the time it reaches the kidney might 
have an effect on renal vascular resistance. More than half of the reported 
cases of contrast-induced acute renal failure have been reported following 
excretory urography.in which the contrast media is injected intravenously 
rather than intraarterially. Clearly, other factors must be involved. 

2. Tubular Obstruction 

The histology of myeloma kidney is characterized by intratubular 
casts. (13,14) The associated renal functional impairment is felt to be at least 
partly due to tubular obstruction. Such observations have lead to the theory 
that contrast agents may accelerate the precipitation of Bence Jones proteins. 
Lasser and associates(15) demonstrated that two urographic contrast agents 
no longer in use because of their toxicity, iodopyracet (Diodrast) and sodium 
acetrizoate (Urokon), produced in vitro precipitates in the urine of myeloma 
patients in a pH range of 4.5-5.5. However, agents that have been in use 
for the last 15-20 years, meglumine diatrizoate (Renografin) and sodium 
diatrizoate (Hypaque), produced no precipitate in this pH range. However, 
both these agents are capable of causing acute renal failure in multiple 
myeloma.(16) Also, McQueen(17) demonstrated that Bence Jones proteins 
readily cause Tamm-Horsfall proteins to sludge in vitro. Whether this same 
phenomenon occurs in vivo and causes tubular obstruction, as proposed by 
Berdon et al.,(18) is still unproven. 

Since contrast materials are uricosuric, the idea that intratubular obstruc­
tion might occur from uric acid crystals has been suggested.(19,20) The oral 
cholecystographic agents (Telepaque, Oragrafin, and Cholografin) are the 
most likely agents to cause uricosuria, but Hypaque to some degree also 
shares this property.(20) Urinary uric acid measurements before and after 
contrast have been reported in one patient who developed acute renal 
failure. (21) Acute renal failure occurred despite a 3-week course of Allopurinol 
and in the absence of any uricosuric effect in the 6 hr after diatrizoate 
injection. A recent clinical study demonstrated a prompt increase in urinary 
oxalate excretion in normal individuals after diatrizoate injection.(22) Whether 
this enhanced oxalate excretion could be a factor in tubular obstruction is 
unknown. 

Based on these data, however, it seems unlikely that either acute urate 
nephropathy or enhanced oxalate excretion is a major factor in the patho­
genesis of contrast-induced acute renal failure. 

3. Immunologic Reactions 

Kleinknecht et al. (23) detected IgM kappa-type antibodies against contrast 
material in one patient who developed acute renal failure after her first 
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exposure to X-ray contrast during excretory urography. The authors spec­
ulated that circulating immune complexes may have liberated vasoactive 
substances capable of inducing renal cortical ischemia and anuria. Two 
reports raised the possibility that X-ray contrast material injected either 
intravenously or intraarterially was responsible in some way for renal 
transplant rejection.(24,25) Although X-ray contrast agents clearly can cause 
induction of antibodies,(26) how they might lead to acute renal failure is not 
known. Based on these few reports, it would be premature to suggest that 
X-ray contrast material is capable of triggering an immunologic reaction in 
the kidney. Further studies are required in this area .. 

4. Direct Toxicity 

A direct nephrotoxic effect of X-ray contrast on the kidney is the theory 
most widely held to explain contrast-induced acute renal failure. Changes 
of acute tubular necrosis are associated with various X-ray contrast agents. (27) 
Intraarterial injection of X-ray contrast into the dog kidney(28,29) and in 
man(30) may result in heavy glomerular proteinuria. In addition, enzymuria, 
a finding indicative of injury to proximal tubular cells, has been re­
ported.(31,32) Since hypertonic mannitol and hypertonic saline also produced 
enzymuria, (32) it is possible that hypertonicity rather than a direct effect of 
the contrast agent is the cause of the damage. However, in the dog the 
degree of glomerular proteinuria produced by contrast is 100-fold higher 
than that resulting from equally hypertonic saline.(29) This indicates that 
some other factor besides hypettonicity is important. 

Diatrizoate and iothalamate both have been shown to alter tubular 
transport of sodium.(1,33) It is unclear whether the effect on sodium transport 
is a direct effect of the contrast agent or rather is an effect of hypertonicity. 

Lasser et at. (27) studied the histologic effect of several contrast agents 
injected directly into the dog kidney. The halogen portion of the molecule 
appeared to represent the toxic portion, since injection of the basic nonhal­
ogenated molecule constructed with prosthetic groups on all positions on 
the benzene ring caused little renal histologic damage. In humans, renal 
biopsies following excretory urography or renal arteriography show intense 
vacuolization of proximal tubular cell cytoplasm. (34) Similar changes can be 
seen after hypertonic mannitol, and the significance of this abnormality is 
unknown. 

Proximal tubular injury occurs after administration of several contrast 
agents, (27) but whether it is the contrast molecule or iodide that is toxic is 
not known. Clearance studies with most of the commonly used X-ray contrast 
agents indicate that they are excreted by glomerular filtration with no 
significant tubular secretion or reabsorption.(3,35,36) However, one study 
shows that approximately 20% of filtered hypaque is reabsorbed. (37) Studies 
of the new nonionic agent metrizamide in man(38) and in dogs(39) indicate 
substantial reabsorption with a fractional excretion compared to inulin of 
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70%. However, experimentally, metrizamide has been shown to be less toxic 
than ionic contrast agents. The LD50 for mice was found to be 8.9 g of iodine 
per kilogram for the ionic contrast media (diatrizoate, iothalamate, metria­
zoate) compared with 17.5 g of iodine per kilogram for metrizoate.(40) 

Little is known about the degree of inorganic iodide liberated from x­
ray contrast media, but it is clear that its release occurs.(41) Clearance studies 
indicate that the fractional excretion of 1311 is 35-40%.(42) Since protein 
binding of 131 I is very small, these data indicate significant tubular reabsorp­
tion of the free iodide molecule. Older cholecystographic agents were known 
to cause acute renal failure commonly, and they released substantial free 
iodide into the circulation with levels that remained above normal for up to 
5 days. (43) Protein-bound iodine remained high for many months. Thus, it 
is likely that with any contrast agent some free iodide is administered or 
released in vivo, and under the proper circumstances, reabsorption of the 
iodine in the proximal tubule could lead to cell injury. Little is known 
regarding renal cortical levels of X-ray contrast or free iodine after exposure 
to X-ray contrast. Also, little is known regarding the disappearance curves 
of these substances from the proximal tubular cell. Although the amount of 
these agents contained in the proximal tubular cells may be small in a 
quantitative sense, their effects on cellular function (e.g., protein synthesis, 
membrane transport) could be substantial. By analogy, aminoglycoside 
antibiotics are handled almost exclusively by glomerular filtration, but a small 
portion is reabsorbed by proximal tubular cells. It is this fraction that 
apparently is responsible for proximal tubular necrosis and nephrotoxicity. 
In a normal individual, the usual contrast load is probably handled with 
minor impairment of normal cellular function. (Enzymuria might be consid­
ered a marker of such transient tubular injury.) However, in the presence 
of chronic disease characterized by sublethal cellular dysfunction, the added 
stress of a contrast and/or iodine load might precipitate cellular death. 

Many questions are left unanswered when examining the problem of X­
ray contrast-induced acute renal failure. The site of action of contrast agents 
in causing acute renal failure remains unknown. The transient effect of X­
ray contrast on renal blood flow and glomerular filtration rate does not 
suggest that these are primary mechanisms leading to acute renal failure. 
Toad bladder studies showing impairment of sodium transport(33) raise the 
possibility that X-ray contrast agents may impair sodium pump activity, 
possibly by inhibiting Na + ,K + -ATPase. 

It is even more difficult to correlate the clinical risk factors (Table 1) 
with the clinical and animal studies described previously. The increased 
incidence of radiocontrast-induced acute renal failure in older patients may 
reflect the increased likelihood for these patients to have vascular disease 
and renal impairment. There is good evidence that a progressive reduction 
in renal mass and renal blood flow occurs with age. Preexisting renal 
dysfunction appears to be the most common predisposing historical finding 
in patients who develop contrast-induced acute renal failure. (44) Renal 
insufficiency is also very prevalent in those patients with diabetes who develop 
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Table 1. Risk Factors 

1. Advanced age 7. Hyperuricemia 
2. Generalized vascular disease 8. Multiple contrast exposures within 24 hr 
3. Prior renal insufficiency 9. Exposure to other nephrotoxins 
4. Diabetes mellitus 10. Proteinuria 
5. Hepatic insufficiency 11. Hypoalbuminemia 
6. Dehydration 12. Multiple myeloma 

X-ray contrast-induced acute renal failure and is probably the single most 
important risk factor for this group.(45) Dehydration has been cited as a 
major risk factor in patients with multiple myeloma or diabetes mellitus. 
Other factors, such as proteinuria, hypoalbuminemia, and hyperurcemia, 
are present in some patients who develop contrast-induced acute renal 
failure, but what role they have in the pathogenesis is unclear. 

In summary, it is likely that X-ray contrast in one form or another is a 
nephrotoxin. However, it is likely that only in certain patients is there a high 
risk of development of overt nephrotoxicity. It is possible that a cell that is 
compromised either by ischemia, a metabolic insult (diabetes mellitus), volume 
depletion, or recent exposure to another nephrotoxin (e.g., an amino glycoside 
antibiotic) will undergo further injury and possible necrosis in the presence 
of iodinated X-ray contrast material. 

5. Future Research 

Several fruitful areas for research in the area of contrast-induced acute 
renal failure are suggested by the preceding review. Currently there is no 
good animal model of contrast-induced .acute renal failure comparable to 
that seen in man, and one should be sought. However, even in the absence 
of frank acute renal failure, preliminary animal studies could explore the 
following areas: (1) What portion of currently used urographic contrast 
media is reabsorbed by the nephron and at what site along the nephron is 
it reabsorbed? This question could be approached through tissue analysis 
for contrast media and by radioautography studies of radiolabeled contrast. 
(2) A model of diabetes mellitus in the rat or dog could be tested regarding 
the acute and chronic effects of X-ray contrast on renal function and tissue 
concentrations of contrast and/or iodine. (3) Reports indicate that X-ray 
contrast potentiates the toxicity of other nephrotoxins (aminoglycosides, 
methoxyflurane anesthesia). These possibilities could be explored since 
animal models already exist for these latter nephrotoxins. 
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40 
Effect of Renal Disease on 
Pharmacokinetics and Bioavailability 

Thomas P. Gibson 

Therapeutically it is of vital importance to understand the pharmacokinetics 
and bioavailability of drugs, especially of those handled by the kidney. It 
would seem logical that with declining renal function, these functions might 
alter. 

A major assumption of the approach delineated by the equations listed 
in this chapter is that the processes of absorption, distribution, and nonrenal 
elimination of a drug are the same in patients with end-stage renal failure 
as they are in patients with normal renal function.(l) It also assumes that the 
metabolites found are inactive or nontoxic and do not accumulate in patients 
with renal failure. 

It is the purpose of this chapter to examine the validity of these 
assumptions using procainamide and n-xylose as model compounds. 

The total body clearance (Ch) of a drug is defined as 

(1) 

where CIR and CINR are the renal and nonrenal clearance of the drug. CIT 
is also defined as 

(2) 

where V d is the volume of distribution. ke is the overall elimination rate 
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constant for any drug and is inversely related to the biologic half-life (t1l2) 

of that drug: 

ke = 0.693/t1l2 (3) 

ke is also equal to the sum of the renal (kr) and nonrenal (knr) elimination 
rate constants: 

(4) 

For most drugs dependent on renal function for elimination ke is linearly 
related to some function (j) of creatinine clearance (Cer) such that 

(5) 

If knr andf'Cer of a drug are known then the new ke, and hence t1/2, can be 
established for any degree of renal function. (2,3) If knr is not known, it can 
be estimated as 

(6) 

where A:':' is the fraction of the systemically available drug ultimately excreted 
unchanged in the urine. 

1. Procainamide 

Approximately 50% of an oral or intravenous dose of procainamide 
(PA) is eliminated unchanged in the urine, and the average t1l2 is 3 hr.(4-7) 
On the basis of this alone, it would be predicted (from equation 4) that the 
t1l2 of PA in renal failure would be approximately 6 hr. However, we found 
that the apparent t1l2 of P A elimination in renal failure was variable and 
could range from 5.3 to 20.7 hr after an oral dose.(8) Since the patients in 
that study were either physiologically or surgically anephric, those data 
suggested that the metabolic transformation of PA was impaired by renal 
failure. 

Dreyfuss et al. identified N-acetylprocainamide (NAPA) as a metabolite 
of pro cain amide in 1972.(9) Additional studies have shown that the acetylation 
of PAis under genetic control and that phenotypic rapid acetylators of P A 
are rapid acetylators of isonicotinic acid hydrazide (INH).(6,7,1O) 

The pharmacokinetics of intravenous procainamide was studied in four 
subjects with normal renal function and in four patients with an uric end­
stage renal failure,o 1) Two members of each group were fast INH acetylators 
with an INH t1l2 of less than 2.0 hr, and two were slow acetylators with an 
INH t1l2 greater than 3.0 hr(l2) (Table 1). 
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Table 1. Data on Normal Subjects and on Patients with End-Stage Renal Failurff 

Body wt Age INH t\-2 CeT 

(kg) Sex (years) (hr) (mVmin) 

Normal subjects 
1 86.4 M 34 3.6 115 
2 87.5 M 36 3.7 120 
3 81.8 M 32 1.6 125 
4 85.0 M 33 1.3 110 

Mean 85.2 ± 2.5 33.7 ± 1.7 117.5 ± 6.5 

Patients with 
end-stage 
renal failure 

1 72.5 M 51 1.6 SAN 
2 80.5 M 56 1.2 PAN 
3 78.0 M 56 3.8 PAN 
4 59.0 F 45 3.0 SAN 

Mean 72.5 ± 9.6 52.0 ± 5.2 

"INH, isonicotinic acid hydrazide; Cer , creatinine clearance; SAN, surgically anephric; PAN, physiologically 
anephric. 

All subjects were given procainamide hydrochloride, 6.5 mg/kg, intra­
venously over 20-25 min. At the conclusion of the infusion blood and urine 
were sampled for 8 hr in normal subjects and blood alone for 24 hr in the 
patients with renal failure. Concentrations of PA and NAPA in serum were 
determined by spectrophotofluorometry.(13) Urine concentrations of PA and 
NAPA were determined by gas liquid chromatography.(6) A two-compartment 
system was used to model the distribution kinetics of PA.(ll) 

After a single PA dose, NAPA concentrations in the serum of normal 
subjects were undetectable. However, NAPA was detectable in the serum of 
all patients with renal failure,o I) 

The pharmacokinetic parameters of PAin normals and in renal failure 
patients are given in Table 2. The volume of distribution and renal clearance 
of PA were similar in normal subjects regardless of acetylator phenotype. 
Nonrenal clearance was faster (383 versus 243 ml/min), and PA elimination 

Table 2. Effects of Renal Failure on PA Pharmacokinetics 

Normals Anephric patients 
Acetylation 
phenotype: Fast Slow Fast Slow 

Distribution volume (liters/kg) 1.95 1.93 1.41 1.93 
Amount excreted unchanged in urine (%) 52 59 0 0 
Elimination half-life (hr) 2.6 3.5 10.8 17.0 
Plasma clearance (mVmin) 809 600 118 94 
Renal clearance (ml/min) 426 357 0 0 
Nonrenal clearance (mVmin) 383 243 118 94 
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Table 3. Effect of Renal Failure on NAPA Pharmacokinetics 

Distribution volume (liters/kg) 
Amount excreted unchanged in urine (%) 
Elimination half-life (hr) 
Plasma clearance (mllmin) 
Renal clearance (mllmin) 
Nonrenal clearance (mllmin) 

Normals 

1.46 
85 

6.2 
234 
200 

34 

Renal failure patients 

1.50 
o 

42 
2.7 
3 

24 

t1l2 shorter (2.6 versus 3.5 hr) in fast acetylators. In the functionally anephric 
patients the volume of distribution of PA was similar to that in normals. The 
nonrenal clearance (ll8 versus 94 ml/min) was again faster 'and PA t1l2 

shorter (10.8 versus 17.0 hr) in fast than in slow acetylators. 
The nonrenal clearance of P A predominantly represents acetylation and 

possibly other metabolic pathways, since Giardina and associates have incom­
pletely identified two other PA metabolites in the urine of s.ubjects receiving 
PA orally.(14) PA is acetylated by N-acetyltransferase, the same enzyme 
responsible for the acetylation of INH.(6.7.1O) Some investigators have re­
ported that acetylation of INH is normal in renal failure,05.16) whereas 
others have found it impaired.(17) In the present study, fast INH acetylators 
had a faster nonrenal (metabolic) clearance of PA than did slow acetylators 
(Table 2) and a shorter PA tl/2. Half-life changes are not as accurate a 
reflection of altered drug elimination as are clearance changes, since t1l2, as 
opposed to clearance, is not a primary pharmacokinetic parameter and is 
influenced by distribution volume as well as clearance ratesYS) As shown in 
Table 2, nonrenal elimination of PA is markedly decreased in renal failure 
and appears to be even less in slow than in rapid acetylators. Since acetylation 
accounts for 56% of the total elimination of PA in renal failure, (11) it is likely 
that both this route and the other pathways accounting for the remaining 
44% are slowed. 

These results clearly demonstrate that the non renal or metabolic clear­
ance of PA is severely impaired in renal failure. Because of this, a priori 
estimation of correct P A dosage in renal failure using the Dettli nomogram 
or any other approach is impossible. 

NAPA is an antiarrhythmically active metabolite of PAY9.20) Strong et 
al. found that the t1l2 of NAPA in subjects with normal renal function was 
6.2 hr,(21) and 85% of the intravenous dose of NAPA was recovered 
unchanged in the urine (Table 3). The expected t1l2 of NAPA in anuric 
renal failure would be 41 hr. Stec and associates recently reported that t1l2 

of NAPA in functionally anephric patients to be 42 hr(22) (Table 3). This 
indicates that the nonrenal clearance of NAPA, unlike that of PA, is unaltered 
in renal disease. NAPA accumulates in anephric patients and has been found 
to persist in the serum for over 123 hr after a single oral dose of PA.(23) 
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If a renal failure patient is to be treated with PA, the serum concentrations 
of both PA and NAPA must be monitored. Goldstein and associates have 
shown that if a drug is given without a loading dose, it will take 3.3 half­
lives to reach 90% of the eventual steady-state level. (24) For PA this would 
be 48 hr on the average, but since the t1l2 of NAPA is 42 hr, its steady-state 
levels would not be reached for 139 hr. The steady-state ratio of NAPA: PA 
in subjects with normal renal function may be as high as 6: 1 in genetic fast 
acetylators or as low as 1: 1 in genetic slow acetylators. (10,25) ,In renal failure 
the ratio may be greater than 12: 1.(19) 

The usual therapeutic concentration range of PA is considered to be 4-
8 mcg/ml (4,26) However, Elson and associates have found that the therapeutic 
range is 4-30 J.Lg/ml, representing the sum of PA and NAPA.(25) If only PA 
concentrations were monitored and used as the sole guide for P A dosing in 
a renal failure patient, NAPA concentrations could reach extremely high 
levels and would not reach steady state until long after P A had. In this 
setting continued accumulation of NAPA could result in clinical toxicity that 
represents a combination of PA and NAPA effects. Therefore, unless both 
PA and NAPA concentrations can be measured, PA should not be used in 
renal failure patients. 

2. D-Xylose 

The whole area of drug bioavailability in renal failure has been sadly 
neglected. In general, it has been assumed that if, after a given oral dose, 
the drug concentrations in renal failure are the same, or nearly the same, as 
in normals, drug absorption is unimpaired. This totally neglects the fact that 
if the volume of distribution is reduced in renal failure, drug concentrations 
could be similar to those in normals even if availability were reduced 
substantially. 

Bioavailability is defined as the relative amount of an administered drug 
dose that reaches the systemic circulation unchanged and the rate at which 
this occurs. (27) The bioavailability of a given drug is determined by plotting 
the plasma concentration versus time after an oral dose and comparing the 
area under the curve (AUC) to the AUe of a reference standard. The best 
comparison is made with the curve after intravenous administration of a 
parenteral formulation since bioavailability by this route is complete. Bioa­
vailability determined in this manner is known as the absolute bioavailability 
(F). 

D-Xylose is a monosaccharide absorbed passively in the jejunum.(28) In 
normals approximately 65% of an ingested dose is absorbed.(28) When it is 
infused intravenously, 40% is recovered unchanged in the urine.(29,30) 

Although D-xylose is only partially absorbed and partially excreted in 
the urine, the urinary xylose excretion is widely used as a test to assess the 
absorptive function of the small bowel.(29,31-33) The standard clinical test 
entails measuring the 5-hr urinary excretion following the ingestion of 25 g 
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Table 4. Pharmacokinetics of Intravenous D-Xylose in Normals and Renal 
Failure 

Distribution volume (liter/kg) 
Amount excreted unchanged in urine (%) 
Elimination half-life (min) 
Plasma clearance (mllmin) 
Renal clearance (mllmin) 
Nonrenal clearance (mllmin) 

a p < 0.0l. 
b P < 0.005. 

Normals 

0.22 
49 
75 

180 
89 
91 

Renal failure patients 

0.33" 
o 

388b 

43b 

o 
43b 

of o-xylose. Alternatively, serum levels have been measured at various times 
after oral administration. (32) Recently the serum level obtained 1 hr after 
ingestion of 5 g of o-xylose has been advocated as a good discriminating test 
for small intestinal malabsorption. (33) 

Obviously, the standard o-xylose test based on urinary excretion cannot 
be used in patients with diminished or absent renal function. To ascertain if 
o-xylose absorption was normal in renal failure, the extent of absorption, 
distribution, renal, and nonrenal clearance of o-xylose after oral and intra­
venous administration was determined in normals and renal failure patients 
requiring maintenance dialysis. (34) 

Twelve subjects with normal renal function, endogenous creatinine 
clearance greater than 80 mllmin, and nine patients with end-stage renal 
failure were studied. All patients were studied on a nondialysis day. All 
participants received 10 g of o-xylose intravenously over 2 min. Blood and 
urine samples were obtained for 8 hr in normal subjects and blood only for 
24 hr in renal failure patients. At least 1 week after the intravenous study 
25 g of o-xylose was given orally. Blood and urine samples were obtained at 
the same intervals as in the previous study. 

0-Xylose concentrations in serum and urine were determined by the 
spectrophotometric method of Roe and Rice. (53) Preliminary studies indicated 
that uremic sera did not interfere with the analytical procedure. A two­
compartment mamillary system was used to model the distribution kinetics. 

The percent absolute bioavailability (F) was calculated by comparing the 
AUC of the intravenous (IV) dose to the AUC of the oral (PO) dose as 
follows: 

F = AUC1v x Dosepo x 100 
AUCpo DoseIV 

(7) 

The pharmacokinetics of o-xylose in normals and renal failure subjects 
are given in Table 4. The volume of distribution of o-xylose was significantly 
increased in renal failure from 0.22 to 0.33 liter/kg (p < 0.01). Of the 
administered intravenous dose 49 ± 9% was recovered unchanged in the 
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Table 5. Absolute Bioavailability of D-Xylose in Normals and Patients with 
Renal Failure 

Half time of absorption (min) 
Lag time (min) 
Time to maximum concentration (min) 
Maximum concentration (mglliter) 
Absolute bioavailability 

• p < 0.05. 
b P < 0.01. 

Normals 

29 
22 
71 

0.53 
69 

Renal failure patients 

64a 

45b 

166b 

0.48 
47b 
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urine. The observed tV2 in normals was 75 ± 11 min and would have been 
predicted to be approximately 150 min in renal failure. However, the 
observed tV2 in renal failure was 388 ± 137 min. This is considerably greater 
than expected because of the unanticipated marked reduction in the nonrenal 
clearance of n-xylose in renal failure, 43 ± 9 ml/min compared to 91 ± 29 
ml/min, p < 0.005, in normals. 

The mechanisms that determine the nonrenal clearance of n-xylose are 
still incompletely understood but probably involve hepatic metabolism and 
biliary excretion. Segal and Foley(36) have shown that 16% of 14C-Iabeled n­
xylose will be converted to 14C02. The disposition of the remaining n-xylose 
that is not cleared by the kidney, however, was not clarified. Recently four 
patients with biliary fistulas were found to have biliary n-xylose concentrations 
similar to those in serum.(37) However, the magnitude of the contribution of 
biliary excretion in n-xylose disposition is unknown. 

It has already been shown that the metabolism of PA, most likely by 
acetylation, is impaired in renal disease. It now appears that the metabolism 
of the pentose n-xylose also is greatly altered in renal disease probably 
secondary to reduced oxidation. It has been shown recently in a uremic rat 
model that the oxidation of [14C] glucose is significantly reduced as compared 
to that in control rats. (38) 

A comparison of the factors relevant to the estimation of the absolute 
bioavailability of n-xylose in subjects with normal renal function andin renal 
failure is given in Table 5. 

The absolute bioavailability of n-xylose was significantly less in patients 
with renal failure, 47%, as compared to 69% in normals, p < 0.01. It is 
possible that end-stage renal failure impairs the absorptive capacity of the 
small intestine. The absolute bioavailability of furosemide(39) and of pin­
dolol(40) also has been reported diminished in renal failure. This suggests 
that defects in drug absorption may be more common than generally is 
believed. The reduced absorption of n-xylose could be due to bacterial 
overgrowth in the small intestine. The bacterial flora of the small intestine 
is significantly increased in some patients with chronic renal failure.(41) This 
could cause bacterial fermentation of n-xylose in the intestine and conse­
quently its reduced absorption. (42) 
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After ingestion of a drug there is a delay before the drug appears in 
the systemic circulation (lag time). This delay primarily reflects mainly the 
time required for a drug to traverse the stomach to the small intestine. (43) 
The lag time in patients with renal failure was significantly longer than in 
normals, 45 min and 22 min, respectively (p < 0.01, Table 4). Impaired 
gastric emptying has been reported in dialysis patients(44) and could contribute 
to the increased lag time. 

The absorption t1l2 was also significantly prolonged in renal failure 
compared to normals, 64 min and 29 min respectively (p < 0.05, Table 4). 

Even though the absorption of n-xylose is reduced in renal failure and 
the volume of distribution increased, it is not surprising that there was no 
statistical difference in the maximum concentration as compared to normals, 
0.43 ± 0.19 mglliter compared to 0.53 ± 0.10 mglliter, respectively, Table 
4. The maximum amount of a drug in the body (Xmax) after oral adminis­
tration can be determined from the following relationship: 

[
k ] ke/(ke - k.) 

Xmax = k: X D x F x Vd 1 (8) 

where ke is the absorption rate constant (0.695/t1l2 absorption) and D is the 
administered dose.(24) It is obvious that Xmax is most sensitive to changes in 
ke. In renal failure patients the ke of n-xylose is prolonged to a much greater 
extent than ka, and hence, no difference in the maximum concentration of 
n-xylose would be anticipated. For these reasons, the measurement of 
maximum concentration alone as an index of the completeness of absorption 
must be discouraged. 

Although the systemic availability of some drugs may be reduced in 
renal failure, it has been suggested that the first-pass metabolism of some 
drugs such as propoxyphene(45) may be reduced in renal failure and 
bioavailability increased. The first-pass metabolism of propranolol is appar­
ently unchanged in renal failure.(46) 

It should be apparent from the examples given that renal disease can 
alter the pharmacokinetics and absorption of drugs. Although the metabolic 
clearance of PA and n-xylose is reduced in renal failure, the metabolic 
clearance of pindolol is markedly increased.(47) n-Xylose and pindolol ab­
sorption are decreased but propoxyphene absorption may be increased. 

The message is clear. The metabolism, disposition, and absorption of 
any drug must be shown to be unaltered in renal failure before they can be 
considered to be. Therefore, formal pharmacokinetic studies, utilizing intra­
venous dosing where possible, must be conducted on those drugs commonly 
used in renal failure patients. Pharmacokinetic studies utilizing oral dosage 
forms can only be accepted for those drugs without parenteral preparations. 
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The effect of aminoglycoside antibiotics on the kidneys has been the subject 
of considerable interest, not only because of its clinical importance,o) but 
also because of the useful acute renal failure model produced by these 
compounds. Although the pathogenesis of aminoglycoside nephrotoxicity 
remains incompletely defined, the work of numerous investigators has 
produced much information from a variety of diverse sources. The contri­
butions of pharmacologists, physiologists, biochemists, pathologists, and 
clinicians provide a framework that should encourage further investigations 
of aminoglycoside nephrotoxicity in particular, and the pathogenesis of acute 
renal failure in general. 

The aminoglycosides exhibit interesting pharmacokinetic properties. On 
the basis of clearance studies in man(2-4) and in experimental animals,<5.6) it 
is apparent that aminoglycosides are excreted primarily by glomerular 
filtration. Since the clearance of the aminoglycoside gentamicin is slightly 
less than the glomerular filtration rateP-5) investigators have concluded that 
net tubular reabsorption probably occurs. The validity of this conclusion 
depends on the plasma protein binding of gentamicin, which remains a 
highly controversial issue. Some investigators(7.8) have reported no significant 
binding of gentamicin to plasma proteins, whereas others have reported that 
20-30% of the drug is protein bound.(9) 

Aminoglycosides accumulate in renal parenchyma, primarily in the 
cortex, where concentrations considerably greater than those in serum are 
attained,oo-12) In the rat, the half-lives of gentamicin and of tobramycin in 
renal tissue exceed those observed in serum 150-fold.(lO) After a single 
subcutaneous injection these drugs can be detected in urine for several 
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weeks. With repetitive injecti(:ms, or continuous infusions, aminoglycosides 
achieve extremely high concentrations in renal tissue, but do not exceed 
peak urine concentrations.(13-15) Observations of human renal tissue concen­
trations are similar to those in experimental animals.(16,17) 

Gentamicin and tobramycin have been identified inside tubular cells 
where they bind to subcellular organelles.(18,19) The mode of entry has not 
been entirely clarified. Tubular microinjection experiments utilizing 
[3H]gentamicin have shown that the drug is absorbed along the proximal 
convoluted tubule and Henle's loop.(20) Transtubular reabsorption of 
[3H]gentamicin was not detected in these experiments. In addition, micro­
perfusion of peritubular capillaries failed to demonstrate transtubular secre­
tory flux of [3H]gentamicin. Significant uptake of gentamicin has been 
demonstrated by studies of renal cortical slices.(20-23) Thus, it is likely that 
gentamicin accumulation reflects transport across both the apical and baso­
lateral epithelial cell membranes. 

The bulk of gentamicin uptake appears to take place on the luminal 
surface. Results obtained from a nonfiltering kidney model indicate that 
gentamicin accumulation in renal cortex was markedly decreased compared 
to results obtained in filtering kidneys. Cortical concentrations of cephalor­
idine, a drug known to be transported from the basolateral to the luminal 
surface, actually were increased in nonfiltering kidneys.(24) 

The renal accumulation of gentamicin is not influenced by probene­
cid,(2o,25) N-methyl nicotinamide,(20) glucose, or quinine.(26) However, prelim­
inary evidence suggests that solutions of mixed aminoglycosides may influ­
ence renal cortical aminoglycoside accumulation.(26) Evidence regarding the 
influence of concomitantly administered j3-lactam antibiotics on aminogly­
coside accumulation in renal cortex is conflicting.(26-28) Alkalinization of the 
urine with sodium bicarbonate causes a modest decrease in accumulation of 
gentamicin in renal cortex probably by changing the cationic nature of the 
molecule.(29) Urinary acidification has little or no effect on gentamicin 
accumulation. A dietary regimen low in sodium has been shown to result in 
increased renal cortical gentamicin accumulation as well as in increased 
toxicity. (30) 

The mechanism by which gentamicin, and presumably other aminogly­
cosides, enter renal tubular cells has been studied in detail by means of 
autoradiography.(31-33) Electron microscopic observations of [3H]gentamicin 
showed that the drug was associated with apical vesicles 10 min after 
injection.(33) The autoradiographic granules were identified subsequently 
within lysosomes at 1 and at 24 hr. It appears that the drug is transported 
into proximal tubular cells by pinocytosis and subsequently becomes seques­
tered within lysosomes. 

Although the pathogenesis of aminoglycoside nephrotoxicity is thought 
to be linked to the accumulation of drug in proximal tubular epithelium and 
to the subsequent interaction of these agents with intracellular organelles, a 
good correlation between the drug concentration within renal cortex and 
the nephrotoxic effect has not been shown.(34-36) It is possible that the extent 
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to which aminoglycosides accumulate in renal cortex is not the sole factor 
responsible for nephrotoxicity. The toxic effect of a given drug on intra­
cellular organelles may be equally or more important. In vitro studies, in 
which increasing concentrations of aminoglycosides were added to lysosomal 
suspensions, have shown that at similar concentrations aminoglycosides differ 
considerably in their proclivity to induce release of beta-N-acetyl hexosamin­
idase.(37) Thus, it is likely that not only drug accumulation but also the 
intracellular toxic effect determines the nephrotoxic potential. The com­
plexity of the relationship between nephrotoxicity and drug accumulation 
has been illustrated by long-term experiments in rats, in which gentamicin 
was given for 6 weeks.(38) In the course of these studies, the animals recovered 
renal function in spite of the continued administration of gentamicin. Cortical 
drug concentrations were not related to the development of renal failure or 
to recovery. In man, a computer model has been proposed to differentiate 
prospectively the prenephrotoxic patient from the nontoxic patient by routine 
monitoring of aminoglycoside serum concentrations during therapy.(39) The 
success of this approach has not been established. Models assuming first­
order kinetics may be inappropriate since at least two mechanisms involved 
in the handling of aminoglycosides, namely, tubular reabsorption and tissue 
binding and elimination, may not occur as first-order processes.(40) 

In animal models of nephrotoxicity, the repetitive administration of 
aminoglycosides produces polyuria, proteinuria, glycosuria, enzymuria, de­
creases in urinary osmolality, and, in some species, electrolyte disturb­
ances.(15,41-45) The excretion of lysosomal acid hydrolases has been studied 
in detail(43) and clinically has been utilized as an early indicator of nephro­
toxicity.(46) The decrease in urinary osmolality has been investigated and has 
been found to represent renal resistance to the effects of antidiuretic 
hormone.(47) Hypokalemia has been shown to develop after chronic gentam­
icin administration in the dog,(46) but not in the rat.(42,43) These functional 
changes occur prior to decreases in glomerular filtration rate. 

Histologically, progressive, dose-dependent necrosis is most prominent 
in the convoluted portion of the proximal tubule.(42,48) Hyaline droplet 
degeneration is a regular feature. After approximately 10 days of gentamicin 
administration in the rat, areas of regeneration are observed. If the dose is 
such that complete necrosis does not occur, recovery progresses whether or 
not the drug is discontinued.(38,49) Thus, the regenerating epithelium appears 
resistant to the nephrotoxic insult, a feature that has been reported previously 
in several different models of nephrotoxicity.(5o,51) 

Transmission electron microscopy reveals the appearance of cytosegre­
somes, modified lysosomes, which contain myeloid whorls of membranous 
structures within the cytoplasm of proximal and occasionally distal or 
collecting tubular epithelial cells.(15,42,48,51) These autophagic structures 
appear even at low doses of gentamicin (52) and also have been observed in 
human tissue.(17) Cytosegresomes with myeloid bodies are not specific for 
aminoglycoside toxicity. They have been reported with numerous potentially 
toxic substances including clindamycin, chloroquine, and erythromycin in 
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various tissues.(53.54) Paraquat is known to cause similar changes in renal 
tissue.(55) Cytosegresomes with myeloid bodies are modified secondary lyso­
somes formed by the process of cytoplasmic degradation. (56) The myeloid 
bodies persist because of protracted degradation of sequestered organelle 
membranes, possibly endoplasmic reticulum. 

Although gentamicin appears to result in autophagia when injected into 
rats, its mode of cellular injury is not clear. Although lysosomal acid hydrolases 
are released from lysosomal suspensions in vitro when aminoglycosides are 
added, in vivo experiments have not suggested that cellular injury is related 
to the release of hydrolytic enzymes from lysosomes.(57) Experimental evi­
dence suggests that gentamicin interferes with oxidative metabolism.(42.58,59) 
Renal cortical homogenates from rats receiving the antibiotic exhibit de­
creased oxygen uptake and P: 0 ratio in mitochondrial fractions.(42) An 
inhibitory effect on oxidative phosphorylation in renal cortical mitochondria 
has been demonstrated prior to morphological evidence of renal cell ne­
crosis.(59) Aminoglycoside antibiotics also have been found to inhibit renal 
Na, K-ATPase.(60) This inhibition, as demonstrated in vitro, occurs at ami­
noglycoside concentrations well within those realized within proximal tubular 
cells in vivo. The rank order of inhibition correlates reasonably well with the 
nephrotoxic potential of the aminoglycosides in vivo. 

A novel approach to the question of aminoglycoside nephrotoxicity has 
resulted from observations that gentamicin is incorporated into lysosomes in 
cultured fibroblasts.(61) Morphometric analysis of such fibroblasts showed a 
marked increase in the volume of lysosomes as well as a reduction in their 
number.(62) Chemical analyses revealed a large increase in all major phos­
pholipids including in an ill-defined polar lipid. Lysosomal sphingomyelinase 
was markedly deficient. These observations suggest that in rat fibroblasts 
gentamicin induced a lysosomal phospholipidosis through dysfunction of 
sphingomyelinase and possibly other phospholipases. Conceivably, nephro­
toxicity could develop by means of a similar mechanism in renal tissue. 

Recently, micropuncture studies have shed new light on the mechanisms 
of the defect in glomerular ultrafiltration observed with gentamicin-induced 
nephrotoxicity. Experiments performed in Munich-Wistar rats, which have 
surface glomeruli suitable for micropuncture, indicate that rats given even 
low-dose gentamicin treatment develop reductions in single-nephron glo­
merular filtration rate.(63) The primary cause for this reduction was a marked 
decrease in glomerular capillary ultrafiltration coefficient. Transmission 
electron microscopic examination of glomeruli from gentamicin-treated 
animals revealed no abnormalities in the glomerular capillary wall, although 
the previously described abnormalities in tubular cells were readily identified. 
The results of these studies have been corroborated by experiments per­
formed in rabbits.(64) In those studies, glomerular ultrafiltration coefficient 
was determined by an osmometric technique. The decreases observed were 
similar to those recorded by micropuncture in the rat. Mature rabbits were 
found to be more sensitive to the nephrotoxic effects of gentamicin than 
immature rabbits. 
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Decreases in glomerular ultrafiltration coefficient have been observed 
in other models of acute renal failure.(65) Transmission electron microscopy 
has not revealed structural causes for reductions in glomerular ultrafiltration 
coefficient. However, scanning electron microscopy has added a new dimen­
sion to the study of the glomerular filtration barrier. Scanning electron 
microscopy permits not only the assessment of qualitative changes, but also 
quantitative measurements of the density and size of endothelial fenestrae. 
The glomeruli of rats receiving gentamicin have recently been studied by 
means of scanning electron microscopy.(66) These experiments identified 
specific qualititative and quantitative abnormalities on the capillary endoth­
elial surface. In addition to a decrease in number and size of endothelial 
fenestrae, endothelial cell swelling and the formation of bulbous projections 
were identified. At the doses employed, the epithelial surface remained 
normal. These studies suggest a morphological basis for the reductions in 
glomerular ultrafiltration coefficient described in animals given gentamicin. 
In addition, they support the idea that a specific glomerular aberration is at 
least in part responsible for the acute renal failure associated with the 
administration of large doses of gentamicin in experimental animals and 
man. Experiments in a rat model utilizing uranyl nitrate as the nephrotoxic 
agent (65) have demonstrated that the capillary endothelial surface is specif­
ically involved. After the administration of uranyl nitrate, both endothelial 
fenestral density and size were significantly reduced. Abnormalities of the 
glomerular epithelial foot processes were noted as well. 

Aminoglycoside antibiotics are indicated in cases of life-threatening 
infections involving gram-negative aerobic bacilli. Generally, the patients 
receiving aminoglycosides are critically ill. For this reason, aminoglycosides 
are frequently given in conjunction with other medications, some of which 
have been reported to result in increased nephrotoxicity. These agents 
include methoxyflurane,(67) amphotericin B,(68) cisplatin,(69) clindamycinpO) 
furosemide,(71) cephaloridinep2) and cephalothin.(73) A number of these 
agents have been studied specifically in combination with gentamicin in 
animal models. 

The combination of gentamicin and methoxyflurane has been studied 
in the rat.(74) Rats receiving gentamicin either prior to or after methoxyflurane 
anesthesia for 3.5 hr developed worse renal insufficiency than rats treated 
with either drug alone. Renal histology revealed typical changes associated 
with both drug treatments. Gentamicin nephrotoxicity is enhanced by furo­
semide in both the rat(75) and the dog.(76) The enhanced nephrotoxicity was 
attributed to volume depletion, a reasonable-explanation since dietary sodium 
intake is known to affect significantly gentamicin-induced nephrotoxicity.(30) 
Although a prospective, randomized, double-blind study in man has shown 
that the combination of amino glycoside plus cephalothin is more nephrotoxic 
than the combination of amino glycoside plus methicillin,(73) studies in ex­
perimental animals have produced conflicting results. In the rabbit, the 
combination of cephalothin plus gentamicin appeared more nephrotoxic 
than gentamicin alone.(36) However, the study addressing the question 
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included no discrete pathological grading scale, and critical statistical analysis 
was not applied. In the dog, the addition of cephalothin to gentamicin 
produced no additive nephrotoxic effect.(35) In the rat, investigators have 
observed either no change(77.78) or an amelioration of gentamicin-induced 
nephrotoxicity.(28.79-82) Why cephalothin should ameliorate gentamicin-in­
duced nephrotoxicity is unclear. However, several investigators have sug­
gested that cephalothin may affect intrarenal amino glycoside accumula­
tion.(27.28) The ameliorative affect apparently is not confined to cephalothin 
but has been described in the rat when other B-Iactam antibiotics are 
administered in conjunction with gentamicin.(83) Elucidation of this phenom­
enon and interpretation of its clinical significance, if any, will require 
additional investigation. 

In summary, the aminoglycosides are complex, potentially nephrotoxic, 
antimicrobial agents. Their pharmacokinetics are best defined by a three­
compartment, open model, with significant renal cortical accumulation. 
Aminoglycoside antibiotics are transported across both the apical and baso­
lateral cell surfaces. However, the bulk of reabsorption appears to be on the 
apical surface of proximal renal tubular epithelium by a process involving 
pinocytosis. The relationship between drug accumulation and nephrotoxicity 
has not been entirely clarified. Aminoglycosides accumulate within lysosomes. 
They appear to induce cellular dysfunction and eventual necrosis by several 
mechanisms, including interference with sodium- and potassium-dependent 
ATPase, disturbances in mitochondrial respiration, and a decrease in the 
activity of phospholipases. Although a decrease in glomerular filtration rate 
eventually occurs, aminoglycosides initially induce tubular malfunction in­
cluding enzymuria, glycosuria, a decrease in urinary osmolality, and electro­
lyte disturbances. The failure of filtration is accompanied by a decrease in 
the glomerular ultrafiltration coefficient which may be explained in part by 
recent scanning electron microscopic findings which reveal striking glomer­
ular endothelial aberrations. Aminoglycoside nephrotoxicity potentially is 
enhanced by other therapeutic agents, a characteristic that warrants further 
investigations in experimental animals. 
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42 
Acute Problems during Hemodialysis 

C. M. Kjellstrand 

The outcomes of chronic hemodialysis have improved greatly during the last 
15 years. This improvement has taken place without any real "breakthrough" 
in our understanding of performance of dialysis. It seems to represent the 
cumulative results of small technical improvements, the "shuffling of details," 
and the tendency to increase the frequency of dialysis from 2 to 3 times 
weekly. The improvement is very real. The first-year mortality has decreased 
from 50% to 14% (Table 1). This is astounding, particularly as mean patient 
age has increased markedly and the percentage of patients with systemic 
complicated diseases has increased markedly. 

Most research efforts in chronic dialysis have gone into solving chronic 
pathophysiologic complications such as anemia, bone disease, neuropathy, 
accelerated arterial sclerosis, and the organic brain syndrome. 

It is generally believed that chronic hemodialysis is a reasonably com­
fortable procedure for the patients once they are stabilized. However, close 
scrutiny does not bear this out. When we reviewed the effects and problems 
of changing dialysis schedules, two things became clearY) First, many side 
effects such as vomiting, cramps, and shock were common, and with 
increasing efficiency of dialysis those complications got much worse. Secondly, 
both staff and patients seemed to prefer shortening the dialysis time in spite 
of increasing problems with each dialysis run. Obviously patients fear and 
dislike the time spent on hemodialysis, and the less time spent on dialysis, 
the more pleased is the patient (Fig. 1). 

1. Incidence of Acute Side Effects of Dialysis 

We therefore undertook a study to see how common acute problems 
during dialysis were. (2) During the first 40 dialyses in 21 patients accepted 
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Table 1. First Year Cumulated Survival Ratios of Chronic 
Hemodialysis Reported by the European Dialysis and Transplant 

Association 

Year dialysis 
started 

1965 
1966 
1968 
1970 
1975 
1978 

Percent patients alive at 
1 year after start 

50 
53 
64 
83 
86 
86 

Number of patients 
observed 

232 
516 

1,767 
1,611 

17,288 
56,083 

for chronic hemodialysis at the University of Minnesota, we studied the 
incidence of hypotension, nausea, vomiting, muscle cramps, and headache. 
Overall, three complications tended to occur during the first dialysis. There­
after, a decrease occurred and the patient seemed to stabilize after 13-20 
dialyses. However, even after this number of dialyses, as a mean, one of 
these complications usually occurred with each dialysis. Most common were 
problems with hypotension (blood pressure fall> 25% of initial pressure) 
occurring about every other dialysis. Second most common was an increase 
in blood pressure or nausea occurring every sixth dialysis, headache every 
tenth dialysis, vomiting occurring every fifteenth dialysis, and muscle cramps 
every twenty-fifth dialysis. The incidence of side effects of dialysis decreased 
approximately 50% from the incidence during the initial introductory phase 
until the patient had stabilized on dialysis at about 1 month. Other studies 
have not been designed to study the occurrence of side effects directly but 
mainly to describe how they change when dialysis therapies are varied. 

A literature review of such studies suggests that findings are not unique 
but are fairly representativeY-9) The largest study comes from France and 
basically confirms our observations.(9) Thus, dialysis is a procedure accom-
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Figure 1. The relationship between shortening of dialysis sessions and happiness in patients. 
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Table 2. Factors Causing or Contributing to Hypotension during Dialysis 

Pathogenesis 

Ultrafiltration 
Osmolality fall 
Dialysis removal of 

vasoactive 
substances 
(epinephrine, 
norepinephrine) 

Dialysis into patient 
of destabilizing 
factors (acetate) 

Failure to remove 
destabilizing 
factor ("middle 
molecules") 

Damage to white 
cells or platelets 

Protein changes 
(complement 
activation) 

Mediators 

Hypovolemia 
Decrease in 

vasoactive amines, 
vasopressin 

Osmostat turned off 
Endothelial or 

blood cell damage 
with release of 
prostacyclin 

Underlying 
pathology 

Autonomous 
dysfunction 

Endocrine 
dysfunction 
(adrenal medulla, 
adrenal cortex) 

Juxtaglomerular 
app. 

Vessel dysfunction, 
peripheral 
"stiffness," 
peripheral 
"sluggishness," 
capacitance 
compliance 

Myocardiopathy 
Drugs 
Infections, pain 

Pathophysiology 

Decrease in cardiac 
output, 
peripheral 
resistance, or 
both; or a 
decrease in one 
not compensated 
by enough 
increase in the 
other 

panied by considerable morbidity and by a marked discomfort for the 
patients. It is no wonder that patients eagerly grasp at the reduction in time 
they need to spend on dialysis. Paradoxically, the incidence of side effects 
has increased as dialysis efficiency is increasedY) 

2. Causes of Acute Side Effects 

When discussing the causes of side effects of hemodialysis, it is important 
to differentiate the pathogenesis, the pathophysiology, the mediators, and 
underlying aggravating pathology. Under each heading it is easy to list five 
or six different factors; all exist to different degrees in different patients, 
and all are interrelated in a complicated manner. Unless these two facts are 
understood, much confusion and contradiction will occur. To exemplify, in 
one article it was claimed that autonomic nervous system insufficiency in 
uremia caused hemodialysis-induced hypotension.(lO) Another study reached 
the conclusion that hemodialysis hypotension was not the result of uremic 
autonomic neuropathy.(ll) It is obvious that the autonomic dysfunction that 
some patients have per se is not a cause of hypotension during dialysis. It is 
an underlying pathologic factor that interferes with a patient's ability to deal 
with hypotension that is somehow triggered by dialysis. 

In Table 2 several known factors are listed. 
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2.1. Pathogenetic Factors 

Hypovolemia secondary to ultrafiltration may cause hypotension. How­
ever, there is unanimity in the literature that volume reduction alone is 
rarely responsible for dialysis-induced hypotensionY2-14) Some other factor 
induced by the dialysis procedure must be responsible for the patient's 
inability to defend himself against ultrafiltration-induced hypovolemia or in 
itself can trigger a decrease in peripheral resistance or cardiac output. 

The osmolality fall that occurs during dialysis seems to be one important 
factor. Thus, we have shown that mannitol infusion will decrease both the 
fall in blood pressure and the number of mild and severe hypotensive 
episodes occurring during dialysis.(4.12) A whole series of low versus a high 
dialysate sodium confirm this observation. Whenever dialysate sodium con­
centration is increased, hypotensive episodes and other side effects occur 
less frequently.(15-27) 

The dialysis procedure also may deplete some patients of vasoactive 
amines,(28-31) although opinions differ about this.(32-34) 

Acetate also has been thought to be the culprit of many problems arising 
during dialysis, particularly hypotensive episodes and fatigue.(35.36) Wehle 
and co-workers, however, as well as Raja and associates suggest that this is 
of much less importance than is osmolality. Bicarbonate seems superior to 
acetate only when hyponatremic dialysate is used.(3.25) 

We have found in a double-blind crossover study of 30 patients receiving 
130 dialyses for acute renal failure that the mean blood pressure fall during 
acetate dialysis was 17.5 mm Hg versus 20.5 mm Hg for bicarbonate. The 
number of episodes when the blood pressure fell more than 25% of the 
initial value was 11.6% during acetate dialysis and 19.1 % during dialysis with 
bicarbonate dialysate. None of these differences are statistically significant. 
It is obvious that our studies performed in acute patients cannot be extrap­
olated to chronic ones. 

One of the most puzzling aspects of dialysis-induced hypotension is the 
claim that hemofiltration causes fewer blood pressure problems than does 
hemodialysis. Part of this may be explained by the fact that hemofiltration 
usually is less efficient in small-molecule removal than is hemodialysis, and 
the observation that very rapid dialysis is more likely to cause hypotension.(l) 
However, Shaldon and co-workers note that when small-molecule removal 
during hemofiltration was set carefully, it was as efficient as that occurring 
during hemodialysis, and they could show that in some patients prone to 
hypotension, hemofiltration was better tolerated. (37) There may be two 
explanations for this. First, hemofiltration, which physically removes higher 
molecular substances more efficiently, could remove a substance that desta­
bilizes the cardiovascular system of these patients. This substance would be 
retained during hemodialysis. Second, the membranes used for hemofiltra­
tion seem to induce fewer changes in white cell count and in serum proteins 
as evident by less complement activation and neutropenia.(38) 
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2.2. Mediators 

Possible mediators of some of the side effects of dialysis are listed in 
Table 2. Hypovolemia per se does not seem to be an important mediator 
alone. 

One possible consequence of hemodialysis is that some of the small 
molecules are vasoactive and may be removed.(28-34) It also has been shown 
that vasopressin occurring at a higher-than-normal concentration in dialyzed 
patients decreases if hypotonic dialysate is used.(39) Therefore, one of the 
mediators could be a decrease in vasopressin secretion secondary to the 
pathogenesis of osmolality fall.(40) It has been shown that increasing sodium 
in the dialysate maintains vasopressin concentration in blood.(39) 

It is also possible that the osmolality fall could cause acute autonomous 
dysfunction by leading to cell edema directly. The result could be that the 
body is not able to mobilize norepineprine or epinephrine during dialysis as 
well as during isolated ultrafIltration.(28) Theoretically, the same could apply 
to the renin-angiotensin system, but Zucchelli and co-workers' findings 
contradict this as an explanation.(28) 

One of our speculations is that release of prostacyclin during dialysis 
may cause hypotension. Raij and Wrigley have previously shown that during 
dialysis converting enzyme is released into circulation from the lungs.(41) It 
also is known that prostacyclin occurs in much higher concentrations in 
blood vessels of patients with uremia.(42,43) Finally, the infusion of prosta­
cyclins into patients causes a decrease in blood pressure(44.45) comparable to 
that occurring in most hemodialyses.(3,12) Therefore, one hypothetical mech­
anism is that during hemodialysis, acute blood changes take place during 
the blood passage through the dialyzer. This could damage white cells or 
platelets, both known to decrease during dialysis.(38.46) Thus, these cells could 
release prostacyclin which would lead to hypotension. An alternate expla­
nation is that endothelial damage that seems to take place in the lungs during 
dialysis(41) also could result in the release of prostacyclin, and this in turn 
could decrease the blood pressure. Obviously, this hypothesis needs testing. 

2 . .1. Underlying Pathology 

A whole series of subtle organ damages exist in patients on dialysis. 
Many suffer from autonomic dysfunction.(lO,ll) Myocardial dysfunction also 
has been described.(47) Finally, it is known that peripheral vessels seem to 
undergo accelerated degeneration as evident by the arteriosclerosis that such 
patients have.(48,49) All these factors obviously would not in themselves cause 
hypotension but could make a patient unable to defend himself against many 
of the pathogenetic factors working over a variety of mediators as discussed 
previously. Also, some drugs used by patients will cause them to have 
difficulties in defending themselves. Thus, for example, the usage of Aldomet 
is known to almost triple the incidence of hypotensive episodes during 
dialysis,(50) and the decrease in phosphorus may be another factor.(51) Finally, 
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individual susceptibility will enter into the confusing picture, possibly by 
working over vasovagal effector mechanisms. One clinical observation we 
have made is that patients in pain or those with infections seem to be much 
more likely to develop hypotension than when they are not infected or not 
in pain. 

2.4. Long-Term Consequence of Acute Side Effects 

It is obvious that the acute side effects that occur during dialysis are 
frightening and dismaying to patients, and these alone necessitate their 
vigorous study. 

The side effects make patients push eagerly for shorter dialysis. The 
time spent on dialysis therefore has decreased over the last years.(9.52) This 
in turn actually has led to an increase in the number of side effects,o·9) Thus, 
the number of hypotensive episodes as well as of muscle cramps has 
approximately doubled from 1973 to 1975 in France, as the weekly time on 
dialysis has decreased from 20 to 17 hr. However, in spite of more side 
effects, the patients continue to push vigorously for shorter dialysis sessions. (1) 

Entirely speculative is that many acute side effects may have a slow 
cumulative effect and give rise to some of the chronic mortal side effects of 
dialysis. We feel it may be possible that repeated hypo- or hypertensive 
episodes may contribute to the vascular degeneration and to increased deaths 
in cardiovascular catastrophes that occur in these patients. A possible 
contributing factor to dialysis encephalopathy would be the intermittent 
brain edema that is one of the consequences and one of the acute causes of 
side effects in dialysis. It is obviously naive to believe that either vascular 
degeneration or dialysis encephalopathy has a single cause. Figures 2 and 3 
illustrate how many potential causes might be added in causing these long­
term complications. 

3. Conclusion 

Acute side effects of dialysis are very common and on an average occur 
every other dialysis even after patients have undergone dialysis for months. 
Most common seems to be sudden drops in blood pressure. 

In order to understand and to carry out research on these problems it 
is important to keep pathogenetic factors, pathophysiology, mediators, and 
underlying pathology separate. It is also important to understand that many 
pathogenetic factors may work over many different or in the same mecha­
nisms and may have different expressions in patients whose underlying 
pathology is different. The side effects in themselves are worthy of study to 
make dialysis more pleasant and safe for the patients, and potentially repeated 
acute side effects may cause some of the very long-term ill effects of dialysis. 
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Figure 2. A scheme of the multifactorial etiology of vascular damage in patients on chronic 
hemodialysis. Unphysiology of dialysis increases acute side effects. Thus, it seems reasonable to 
speculate that repeated episodes of acute problems may lead to chronic problems or vascular 
damage. (Figure from ref. 53, with permission of the American Society for Artificial Internal 
Organs.) 
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Figure 3. A scheme of multifactorial etiology of dialysis encephalopathy. Intermittent brain 
edema is an acute side effect of dialysis that may contribute to a chronic one, dialysis 
encephalopathy. (Figure from ref. 54, with permission of the First Asian Pacific Congress of 
Nephrology.) 
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The Role of Net Na and H 20 Flux in 
the Morbidity of Hemodialysis and 
Hemofiltration 

Frank A. Gotch 

The most objective and serious morbidity associated with hemodialysis (HD) 
and with hemofiltration (HF) is symptomatic hypotension, which is still 
reported to occur in 30% of HD treatments.(l) The cause undoubtedly is 
multifactorial and, as recently reviewed by Henderson,(2) may include (1) 
osmotic and ultrafiltration-induced changes in extracellular fluid volume 
(VE); (2) autonomic neuropathy; (3) toxicity of acetate and acute changes in 
acid-base equilibrium; (4) membrane toxicity; and (5) other as yet undefined 
factors. The purpose of this chapter is consideration of the relationship of 
net Na and H20 flux and changes in VE to morbidity. 

The extracellular fluid volume is very precisely regulated in normal man 
through multiple feedback control mechanisms. It is well established that 
the primary determinant of VE is the quantity of Na present, whereas the 
magnitude of total body water (VT) has a smaller influence on VE.(3) in HD 
and HF rapid changes are induced in the quantity of Na both in VE (NaE) 
and in VT • The amount of H20 removal is individualized for each treatment 
and matched to the interdialytic weight gain. With the current state of the 
art there is no attempt to match Na removal precisely to interdialytic Na 
loading. It has long been considered that Na was loaded isotonically and 
removed primarily by convection with water and that small diffusive Na 
gradients were of little consequence in net Na removal or morbidity. Over 
the past 5 years it has become clear from clinical studies that diffusive Na 
gradients markedly affect morbidity, which can be greatly reduced by 
increasing dialysate Na.(4-6) However, quantitative definition of this relation­
ship is essential since there may be a significant risk of excessive Na and 
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Figure 1. Effect of diffusive Na gradients on net Na flux (IN) at fixed QF = 10 mllmin. 

H 20 loading by uniform, empiric increase in dialysate Na until morbidity is 
minimized in a sizable population of dialysis patients. 

The quantitative effect of modest diffusive Na gradients on net Na 
removal is illustrated in Fig. 1 for a dialyzer with Na dialysance (D) of 150 
mllmin operated with a Na concentration of 140 mEqlliter in the dialysate 
(CDiNa) and flow (Qr) of 10 ml/min or 600 mllhr. The standard flux equation(7) 
is shown at the top where term A describes N a flux from dialysate to blood 
and is constant at 19.8 mEq/min. Term B describes the combined diffusive 
and convective Na flux from blood to dialysate and can be seen to increase 
from 19.7 to 22.8 mEq/liter as the concentration of CBi Na in the blood 
increases from 130 to 150 mEq/liter. The net Na removal is given by (A -
B) as shown in the bottom plot where this value changes from +0.1 to -3.0 
mEq/min at a constant QF of 10 mllmin. The Na content of ultra filtrate can 
readily be calculated to range from essentially zero at CBi Na = 130 to 300 
mEq/liter at CBi Na = 150 mEq/liter. Thus, the composition of ultrafiltrate 
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Figure 2. Effect of diffusive Na gradient on ultrafIltration rate from extracellular fluid (VE) 
relative to total body weight (VT). 

removed varies from pure water to a very hypertonic solution over a diffusive 
gradient from blood to dialysate of ± 10 mEqlliter. 

The rate at which VE is changing relative to QF can also be expected to 
vary markedly as a function of the Na concentration of the ultrafiltrate. We 
have recently described a kinetic model to quantify interdialytic Na and H 20 
loading and removal during the subsequent dialysis. (8) The model is based 
on osmotic distribution of Na equal to VT (determined from urea kinetic 
analysis) and permits calculation of Na balance between and during treat­
ments from calculated changes in osmotically active cation present in VT .(8) 

The model can readily be adapted to estimation of interdialytic changes in 
V E relative to a specified normalized or baseline value of V E for the patient. 
In the following calculations of aVE, it is assumed that the baseline serum 
Na is 140 mEqlliter and the baseline VE is one third of VT at "dry body 
weight." 

In Fig. 2 calculated changes in VE are shown for an average-sized patient 
who presents for dialysis with a 3.0-kg weight gain or 3.0-liter excess in VT • 

Over a 4-hr dialysis 3.0 liters of H20 are removed at a constant rate of 750 
mllhr (dashed lines in Fig. 2). 

The changes in VE are calculated for three different predialysis Na 
values of 134, 140, and 145 mEqlliter, which reflect, respectively, hypotonic, 
isotonic, and hypertonic interdialytic NalH20 loading relative to the assumed 
baseline Na of 140 mEqlliter. The excess of VE relative to baseline is shown 
on the left, and the rate at which VE is changing as a result of the Na content 
and volume of the ultrafiltrate is shown on the right. The rate of change in 
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Figure 3. Effect of dialysate Na on morbidity and body H20 and electrolyte composition. 

V E varies from 500 to 950 mg/hr at the start of dialysis as a function of 
predialysis serum Na concentration despite a constant QF of 750 mllhr. 

Similar calculations are shown in Fig. 3 for a patient in our center whose 
kinetic parameters have been previously reported (patient 1, ref. 8). This 
patient was dialyzed sequentially for extended periods with CDi Na 132, 140, 
and 145 which resulted in end dialysis serum Na values of 135, 139, and 
143, respectively. Despite variable Ct Na resulting from variable CDi Na, the 
Co Na was quite constant (141-143 mEqlliter). Thus, the baseline Co Na 
used to model the patient was 142 mEqlliter, and calculated changes in VT 

and VE over 3-hr dialyses are depicted in Fig. 3. During the period of 
treatment with CDi Na 132, the VE decreased to nearly 1 liter below the 
baseline value, and although QF was only 300 ml/hr, VE was decreasing at a 
rate of 600 mllhr at the start of dialysis because of the removal of hypertonic 
ultraflltrate. This was associated with 3.8 episodes of hypotension and/or 
severe muscle cramping per treatment. 

The effects of CDi Na 140 and 145 are also shown in Fig. 3. With CDi 

Na 140 (Qy, VE ) was only slightly greater than (Qy, VT ), and there was much 
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Figure 4. Relationship of systolic BP to Aosmolality with 2.0 liters ultrafiltration in 1 hr. (From 
Ref. 17.) 

less depletion of VE and morbidity decreased to 0.8 episode per treatment. 
With CDi Na 145, slightly hypertonic to the predialysis serum Na (Co), the 
ultrafiltrate was slightly hypotonic to plasma, (0', VE ) became less than (0', 
VT ), and there was a further substantial decrease in morbidity to 0.2 episode 
per treatment. The effect of increasing CDi Na on VE excess is shown in the 
middle plots of Fig. 3. During the period of treatment with CDi Na 132 there 
was substantial residual urine volume of = 1 liter/24 hr, so that calculated 
expansion of VE predialysis was minimal, 0.6 liter. Residual renal function 
steadily diminished to near 0 so that the increased weight gains and predialysis 
VE excess with CDi Na 140 compared to 132 were largely due to decreased 
urine volume. When CDi was increased from 140 to 145, predialysis VE 

increased from 1.5 to 1.9 over baseline value, and the postdialysis value 
increased from - 0.3 to + 0.2 liter relative to baseline. Thus the model 
indicates that in this patient when CDi Na was increased from 140 to 145, 
there was an increase in VE of 0.4 liter predialysis and an increase of 0.5 
liter end dialysis. 
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Figure 5. Relationship of systolic BP to aNab relative to IUF and aurea + aNa osmolality. 
(From ref. 17.) 

It has been suggested by several investigators that acute hypotension 
during dialysis is due to the rapidly decreasing total osmolality of plasma.(9-
11) This implies a mechanism causing hypotension that is equally sensitive to 
changes in urea and Na concentration, which contribute most of the change 
in total plasma osmolality during dialysis. Such a mechanism intuitively seems 
unlikely in view of the marked difference in physiologic behavior of these 
solutes. Sodium ion is essentially confined to V E and is the major determinant 
of volume of that compartment whereas urea freely and rapidly diffuses 
throughout body water. 

Wehle et al. studied the effect of change in urea and Na concentration 
and total osmolality on blood pressure in carefully controlled studies with 
isolated ultrafiltration (IUF) and dialysis at two dialysate Na concentrations 
(145 and 133) with both bicarbonate and acetate but equivalent ultrafiltration 
rates.(9) The mean systolic blood pressure (BP) at end procedure is plotted 
in Fig. 4 from their data as a function of aurea, aNa, and (aurea + a_Na). 
These plots suggest that BP was strongly dependent on the summed change 
in urea and Na osmolality and poorly correlated to either independently. 
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Figure 6. Calculated Co; Na required for diffusive gradient equivalent to HF with FF decreasing 
from 0.60 to 0.40 over a 4-hr treatment with Cp = 150 mEqlliter (aqueous plasma Na). 

The Na-volume model was used to analyze these data and compute Na 
balance with the dialysis treatments relative to that with IUF. The results in 
Fig. 5 indicate that BP correlated very well with aNab alone (r = 0.88). 
Further analysis with multiple linear regression of BP on a Nab and a urea 
showed r = 0.96, identical to that with (aurea + aNa). The fact that BP 
correlates very strongly to aNab alone supports the alternative explanation 
that the change in BP was due largely to the magnitude of change in 
extracellular fluid volume resulting with the different therapies whereas 
change in urea concentration contributed relatively little to change in BP. 

Reports from several investigators have indicated that hypotension is 
less with postdilution HF than with conventional HD.(12-14) Several expla­
nations have been offered including smaller decrease in osmolality in HF 
due to lower urea clearance, removal of a larger-molecular-weight vascular 
destabilizer with HF, and better biocompatibility of HF membrane. However, 
none of the comparative HF studies have been designed to assure that net 
Na removal during HD was equivalent to that in HF. 

The high filtration fraction (FF) achieved in HF results in substantially 
increased plasma protein concentration in the hemofilter. We have recently 
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reported the quantitative dependence of the Donnan ratio for plasma 
Nalultrafiltrate Na concentration in HD and HF as a function of mean 
protein concentration in these devices.(15) A linear relationship was found 
between the reciprocal of the Donnan ratio, n, and the mean concentration 
of total protein in the device. It can be further surmised that these studies, 
performed at relatively low FF, may underestimate the Donnan effect with 
high fIltration fractions since the bulk of fIltration occurs across the proximal 
membrane area in such devices.(16)The impact of the Donnan effect on Na 
transport in HF relative to HD is depicted in Fig. 6 where standard Na flux 
equations and the n values described previously were used to calculate CDi 

Na values required to achieve Na removal in HD equal to HF with replacement 
fluid Na (CR Na) of 140 mEqlliter for an average-sized patient with equal 
fluid removal with both treatments. The two CDi Na curves are based on 
linear and curvilinear(l6) ultrafIltration along the length of the hemofIlter. 
It is apparent that substantially higher and declining dialysate Na concentra­
tions are required to match net Na flux during HF with high FF devices. 

In conclusion, although treatment morbidity very likely reflects multi­
factorial mechanisms, a major factor is likely to be rapid changes in body Na 
content which are not well controlled with the current state of the art. In 
comparison of morbidity with variously modified therapies, it is essential to 
design the studies so that N a removal is equal in experimental and control 
therapies. 

References 

1. Rubin LJ, Gutman RA: Hypotension during haemodialysis. Kidney 11:21, 1978. 
2. Henderson LW: Symptomatic hypotension during hemodialysis. Kidney Int 17:571,1980. 
3. Skorecki KL, Brenner BM: Body fluid homeostasis in man. Am] Med 70:77, 1981. 
4. Ogden DA: A double blind crossover comparison of high and low sodium dialysis. Proc 

Clin Dial Transpl Forum 8:157, 1978. 
5. Van Stone JC, Cook J: Decreased postdialysis fatigue with increased dialysate sodium 

concentration. Proc Clin Dial Transpl Forum 8:152, 1978. 
6. Levin NW, Grondin G: Dialysate sodium concentration. Int] ArtifOrgans 1:255, 1978. 
7. Sargent JA, Gotch FA: Principles and biophysics of dialysis, in: Drukker W, Parsons FM, 

Maher JF (eds): Replacement of Renal Function by Dialysis. Martinus-Nijhoff, 1978, p 38. 
8. Gotch FA, Lam MA, Prowitt M, Keen M: Preliminary clinical results with sodium-volume 

modeling of hemodialysis (HD) therapy. Proc Clin Dial Transpl Forum 10:10-18, 1980. 
9. Wehle B, Asaba H, Castenfors J, Furst P, Grahn A, Gunnarsson B, Shaldon S, Bergstrom 

J: The influence of dialysis fluid composition on the blood pressure response during 
dialysis. ClinNephroI2:62, 1978. 

10. Kjellstrand CM, Rosa AA, Shideman JR: Hypotension during hemodialysis: Osmolality fall 
is an important pathogenetic factor. Am Soc Artif Intern Organs] 1:11, 1980. 

11. Henrich WL, Woodard TD, Blachley JD, Gomez-Sanchez C, Pettinger W, Cronin RE: 
Role of osmolality in blood pressure stability after dialysis and ultrafiltration. Kidney Int 
18:480, 1980. 

12. Quellhorst E, Rieger J, Doht B, Beckmann H, Jacob I, Kraft B, Mietzsch G, Scheler F: 
Treatment of chronic uremia by an ultrafiltration kidney-first clinical experience. Proc 
Eur Dial Transpl Assoc 13:314, 1976. 



43 • Na and H 20 Flux in Morbidity of HD and HF 437 

13. Bosch JP, Albertini BV, Geronemus R: Comparison of hemofIltration and ultrafIltration 
plus hemodialysis to conventional hemodialysis, in: First Annual Progress Report, Artificial 
Kidney-Chronic Uremia Program, NIAMDD. Bethesda, Maryland National Institutes of 
Health, 1978. 

14. Shaldon S, -Beau MC, Deschodt G, Ramperez P, Mion C: Vascular stability during 
hemofiltration. Tr Am Soc Artif Intern Organs 26:391, 1980. 

15. Gotch FA: Net sodium flux (J) in post-dilution hemofIltration (HF) and hemodialysis (HD), 
in: Abstracts American Society of Nephrology, 1980, p 39A. 

16. Henderson LW: UltrafIltration, in: Drukker W, Parsons FM, Maher JF (eds): Replacement 
of Renal Function by Dialysis. Martinus-Nijhoff, 1978, p 135. 

17. Asaba H, et al: Clin Nephroll0:62-66, 1978. 



44 
The Role of Small-Molecule Removal in 
the Control of Treatment Morbidity 
with Hemodialysis and Hemofiltration 

Stanley Shaldon 

In 1976, it was suggested that the critical factor in maintaining the blood 
pressure during isolated ultrafiltration (UF) was the stability of the serum 
osmolality, and that by inference the high incidence of symptomatic hypo­
tension seen with efficient dialysis was due primarily to large drops in the 
serum osmolality.(l) A consequence of this ingenious study, limited to one 
series of acute experiments in only six selected patients, was the birth of the 
"shifters" school. The "shifters" believe that dialysis hypotension is due to 
hypovolemia during UFo The hypovolemia is exaggerated by the passage of 
extracellular fluid into the cells at the same time as it is removed from the 
body. Their conclusions are based on imprecise space measurements, and 
their results are often dubious.(2,3) I have never believed in the "shifter" 
school and feel that Bergstrom and associates' conclusions(l) could not apply 
in a chronic situation. To study this matter in more detail we selected six 
patients(4) with a high incidence of symptomatic hypotension (drop in mean 
arterial pressure of more than 20% together with a requirement for nursing 
attention ± fluid replacement) during conventional hemodialysis lasting 4 
hr and employing a l-m2 cuprophane dialyzer. The study was divided into 
three parts. Each part lasted for 1 month. During part 1, the dialysate flow 
rate (single pass) was 500 mllmin; in part 2, the dialysate flow rate was 300 
mllmin; and in part 3, the dialysate flow rate was 100 mllmin. All other 
parameters were kept as near constant during all parts of the study. Thus, 
the Gambro Lundia I-m2 13.5-unit cuprophan dialyzer was used throughout 
the study for 4 hr three times per week. The dialysate electrolyte composition 
was kept constant at sodium 140 mEq/liter, potassium 2.0 mEq/liter, calcium 
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3.5 mEqlliter, and acetate 40 mEqlliter without glucose. Blood flow was kept 
as constant as possible at about 200 mllmin. Weight loss was kept linear by 
the use of an ABG Semca balancing device which kept the input and output 
dialysate flow to and from the dialyzer constant, while permitting ultrafiltrate 
(excess weight loss) to be removed by a separate pump and measured directly. 
Weight loss was also checked by a Datex metabolic bed scale and continuously 
recorded on a Kontron WW 1200 chart recorder. Blood pressure and pulse 
were recorded manually at 30-min intervals. Serum sodium, osmolality, urea, 
and hematocrit were measured before and after each dialysis in the last week 
of each part of the study. 

The results were expressed as mean ± S.D. of all parameters measured 
during the last week of each part of the study. There was a progressive rise in 
the mean pretreatment level of serum urea from 35.0 ± 3.35 mmoles/liter 
during the last week of part 1 to 43.8 ± 6.79 mmoleslliter in the last week of 
part 3. The drop in serum urea (a urea) was similar in all three parts (Fig. 
1). Serum sodium concentrations did not alter from pre- to postdialysis or 
between any of the parts of the study. Serum osmolality changes paralleled 
those of serum urea, rising progressively from part 1 to part 3, but with a 
similar drop during dialysis in each part (Fig. 2). 

The predialysis body weight was similar for each part of the study, and 
the mean weight loss in each part averaged 2.0 kg. The percentage increase 
in hematocrit in each part was similar-about 10%. However, there was a 
significant reduction in the incidence of symptomatic hypotension in part 3 
compared to parts 1 and 2 (Fig. 3). 

These results suggested that the critical factor in the etiology of symp­
tomatic hypotension was not hypovolemia or changes in serum osmolality. 

Thus, the fact that the use of a high dialysate sodium concentration has 
been associated with less hypotension and acutely with a smaller reduction 
in serum osmolality(5) does not necessarily mean that in a chronic study a 
smaller reduction of serum osmolality would be obtained. Furthermore, the 
mechanism by which sodium prevents hypotension is still not clear. Other 
osmotically active agents such as mannitol also help to reduce symptomatic 
hypotension.(6) However, the alleviation of a condition does not mean that 
the absence of the therapeutic agent was the cause of the condition. 

A similar observation was also first reported in 1976,(7) when Quellhorst 
et ai. described their initial clinical results with postdilution hemofiltration 
(HF). The similarity between the clinical response seen with UF and HF was 
intriguing. Subsequently hemodynamic studies have shown that the periph­
eral resistance increases to the same extent in both treatments, (8) and even 
when HF is associated with a very high urea clearance (>200 mllmin) and 
the reduction in serum osmolality is identical to that seen with high-efficiency 
hemodialysis, the phenomenon still occurs.(9) In the latter study the changes 
in peripheral resistance during acetate or bicarbonate hemodialysis were 
compared to HF with acetate or bicarbonate replacement fluid. The urea 
clearances were the same in hemodialysis and in hemofiltration. However, the 
dialysate sodium was 145 mmoleslliter whereas the replacement fluid for 
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Figure 1. Reduction in serum urea during dialysis at three different dialysate flow rates. J., 
Mean pre to post change ± 1 S.D. (Reprinted from ref. 4, with permission of the editor of the 
American Society of Artificial Internal Organs.) 

HF contained only 139 mmoles/liter. In spite of this sodium difference, the 
increase of peripheral resistance during HF was far more appropriate than 
that seen during hemodialysis (Fig. 4). In addition, this effect was independent 
of the use of acetate or bicarbonate. These results have been confirmed and 
associated with increases in circulating catecholamines during HF or UF but 
not during hemodialysis be it with acetate or bicarbonate (Fig. 5).(8) More 
recently, the peripheral resistance response seen with simultaneous hemo­
dialysis and hemodiafiltration has been shown to be less appropriate than 
with HF alone,o°) In addition, it has recently been shown that the polyacry­
lonitrile RP6 device produces more vascular instability when it is used as a 
dialyzer, even with a high dialysate sodium, than when it is used as a 
hemofilter.(ll) 

The explanation of the phenomenon of improved vascular stability 
during HF is still unknown. It cannot be due to the removal of a large­
molecular-weight substance alone, as the convective solute removal during 
UF is no greater than when hemodialysis is performed with conventional 
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of Artificial Internal Organs.) 

UF rates. Furthermore, it has recently been suggested that large molecular 
clearances during clinical HF are exaggerated if the clearance in vitro using 
an aqueous solution is compared to that using a protein-containing solu­
tion,02) This suggests that the phenomenon may be related to factors other 
than solute removal. The possibility of protein caking causing selective 
sodium retention due to an increased Donnan effect is an attractive hypothesis 
that has recently been suggested.(13) However, the phenomenon also occurs 
in predilution HF(14) where this effect would be less evident. An alternative 
explanation might be that the protein cake seen with HF alters the biocom­
patibility of the membrane and prevents activation of enzymes that liberate 
vasodilator substances such as prostaglandins when blood normally comes in 
contact with cellulosic membranes in hemodialysis.(15) Thus, although symp-
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Figure 5. Correlation of volume-removal-induced mean intratreatment change of total 
peripheral resistance (TPR) and plasma noradrenaline (PNA) during isolated ultrafiltration 
(UF), postdilution hemofiltration (HF), acetate hemodialysis (HDA), and bicarbonate hemodi­
alysis (HDB). (Derived from ref. 8.) 

tomatic hypotension is clearly multifactorial in origin, biocompatibility may 
be a key factor which until recently has received little attention. 
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45 
The Role of Membrane Biocompatibility 
on the Clinical Effects of Hemodialysis 
Therapy 

Edmund G. Lowrie 

There has been increasing interest in biomaterials research during the past 
several years. This is true in a number of areas of clinical endeavor, but 
these comments are confined to artificial kidney systems. Figure 1 illustrates 
a continuum for the development of dialysis therapies from the invention 
of new membranes through the optimization of clinical treatment. We have 
been interested in and involved with clinical evaluation of new and established 
artificial kidneys for a number of years, as shown in the second panel of the 
figure. More recently, we have been privileged to participate in a clinical 
trial that evaluates the control of blood urea nitrogen concentration by using 
pharmacokinetics and the effect this may have on clinical outcome, as shown 
by panels 3 and 4. Recent data suggest, however, that there may be a direct 
link between the biomaterials used to manufacture artificial kidneys and the 
clinical effects of therapy. In other words, Fig. 1 should probably be redrawn 
to show a direct connection between panels 1 and 4. 

Table 1 outlines one approach for evaluation of the biocompability of 
the dialysis process. Potential adverse effects may be viewed conveniently as 
either process or material related. For example, the pumping of blood may 
expose cells to abnormal forces. Similarly, disequilibrium and acid-base 
abnormalities may be related to the rates of transfer of various materials 
across dialysis membranes. The composition of dialysate, as well as the water 
used in the preparation of dialysate, has been reported to have clinical 
effects, although neither dialysate nor water contacts blood directly. Materials 
may be leached from the surface of blood-contacting materials, and diethyl­
phthalate has been shown to enter the blood from various plastics used in 
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Figure 1. Schematic showing the interaction of various disciplines that combine to produce 
clinical dialysis therapy. 

extracorporeal therapy. Attention is directed to the physical interactions 
between dialysis membranes and the formed or humoral elements of blood. 

1. Red Blood Cells 

The data shown in Table 2(1) suggest that the erythroid iron turnover 
increases in patients with chronic renal failure after hemodialysis therapy is 
initiated. Red blood cell survival, however, is shortened and the net effect 
appears to be a reduction of hematocrit. Studies by Hochmuth and co­
workers(2) suggest that red blood cells attach to foreign surfaces, and the 
strength of this attachment depends on the nature of the surface. Cells 
attach more firmly to those materials which have high surface tension. Red 
blood cells so attached deform under the influence of shear, even at relatively 
low shear rates similar to those observed in artificial kidney systems. Once 

Table 1. Dialysis Compatibility 

1. Processes 
a. Blood pumping 
b. Mass-transfer-related 

• Dysequilibrium 
• Acid base 

2. Materials-non-blood-contacting 
a. Dialysate 
b. Water 

3. Materials-blood-contacting 
a. Chemical 

• Leachables 
b. Physical 

• Surface interactions 
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Table 2. Hematokinetics in Eight Patients before and after Starting Dialysis Therapy 

Before starting After starting 
dialysis dialysis p 

Erythroid (mg/100 ml per day) 0.34 ± 0.003 0.44 ± 0.05 <0.001 
iron turnover 

Red cell half-life (days) 26.4 ± 1.5 19.8 ± 1.2 <0.001 
Average hematocrit (vol %) 31.8 ± 2.6 23.8 ± 3.0 <0.001 

cells detach they are frequently misshapen, appearing as schistocytes. Sandza 
and co-workers (3) have found tha exposure of erythrocytes to low rates of 
shear comparable to those found in artificial kidneys shorten their survival 
and that sheared cells are culled from the circulation by the spleen. Taken 
in the aggregate, these data suggest strongly that red blood cells may be 
injured but not destroyed as a result of their exposure to foreign surfaces 
in a shear field. The effect may be to increase the rate at which red blood 
cells are destroyed, thus making the anemia worse. By inference, the nature 
of the surface to which cells are exposed may well have significant clinical 
effects on anemia in dialysis patients. 

2. White Blood Cells 

Studies have shown that the white blood cell count falls sharply within 
the first few minutes after initiation of hemodialysis therapy. The magnitude 
of this effect is much greater when membranes are made from regenerated 
cellulose than when they are noncellulosic, e.g., polyacrylonitrile or poly­
methylmethacrylate.(4) Both polymorphonuclear leukocytes and lymphocytes 
fall during dialysis. Similarly, the effect of reprocessed dialyzers manufac­
tured with regenerated cellulose or Cuprophan is much less pronounced 
than when the same device is new and unused. The clinical consequences of 
this plummeting of white blood cell count are not clear. The leukocytes of 
dialysis patients, however, do not function normally and undergo structural 
changes.(5) Both migration and chemotaxis are impaired, and these are 
important functions in fighting infection. Bacterial infection is the principal 
cause of hospitalization in chronic dialysis patients, and the apparent injury 
to white blood cells may therefore contribute significantly to long-term 
dialysis morbidity. 

3. Complement 

Craddock and co-workers(6) have shown that dialysis membranes activate 
the alternate complement pathway. Further, serum complement falls during 
dialysis, and the effect appears much greater with cellulosic than with 
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Table 3. Symptom Score" 

Percent symptomatic treatments 

Symptom PAN Cellulose p 

Nausea 5.6 25.9 <0.01 
Vomiting 3.7 3.7 NS 
Headache 9.3 ILl NS 
Dizziness 5.5 35.2 <0.001 
Pruritus 14.8 '24.1 0.05 
Cramps 13.0 18.5 NS 
Fatigue 7.4 35.2 <0.001 
Dyspnea 3.7 5.6 NS 
Restlessness ILl 38.9 <0.01 

• Nine patients treated 2 weeks with polyacrylonitrile (PAN) or regenerated 
cellulose. 

noncellulosic artificial kidneys. Further, artificial kidneys which have been 
reprocessed seem to activate complement less than those which are used for 
the first time.(7) These data suggest that there may be interactions between 
the humoral elements of blood and artificial kidney membranes. Again, the 
clinical consequences of complement activation are not clear. Nonetheless, 
other enzyme systems may be activated by exposure to foreign surfaces such 
as dialysis membranes. 

Table 3 shows the fraction of symptomatic treatments experienced by 
nine patients who were treated with both a dialyzer manufactured from 
regenerated cellulose (Cordis Dow Model 3) and one manufactured from a 
noncellulosic material (polyacrylonitrile, Hospal RP6). The data suggest that 
the nature of the membrane material may affect the frequency of clinical 
symptoms, and it is attractive to speculate that these symptoms are reduced 
because polyacrylonitrile does not react with certain blood substances as 
much as regenerated cellulose. 

The data reviewed herein suggest that artificial kidneys are not inert 
devices existing in an extracorporeal circuit. The materials from which they 
are constructed interact with the formed and humoral elements of blood in 
a dynamic way. As such, the nature of the material from which artificial 
kidneys are constructed should be considered when evaluating the effects of 
clinical therapy. 
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Comparative Physiology of Acetate and 
Bicarbonate Alkalinization 

F. John Gennari 

In 1964, acetate was introduced into dialysis therapy as a substitute for 
bicarbonate to overcome the technical problem of precipitation of carbonate 
salts in the bath (Mion et al., 1964). At that time, a few studies were carried 
out to demonstrate that acetate was indeed an effective source of alkali 
during dialysis, and then this organic anion rapidly replaced bicarbonate in 
dialysis baths. Only after a decade or more of widespread use of acetate in 
dialysis have physicians begun to examine in detail the implications of the 
substitution of acetate for bicarbonate (K veim and N esbakken, 1975; Tolchin 
et al., 1977; Graefe et al., 1978; Vreeman et aI., 1980). These investigations 
increased our understanding of acid-base balance in dialysis patients. At the 
same time, however, some controversy has arisen. Acetate has been con­
demned by some, but as yet no one has uncovered convincing evidence that 
acetate use should be discontinued altogether. 

This chapter reviews the comparative physiology of alkalinization with 
bicarbonate or acetate. In 1949, Mudge et al. demonstrated that the parenteral 
administration oLacetate to normal individuals (in a dose of 2.8 mmoles/kg 
body weight per hr) was as effective as bicarbonate in increasing plasma 
bicarbonate concentration. The authors were aware of and concerned about 
the possibility that acetate might cause vasodilation. Bauer and Richards 
(1928) had shown that the rapid infusion of sodium acetate decreased blood 
pressure in anesthetized dogs or cats by direct vasodilation of small blood 
vessels. Nonetheless, blood pressure, pulse, and electrocardiograms were 
unchanged in the human subjects studied by Mudge and co-workers. These 
investigators also gave anesthetized dogs sodium acetate in a much larger 
dose, 15 mmoles/kg body weight over 1 hr. Despite this massive dose, no 
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Figure 1. Schematic representation of body buffering and hydrogen ion balance. 

hypotension was observed. This study and others (Lipsky et ai., 1954) provided 
evidence that acetate was a safe and rapid source for bicarbonate addition 
to body fluids. In the last several years, however, acetate has been implicated 
as a cause of hypotension during dialysis (Graefe et ai., 1978; Raja et ai., 
1980). I will discuss this issue later but first will review hydrogen ion balance 
and the way in which it is affected by acetate or bicarbonate administration. 

Hydrogen ions are added to the body fluids daily by the metabolism of 
ingested foods, a process termed endogenous acid production (Fig. 1). On a 
normal American diet, endogenous acid production yields new hydrogen 
ions at a rate of approximately 1 mmoles/kg body weight per day. This acid 
load is normally excreted by the kidney, so that no retention of acid (termed 
positive acid balance) occurs. Because renal acid excretion is not immediate, 
the hydrogen ions produced must be sequestered by body buffer stores until 
they are excreted or balanced by alkali administration. At a normal plasma 
bicarbonate concentration, extracellular bicarbonate stores account for ap­
proximately half the buffer response. When bicarbonate is the buffer, this 
anion is consumed since the carbonic acid formed is volatile and excreted as 
CO2 via the lungs. Other body buffers can be renewed by back-titration. 
The extent to which the release of carbonate stores from bone contributes 
to the immediate buffer response to an acid load and the role of parathyroid 
hormone (PTH) in this response are unclear at present. 

In the process of renal acid excretion, new bicarbonate ions are produced 
which back-titrate all buffers and replenish normal bicarbonate stores. Thus, 
addition of bicarbonate to the body either by renal mechanisms or by 
exogenous administration counterbalances acid retention and restores acid 
balance to zero. The renal mechanisms that regulate acid balance are quite 
precise but are as yet undefined. If renal mechanisms fail and acid retention 
continues for a sustained period of time, bone carbonate becomes an 
important buffer source, leading to metabolic bone disease. A clinical example 
of bone disease occurring as a result of acid retention is distal renal tubular 
acidosis (RT A) (Gennari and Cohen, 1978). Patients with distal RT A contin-
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Figure 2. Acetate entry into cells and reaction with CoA. This process generates new bicarbonate 
in the extracellular fluid. 

ually retain acid (if untreated) and can develop severe bone disease. In 
patients on dialysis, renal excretory mechanisms are lost, and bone carbonate 
may well contribute to the buffering of acid retained between dialysis 
treatments. Nonetheless, sustained positive acid balance probably does not 
occur because alkali addition during dialysis usually matches acid production 
through a unique interplay between the dialysis membrane and the patient's 
body. 

The addition of either acetate or bicarbonate to the body during dialysis 
provides a source of new alkali. If acetate ions are administered, new alkali 
is generated in the following manner. Acetate in solution is in equilibrium 
with the undissociated acid, acetic acid. At the pH of the body fluids, the 
concentration of acetate is some 500-fold higher than that of undissociated 
acetic acid. Administered acetate anions, therefore, combine with a small 
amount of hydrogen ions from carbonic acid, generating new bicarbonate 
ions. This reaction would be trivial if the undissociated form were not 
removed from the circulation and metabolized. Because the undissociated 
form is removed (Fig. 2), however, the process continues until all the acetate 
is utilized. Acetic acid enters the cell and is metabolized in both the cytosol 
and mitochondria, by reaction with coenzyme A (CoA). The capture of a 
proton by acetate and its conversion to acetyl CoA in the cell are the steps 
that yield a new bicarbonate ion in the circulation. What happens to the 
acetyl CoA after its formation is inconsequential so long as a new acid is not 
produced. From an acid-base point of view, it is irrelevant whether CO2 

and H20, neutral fat, or protein is the final destiny of the acetyl moiety. 
Only if acetoacetic acid is produced is the newly generated bicarbonate lost. 
In fact, the metabolic destiny for almost all the acetate metabolized (80-
90%) is CO2 and water, the remainder being used in the production of 
neutral fats (Ballard, 1972). By this metabolic process, acetate is the equimolar 
equivalent of bicarbonate. A major difference, however, is the generation of 
energy in the process of acetate metabolism. Bicarbonate ions are not a 
caloric source. 

Although the net result is the same, transitory differences exist. The 
addition of bicarbonate to the extracellular fluid (ECF) immediately reduces 
ECF hydrogen ion concentration (increases pH) and results in hydrogen ion 
secretion from cells. Approximately half the alkali load is offset by hydrogen 
ion release from intracellular buffers. In this process sodium or potassium 
enters cells. Acetate anion, by contrast, has no immediate effect on buffers 
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Figure 3. Changes in plasma bicarbonate and acetate concentration as the blood traverses the 
dialysis membrane. Total acetate entry and bicarbonate exit for a 5-hr dialysis are shown in the 
lower right. 

or on the ambient hydrogen ion concentration. As discussed previously, its 
effect on hydrogen ion balance is dependent on (1) entry into cells, and (2) 
conversion to acetyl CoA. The rate of acetate entry into cells depends on its 
concentration in the ECF. Its reaction with CoA appears to be limited as well 
by the availability of CoA (Lundquist, 1962; Vreeman et al., 1980). Although 
there appears to be wide patient variability, the maximal rate of bicarbonate 
generation from acetate ranges from 4 to 6 mmoles/kg body weight per 
hour. This limitation reduces the usefulness of acetate as a source of alkali 
acutely in some dialysis settings (Lundquist, 1962; Tolchin et al., 1977; 
Vreeman et al., 1980). Because acetate is rapidly metabolized and replaced 
by new bicarbonate ions, acetate administration does not affect the distri­
bution of solutes between cells and the ECF any differently than does 
bicarbonate administration. 

As discussed earlier, acetate given to normal individuals is equivalent to 
bicarbonate and appears to be nontoxic. Kirkendol et al. (1977) have shown 
a myocardial depressant effect of acetate, but in much larger acute doses 
than those given during dialysis. Despite its apparent nontoxicity in normal 
individuals, acetate has been implicated as a contributor to dialysis hypoten­
sion and symptomatology (Graefe et al., 1978). A major difference between 
intravenous acetate administration and acetate infused during dialysis is that 
simultaneous bicarbonate loss occurs in the latter setting (Fig. 3). Acetate 
enters and bicarbonate leaves the blood as it traverses the dialysis membrane. 
Thus, the concentration of bicarbonate in the blood returning to the patient 
falls below 10 mmoles/liter, and the concentration of acetate ions rises to 15 
mmoleslliter or higher. Ifblood PC02 did not decrease simultaneously, the pH 
of the blood leaving the dialysis machine would fall to 7.00. CO2 is also 
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Table 1. Acid Balance in Dialysis Patients 

1. Acid production 
a. From dietary protein = 60 mmoles/day 

420 mmoleslweek 
b. Organic anion losses = 100 mmoles/dialysis 

300 mmoles/week 

Total: 720 mmoles/week 

2. Alkali required 720 mmoleslweek 

3. Dialysis specifications 
a. 4-hr duration 
b. Dialysate acetate concentration = 37 mmoleslliter 
c. Dacetate = 120 mllmin, DHcof = 150 mllmin 

Plasma HC03" Acetate in HC03" out 
(mmoles/liter) (mmoles) (mmoles) 

16 980 576 
18 980 648 
20 980 720 
22 980 792 
24 980 864 

240 mmoles/dialysis (3 timesl 
week) 

Net alkali Net alkali-240 
(mmoles) (mmoles) 

404 164 
332 92 
260 20 
188 -52 
116 -124 

removed by the dialysis process, however, so that the pH does not fall 
dramatically. As the blood reenters the body, the pH may fall transiently as 
it equilibrates with the ambient PC02. With admixture and metabolism of 
acetate, the bicarbonate concentration rises to its previous levels, and the 
acetate concentration falls but is persistently measurable during dialysis. One 
can only speculate whether these dramatic and rapid compositional changes 
impact on vasomotor stability. Despite these changes, the pH of the blood 
does not change notably during dialysis (Tolchin et al., 1977; Vreeman et al., 
1980). 

The net entry of acetate and exit of bicarbonate during dialysis are 
determined by the dialysance of each of these anions and the transmembrane 
concentration gradient. For acetate, we set the concentration in the bath, 
and the rate of metabolism sets it in the blood. For bicarbonate, the plasma 
bicarbonate concentration is the sole determinant of its transmembrane 
concentration gradient in a single-pass system. The plasma bicarbonate 
concentration, however, in turn is determined by net acid balance. Therefore, 
the relative dialysances for bicarbonate and acetate in a given dialysis setting 
are the ultimate determinants of the plasma bicarbonate concentration at 
which acid balance is achieved. This concept is illustrated in Table 1. The 
values for acid production in the example shown in this table represent only 
estimates because no good systematic measurements have been made in this 
group of patients. The principle holds, however, regardless of the precise 
values. If one assumes a hydrogen ion production rate of60 mmoles/day from 
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the metabolism of proteins, the weekly production rate is 420 mmoles. 
Vreeman et ai. (1980) have provided an estimate of organic acid production 
(actually a component of "endogenous acid production" although separately 
cata logued here) from the measured losses of organic anions during dialysis. 
Adding these values, approximately 720 mmoles of hydrogen ions are 
produced weekly which must be countered by an equal amount of alkali to 
prevent positive acid balance. For three-times-weekly dialysis, this represents 
240 mmoles per dialysis. For standard hemodialysis membranes and flows 
used today, the dialysances of bicarbonate and acetate are approximately 
150 and 120 ml/min, respectively (Vreeman et ai., 1980). Given a typical 
dialysate acetate concentration of 37 mmoleslliter and its dialysance, approx­
imately 980 mmoles of acetate are infused during a 4-hr dialysis treatment. 
The amount of bicarbonate lost during dialysis, however, varies with the 
plasma bicarbonate concentration. If the bicarbonate concentration is less 
than 20 mmoleslliter, more than 240 mmoles of net alkali is gained. Because 
alkali intake exceeds acid production, the predialysis bicarbonate concentra­
tion will rise. By contrast, if the plasma bicarbonate level is greater than 20 
mmoleslliter, insufficient net alkali is gained and the plasma bicarbonate 
concentration will fall. Thus, in this example, the chronic predialysis bicar­
bonate concentration is "regulated" at a level of approximately 20 
mmoleslliter, and at that level, the patient is in acid balance. 

A corollary of this observation is that, although the ambient bicarbonate 
concentration is maintained lower than normal, long-term positive acid 
balance should not occur, and therefore bone calcium salts should not be 
continually lost in the buffering process. The bicarbonate lost during dialysis 
is analogous to the defect in renal bicarbonate reabsorption seen in proximal 
RT A. In this disorder, the magnitude of the renal bicarbonate leak regulates 
the chronic steady-state plasma bicarbonate concentration at which acid 
balance is achieved (Gennari and Cohen, 1978). Bone disease is not a feature 
of the acidosis in that disorder (Brenes et ai., 1977). By analogy, acidosis­
related bone disease should not occur in dialysis patients, unless some factor 
prevents regeneration of the bone carbonate salts utilized in buffering acid 
retained in the interdialytic period. 

Table 2 reviews the same events when a large-surface-area membrane 
is used. If one uses the same estimate for alkali requirement in this example, 
it is apparent (given the higher dialysances for acetate and bicarbonate for 
this membrane) that sufficient net alkali is only delivered at bicarbonate 
concentrations less than 18 mmoles/liter. Fortunately, as shown in the lower 
part of Table 2, patients using a large-surf ace-area membrane can maintain 
a plasma bicarbonate concentration higher than 18 mmoleslliter between 
dialysis treatments because the rate of bicarbonate loss simply exceeds the 
rate of acetate conversion to bicarbonate early in dialysis. Thus, during 
dialysis, plasma bicarbonate concentration falls to a level at which bicarbonate 
losses are reduced.· At the same time, high circulating acetate levels are 
achieved during dialysis, which subsequently provide the substrate for the 
needed alkali (Tolchin et ai., 1977). In these patients with high acetate and 



46 • Acetate and Bicarbonate Alkalinization 

Table 2. Acid Balance with 2.5-m2 Dialysis Membrane 

Dialysis specifications 
a. 4-hr duration 
h. Dialysate acetate concentration = 40 mmoleslliter 
c. Dacetate = 140 mllmin, DHcOf = 208 mllmin 

Plasma HCOg Acetate in HCOg out 
(mmoleslliter) (mmoles) (mmoles) 

16 1092 800 
18 1092 898 
20 1092 1000 
22 1092 1098 

Kinetics-hourly 
Hours 
1 18 311 225 
2 16 277 200 
3 16 269 200 
4 16 252 200 

4-hr totals 1109 825 

Net alkali 
(mmoles) 

292 
194 
92 
-6 

86 
77 
69 
52 

284 
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low bicarbonate levels during dialysis, hypotension and other symptoms are 
most likely to occur. These symptoms are probably related to both the high 
acetate and the low bicarbonate levels induced, but the specific mechanisms 
remain to be elucidated. Even in these patients, arterial pH does not fall 
notably during dialysis because arterial PC02 falls concomitantly with the fall 
in plasma bicarbonate concentration (Tolchin et at., 1977). 

From this analysis, it is apparent that, for a given dialysis setting, the 
concentration of acetate in the bath determines the plasma bicarbonate 
concentration at which long-term acid balance is maintained. To induce a 
sustained increase in plasma bicarbonate concentration using acetate dialysis, 
one has to increase the rate of acetate delivery relative to bicarbonate loss. 
However, given the dialysis membranes used at present, a higher acetate 
delivery results in acetate infusion faster than the rate of acetate metabolism. 
This will produce a fall in plasma bicarbonate concentration during dialysis, 
as illustrated in Table 2. Alternatively, bicarbonate can be used in the bath 
rather than acetate. In this case, a high bicarbonate dialysance works in our 
favor. Plasma bicarbonate concentration increases more for a given bath 
bicarbonate concentration with a larger-surface-area dialysis membrane. 

The predialysis plasma bicarbonate concentration in stable chronic 
dialysis patients averages about 17 mmoles/liter, but ranges from 10 to 24 
mmoleslliter. A question that needs answering is whether this wide scatter is a 
reflection of individual variations in bicarbonate and acetate dialysance, or 
whether other factors are responsible. The factors affecting acid balance in 
patients on dialysis are shown in Table 3. I have discussed the dialysis-related 
factors, except for dialysis time. Clearly, if there is a favorable ratio between 
dialysis acetate entry and bicarbonate loss, then increasing dialysis time will 
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Table 3. Factors Influencing Acid Balance in Dialysis Patients 

Endogenous acid production 
Renal HCOi wasting 
Organic anion loss during dialysis 

Dialysis factors 
Discrepancy between DHcof and Dacetate 
Dialysis time 
Bath acetate/HCOi concentration 

increase plasma bicarbonate concentration. Turning to the production side, 
endogenous acid production and organic anion loss are part of the same 
process, except that dialysis (either with acetate or bicarbonate) may actually 
stimulate organic acid production. Little is known about the effect of dialysis 
on this metabolic process. Variations in endogenous acid production will 
certainly affect plasma bicarbonate concentration. Finally, if residual renal 
function results in the loss of sufficient bicarbonate in the urine, this factor 
also will influence plasma bicarbonate concentration. Only by understanding 
the roles of all these factors can we provide the necessary therapeutic 
approaches to regulation of bicarbonate concentration in patients on dialysis. 
We must examine our goals. In patients with proximal RTA, the only cost 
of a low bicarbonate concentration when acid balance is maintained is stunting 
of growth. If patients on dialysis are in acid balance, then continued bone 
carbonate loss should not occur unless, as noted earlier, some factor prevents 
replenishing the bone carbonate losses sustained in the interdialytic period. 
If restoration of bone carbonate is impaired, increasing plasma bicarbonate 
concentration to normal or above normal mayor may not correct this defect. 
A clear case can be made for attempting to maintain a normal bicarbonate 
concentration in pediatric patients, but in adults further studies are needed 
to evaluate whether such a goal is necessary. A quite separate issue is acute 
dialysis-related morbidity. If, indeed, the replacement of acetate with bicar­
bonate in the dialysis bath can be shown to reduce such morbidity in some 
patients, then bicarbonate should be used if our goal is to increase the rate 
of rehabilitation of dialysis patients to active and useful lives. 
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The State of the Art 

John S. Najarian 

End-stage kidney disease reached several important anniversaries in 1980. 
It was the 30-year anniversary of the first successful clinical hemodialysis 
and the 25-year anniversary of the first successful kidney transplant between 
identical twins. In addition, it was 20 years after the first successful non­
identical twin transplant-approximately 35,000 people have received kidney 
transplants in the United States. 

Kidney transplantation is the most effective means of treatment of 
patients with end-stage kidney disease. Actually, it is the only cure for the 
disease because chronic dialysis is only a form of treatment of the underlying 
condition. In addition, during 1983 the Social Security Administration will 
spend almost two billion dollars in the treatment of patients with chronic 
renal disease. This figure continues to rise at a precipitous rate, almost 
double the estimated amount. 

Renal transplantation is the most financially efficient means of manage­
ment because it involves a single expenditure for a successful transplant. If 
the transplant fails, the patient can go back on dialysis and be considered 
again for a kidney transplant. The current cost for a renal transplant is 
approximately $20,000, essentially the same as it was 20 years ago. The 
reason for this stablized cost is the decreased number of days required for 
hospitalization after transplantation. Thus, it appears that the government 
funding agencies should accept transplantation as the most effective and 
cost-efficient method of treating patients with end-stage kidney disease. 
Unfortunately, only four to five thousand people are transplanted each year, 
and more than 15,000 are placed on chronic hemodialysis. The major reason 
for this difference is that the 5- and 10-year kidney survival results have not 
improved appreciably in the past 10 years. 
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The current national 5-year kidney survival results are approximately 
50% for related-kidney transplants and 40% for cadaveric-kidney transplants. 
The 10-year results are approximately 10% less than this. It is apparent that 
the next advance in kidney transplantation should be made in trying to 
improve recipients' acceptance of donor kidneys. This subpart focuses on 
new techniques and therapies of immunosuppression; the possible develop­
ment of techniques of acquired immunologic tolerance; and better methods 
of tissue typing to obtain closer genetic donor-recipient matching. 

In new methods of immunosuppression the four areas to be covered 
will include total lymphoid irradiation (TLI) , the use of cyclosporin A, 
thoracic duct drainage, and, finally, the more widespread use of antilym­
phocyte globulin (ALG). All these techniques of immunosuppression initially 
offer some hope that kidney, and thus patient, survival can be remarkably 
improved. 

Dr. Anthony Monaco's chapter discusses progress in developing acquired 
immunologic tolerance, either with the use of total-body irradiation and 
bone marrow transplantation or with the use of ALG and bone marrow 
transplantation. Finally, Dr. Fritz Bach's chapter focuses on the newer 
techniques used in tissue matching, with primary emphasis on the HLA-D 
locus or DR typing. He will address the possibility of adding this newer 
modality to conventional serologic typing for HLA-A and HLA-B. 

These chapters identify practical avenues of approach for treatment and 
for further research. It is hoped that kidney transplant survival statistics will 
improve as better methods are applied. We need a much more cost-efficient 
method of management of the catastrophic illness of chronic end-stage 
kidney disease. 
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1. Immunosuppressive Effects of TLI in Humans 

In the course of investigating the cellular basis of the immunodeficiency of 
patients with Hodgkin's disease, we examined the number and function of 
T lymphocytes in the peripheral blood before and after treatment with total 
lymphoid irradiation (TLl).(l) Treated patients received a total of 4400 rads 
to the lymph nodes, thymus, and spleen (if not removed previously), in 
fractions of 200-250 rads to the subdiaphragmatic tissues. A similar schedule 
of radiation was given subsequently to the supradiaphragmatic tissues. The 
skull, lungs, kidneys, pelvis, and long bones were shielded with lead. 

In patients with Hodgkin's disease, TLl produced a reduction in T cells 
and an increase in B cells in the blood for at least 10 years in patients with 
no recurrence. In addition to the numerical deficit, TLI reduced the in vitro 
immune (MLR) response of peripheral blood T lymphocytes to allogeneic 
cells for approximately 2 years. A gradual recovery was noted thereafter, 
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until the response returned to normal levels by 5-10 years after treatment. 
In addition, untreated patients who showed intact cell-mediated immunity, 
as judged by normal skin reactivity to bacterial and fungal antigens, lost their 
skin reactivity for at least 18 months after radiotherapy. Despite this intense 
and prolonged immunosuppression, less than 1 % of patients developed 
serious systemic infections.(2) 

2. Immunosuppressive Effects ofTU in Mice 

In view of the potent immunosuppression in humans without severe 
side effects, we investigated the use of TLI in tissue transplantation in 
mice.(3) Adult (6-month-old) BALB/c mice were given high-dose, fractionated 
lymphoid irradiation. The lymph nodes, as well as the spleen and thymus, 
were exposed to radiation. The skull, long bones, tail, and lungs were 
shielded with lead. Each animal was given 17 fractions of 200 rads each to 
achieve a total dose of 3400 rads within approximately 3 weeks. Mice were 
anesthetized with pentobarbital during each treatment. 

TLI prolonged the survival of C57BUKa skin grafts in BALB/c recipients 
about 5 times (mean 50 days) longer than nonirradiated controls (mean 10 
days). Inclusion of the thymus in the radiation field was essential for full 
immunosuppression, since shielding of this organ during TLI resulted in 
only minor prolongation of graft survival. However, thymic irradiation alone 
had little effect. Irradiation of both the thymus and the peripheral lymphoid 
tissues is required for optimal suppression of graft rejection. 

3. BM Transplantation without GVHD Using TU 

In several experiments, BALB/c mice were given TLI, and an intravenous 
injection of bone marrow (BM) cells from C57BUKa donors 1 day later.(4) 
Twenty-four of twenty-seven recipients given BM cells were chimeras as 
judged by the presence of donor-type lymphocytes in the peripheral blood 
more than 100 days after BM transplantation. The majority of lymphocytes 
in the lymph nodes, spleen, and bone marrow (exposed to irradiation) were 
donor type, and chimerism was found also in the erythrocytes. 

Although allogeneic BM engraftment was achieved in this strain com­
bination, no clinical evidence of graft-versus-host disease (GVHD) was 
observed in the recipients. BALB/c mice lost up to one third of their body 
weight during TLI but regained their normal weight within a few weeks 
after BM transplantation. There was no hair loss, diarrhea, hunched back, 
or skin rash usually associated with GVHD. To determine whether vigorous 
GVHD can occur in this strain combination, BALB/c mice were given a 
single, lethal dose of whole-body irradiation (1000 rads), and 1 day later 
were injected intravenously with C57BUKa BM cells. All mice given whole­
body irradiation without marrow replacement were dead within 11 days. 
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Control mice given syngeneic (BALB/c) BM cells survived for more than 250 
days. The majority of mice given allogeneic (C57BUKa) BM cells died within 
2 weeks, and 95% died within 60 days. The latter animals showed the typical 
clinical changes of GVHD. On the other hand, more than 80% of BALB/c 
mice given TLI and allogeneic BM cells survived at least 110 days, which 
approximated the survival of animals given TLI alone. These findings show 
that TLI prevents the development of GVHD ordinarily observed following 
allogeneic marrow transplantation. 

4. Transplantation Tolerance after TU 

BALB/c mice given both TLI and allogeneic BM cells also received a 
skin graft from the BM donors on the day of BM transplantation.(3,4) All 
recipients shown to be chimeric maintained the skin grafts with full hair 
growth for at least 250 days. To determine whether animals with long­
standing skin grafts were specifically tolerant to donor-type tissues, six of 
the latter recipients were given skin grafts from C3H (H-2k) donors more 
than 100 days after BM transplantation. All C3H grafts were rejected by 13 
days, whereas the C57BUKa grafts remained intact. Specific tolerance was 
also shown by the ability of PBL foom chimeric recipients to respond in vitro 
to stimulator lymphocytes from C3H, but not C57BUKa or BALB/c, donors. 

5. Bone Marrow Transplantation and Tolerance in Rats after TU 

Adult Lewis rats were given TLI using lead shields and a radiation 
protocol similar to that used in mice.(5) One day after the completion of TLI, 
animals were given an intravenous injection of ACI BM cells. An ACI skin 
graft was placed on the anterior chest wall 1 day later. All the recipients 
given BM cells were chimeric and maintained their skin grafts more than 
100 days after BM transplantation. Permanent survival of ACI heart allografts 
directly sutured to the abdominal aorta and inferior vena cava was observed 
in four out of five recipients given TLI and ACI BM cells. 

As in the experiments with mice, none of the chimeric rats showed 
clinical evidence of GVHD. In addition, chimeras were found to be specifically 
tolerant to donor-type tissues, since they rejected third-party BN skin grafts 
and responded in vitro to stimulator lymphocytes from BN but not ACI or 
Lewis donors. 

6. Transplantation of Allogeneic BM in Dogs Using TU 

The use of TLI in BM transplantation in mongrel dogs was examined 
to determine the applicability of this technique to large outbred animals. 
Unrelated mongrels were paired so that they differed by sex and blood 
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group types. Our initial group of recipients was given between 3600 and 
4800 rads to the lymphoid tissues in 100- to 150-rad fractions over a period 
of 3-4 months using a 5-MeV linear accelerator as the radiation source. The 
majority of fractions were administered to the supra- and subdiaphragmatic 
fields separately. (6) 

Two of three recipients given at least 1 X 109 BM cells per kilogram 
body weight 1 day after radiotherapy were stable chimeras for at least 9 
months, as judged by the presence of donor-type sex chromosomes in BM 
samples from these recipients. Donor-type cells were also found in the 
peripheral blood-there were donor-type blood group antigens on the red 
blood cells. Although these recipients accepted the allogeneic BM grafts, 
they showed neither clinical signs of GVHD nor evidence of liver dysfunction 
usually accompanying GVHD during an 18-month observation period. These 
findings show that TLI allows for allogeneic BM engraftment without GVHD 
in large outbred animals. 

In further experiments 12 dogs were given 18 fractions of 100 rads 
each to the supra- and subdiaphragmatic tissues simultaneously.(7.8) The 
regimen was completed in about 3 weeks, and allogeneic bone marrow was 
transplanted within 48 hr after the completion of TLI. All dogs with and 
without prior blood transfusions accepted the marrow grafts and became 
stable chimeras as judged by karyotype and blood group analysis (Tables 1 
and 2). These dogs are now 8-24 months post-marrow transplantation and 
have no clinical signs of GVHD. At the end of TLI all animals developed a 
mild leukopenia (WBC "'" 3-5 X 103/mm3 ) and thrombocytopenia (platelet 
count 50-150,000/mm3 ); there was no evidence of infection or spontaneous 
bleeding. 

7. Combined Organ and Bone Marrow Transplantation in Dogs 

We attempted to transplant skin, kidney, or heart allografts to mongrel 
dogs given TLI and allogeneic bone marrow cells. Organ grafts were obtained 
from the marrow donor in all cases. Pilot experiments were performed with 
two dogs shown to be chimeric at least 8-12 months after BM transplantation. 
Both recipients received approximately 4000 rads to the abdomen and chest 
separately in fractions of 100-200 rads.(6) Skin grafts transplanted several 
months after BM transplantation were rejected within 21 days. A heart 
allograft anastomosed to the abdominal aorta and inferior vena cava 8 
months after BM transplantation was rejected within 2 weeks (Table 3, dog 
no. 27). 

In further experiments, seven dogs were given 18 fractions of 100 rads 
each, and allogeneic BM was injected intravenously, as described in the 
previous section. Within 2 days after the BM infusion, heart or kidney grafts 
from the marrow donor were transplanted to the recipient. Anastomosis of 
the heart or kidney grafts to the abdominal aorta and inferior vena cava 
resulted in bowel intussusception and death within 10 days in all seven dogs. 
The high frequency of intussusception appeared to be due to a combination 
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Table 1. Erythrocyte Antigen and Karyotype Analysis of Bone Marrow Recipients Not 
Given Prior Blood Transfusions 

Months after Karyotype analysis Blood group analysis 
Recipient number transplantation (% donor type) (DEA)Q 

826 0 -,3,4,-,6,-
1 36 (C?) 1.1,3,4,-,6,8 
2 IT, n, n, -, n,-=-
3 IT, n, n, -, n, -
5 33 (C?) IT, 3,4, -, 6, -
8 IT,3,4,-,6,-

10 32 (C?) IT, 3,4, -, 6, 8 
38 0 IT,-, 4,-, 6~-

1 44 (0) 1.1, -, 4, 5, 6,-
2 1.1, -, n, -=--,6, -
3 1.1, -, n, 5, n, -
5 44 (0) 1.1, -, n, 5, n,-
8 1.1, -, n, 5, n, -

10 40 (0) 1.1~ -, 4, ~, 6, -
806 0 1.1, -, 4, -, 6 

1 50 (0) 1.1, -, 4, -, 6 
2 n,-,n,5,6 
3 n,-,n,-,n 
5 47 (0) n,-,o,-,n 
8 1.1,-,4,5,6 

10 40 (0) 1.l,-,4,~,6 

• DEA types of donors of 826 and 38 1.1,4,5,6,8 and 4, 5,6 respectively. Donor of 806 was 1.1,4,5,6. 
Donor-type antigens detected in recipients are underlined. DEA typing of pretransplant recipient blood 
samples was confirmed on at least three occasions. -, Not detected. n, Not tested. 

of radiotherapy and abdominal operation because intussusception was not 
observed in animals given TLI without operation or in control animals given 
abdominal grafts without TLI. A similar problem has not been observed in 
monkeys or reported in humans. (2) 

Subsequently, dogs given TLI and BM transplants received heart allo­
grafts which were directly anastomosed to the thoracic aorta and the superior 
vena cava using an approach through the right chest wall. 

The preliminary experimental results are summarized in Table 3. Dogs 
given 1800 rads and BM and heart transplants from the same donor rejected 
their heart grafts within 84 days. Microscopic examination of the hearts 
showed severe acellular rejection patterns with necrosis and hemorrhage in 
the myocardium. One of the three dogs in the latter group was evaluated 
for chimerism shortly after rejection of the graft. Approximately 25% of 
karyotypes in spontaneous metaphase preparations of the femoral bone 
marrow of the recipient carried the sex chromosome marker of the donor. 
Thus in two dogs (no. 22 and no. 27), heart allografts were rejected even 
though chimerism was evident. This suggests that organ-specific antigens 
may play an important role in organ graft rejection in these highly outbred 
mongrel dogs. 
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Table 2. Erythrocyte Antigen and Karyotype Analysis of Bone Marrow Recipients Given 
Random Blood Transfusions during Til 

Months after Karyotype analysis Blood group analysis 
Recipient number transplantation (% donor type) (DEA)a 

Group 1 348 2 37 ('i') MNA 
8 25 ('i') 

484 2 29 ('i') 1.1, -, -, -, 6, 8 
8 45 ('i') 1.1, -, 4, -, 6, 8 

10 1.1, -,4, -, 6, 8 
480 2 40 ('i') MNA 

8 43 ('i') 

Group 2 517 0 1.1, -, 4, -, 6, 8 
1 1.1, -, 4,5,6,8 
2 20 ('i') 
3 1.1, -, 4, 5, 6, 8 
7 31 ('i') 1.1, -, 4, 5, 6, 8 

508 2 40 (0) MNA 
7 26 (0) 

513 2 33 (0) MNA 

Group 3 515 0 -, -, 4, 5, 6, 8 
1 .!.:.!, -, 4, 5, 6, 8 
2 25 ('i') 1.1, -, 4, 5, 6, 8 
4 1.1, -, 4,5,6,8 
5 1.1, -, 4, 5, 6, 8 

Two groups of dogs were given TLI, BM cells, and antithymocyte 
globulin (ATG) alone or in combination with azathioprine to prevent the 
rejection of subsequent heart transplants. The TLI and BM infusion pro­
cedures were carried out as described previously. Within 2 days heart 
allografts were transplanted, and recipients received rabbit antidog thymocyte 
globulin (4 mg/kg, intramuscularly) on postoperative days 0, 2, 4,6, 8, and 
lO. Azathioprine (0.5-1 mg/kg intramuscularly) was given to one of the two 
groups on a daily basis (for 90 days) as long as the total white blood cell 
count was> 5000 cells/mm3 . Recipients given A TG alone rejected their heart 
grafts between 29 and 121 days after transplantation (Table 3). Microscopic 
examination of the grafts showed moderate to severe rejection involving the 
myocardium and arterial vessels. 

Dogs given a combination of A TG and azathioprine were to receive the 
latter drug for 90 days. Graft survival was monitored thereafter in the 
absence of all drugs to determine whether permanent graft survivaf could 
be achieved after a brief course of these immunosuppressive agents. Thus 
far, only one dog in this group has survived the 90-day period (Table 3). 
One dog each died because of infection (following leukopenia) and of 
polyarthritis of unknown etiology. There has been no evidence of rejection 
by electrocardiogram (EKG) or biopsy criteria between 20 and 104 days after 
heart transplantation (Table 3). Although it is too early to determine the 
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Table 3. Survival of Heart Transplants Obtained from Donors of Allogeneic Bone Marrovf 

Dog Biopsy 
no. Treatment EKG evaluation evaluation Death 

27 TLI, BMb (8- Arrest, < 14 days Acellular 
month delay) rejection 

41 TLI, BM Arrest, <14 days Acellular 
rejection 

28 TLI, BM Arrest, < 14 days Acellular 
rejection 

22 TLI, BMb Fibrillation Cellular 
rejection 

389 TLI, BM,ATG Fibrillation, 121 Cellular 
days rejection, 

day 90 
365 TLI, BM, ATG Decreased voltage, Cellular Day 39, 

39 days rejection, empyema 
day 39 

419 TLI,BM,ATG Fibrillation, 29 days Cellular 
rejection, 
day 29 

515 TLI, BM, ATG, Normal, 104 days Normal, day 
Aza 90 

520 TLI, BM, ATG, Normal, 80 days 
Aza 

468 TLI, BM, ATG, Normal, 68 days Normal, day Day 68, 
Aza 68 polyarthritis 

524 TLI, BM, ATG, Normal, 37 days Normal, day Day 37, 
Aza 37 leukopenia 

616 TLI, BM, ATG, Normal, 20 days 
Aza 

• Hearts were transplanted within 2 days after BM, except for 8-month delay in dog no. 27. TLI, BM, all 
dogs given 18 X 100-rad fractions in continuity (except no. 27, given - 4000 rads to abdomen and chest 
separately in 100- to 200-rad fractions) and allogeneic bone marrow intravenously 1 day later. ATG, 
antithymocyte globulin, 4 mglkg 1M on days 0, 2, 4, 6, 8, 10. Aza, azathioprine, 0.5-1 mglkg 1M daily until 
day 90. 

b Chimerism documented by karyotype analysis of the recipient bone marrow. 

efficacy of combined A TG and azathioprine therapy, biopsy results suggest 
that dogs maintained on low doses of azathioprine do not have the rejection 
pattern observed in dogs given A TG alone. 

8. Organ Transplantation in Monkeys Using TLI 

To examine the immunosuppressive effects of a combination of low­
dose (600 rads) TLI and ATG, rhesus monkeys were given TLI alone (six 
doses of 100 rads each-total 600 rads), four doses of rabbit antimonkey 
thymocyte globulin alone, or TLI and ATG in combination.(9) Allogeneic 
hearts were anastomosed to the abdominal aorta and inferior vena cava to 
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determine the effect of these regimens on prolongation of graft survival. 
Graft function was determined by electrocardiography and direct palpation. 
Graft survival in 'untreated animals showed a range of 10-13 days. Prolon­
gation of 29-50 days was observed when recipients were given 600 rads, 1 
day before heart transplantation. Animals given a heart transplant and four 
doses of A TG on alternate days showed no prolongation of survival in four 
out of five cases. Although only slight prolongation was observed with either 
low-dose TLI or ATG, the range of heart allograft survival in recipients 
given TLI (600 rads) and ATG in combination was 133-229 days. This 
extensive prolongation indicates that the immunosuppressive effects of TLI 
and A TG act synergistically and are effective in preventing early graft 
rejection. 

In recent experiments, three monkeys were given 18 fractions of 100 
rads each to abdominal and chest ports. A heart allograft was transplanted 
orthotopically after removal of the recipient heart. Six doses of A TG (4 
mg/kg intramuscularly) were given during the first 12 postoperative days, 
and maintenance azathioprine (0.5 mglkg intramuscularly) was given daily 
when the total white blood cell count was >5000 cells/mm3 • At present, all 
three recipients are alive 20-50 days after transplantation. 

9. Conclusion 

Although chimerism in mice and rats allowed for the long-term survival 
of organ grafts from the marrow donors, chimerism in mongrel dogs did 
not have the same effect. Two possible explanations for this difference are 
that the dose of irradiation (3400 rads) used in the rodents was considerably 
higher than that used in dogs (1800 rads), and that polymorphic organ­
specific antigens may be more heterogeneous in highly outbred dog popu­
lations than in inbred rodent species which are initially derived from a small 
number of strains. 

We continue to investigate the use of short-term posttransplant chemical 
immunosuppression to prevent organ graft rejection which may be based on 
organ-specific antigens. Although it is too early to assess the outcome, 
preliminary results using TLI in combination with A TG and daily azathio­
prine (without marrow transplantation) suggest that low doses of azathioprine 
may be sufficient to maintain long-term organ grafts in monkeys. This 
regimen may be preferable to those in current clinical use because it eliminates 
corticosteroids as the core immunosuppressive agent. 
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The therapeutic immunosuppressive effects of ionizing radiation were ap­
plied to transplant patients as long as 25 years ago by administration of full­
body irradiation to prospective renal allograft recipients. The radiation dose 
required to prolong allograft survival produced severe bone marrow and 
other toxicities, and this approach was virtually abandoned by the mid-
1960s.(1) Since then, various attempts have been made to direct radiation 
specifically at immunocompetent lymphoid cells,(2) including by local graft 
irradiation,(3) intralymphatic(4) or intravenous(5) administration of radioiso­
topes that focus upon lymphatic tissue, and by extracorpeal irradiation of 
blood(6) and lymph.(7) The radiation dose delivered by these techniques is 
difficult to control. The effect on allograft survival also has been variable, 
so that clinical application has been limited. 

Total lymphoid irradiation (TLI) has been a standard treatment for 
Hodgkin's disease for over 20 years.(8) Fuks et al.(9) were the first to observe 
that patients so treated had a long-lasting impairment of cell-mediated 
immune functions. This observation was followed by the animal experiments 
of Slavin et al.(10) showing that TLI impaired the ability of rodents to reject 
organ allografts. When donor-strain bone marrow was administered after 
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TLI, chimerism without graft-versus-host disease (GVHD) was induced and 
allografts were permanently accepted.(ll, 12) Some investigators have observed 
GVHD in TLI-treated recipients of bone marrow.(13,14) 

At the time that the Stanford group made their initial observations,(15) 
the stimulus to test new immunosuppressive regimens in clinical transplan­
tation was great. Between 30 and 50% of kidneys from cadavers of mis­
matched related donors were rejected by recipients treated with conventional 
immunosuppression.(16) For patients who had to be retransplanted after 
rapid rejection of a previous graft, the situation was even worse-only one 
quarter had a satisfactory outcome.(17) 

In an attempt to improve the outcome, in 1979 the Minnesota group 
began to treat patients who were at high risk to reject renal allografts by 
conventional immunosuppression with TLI.(18) They initiated this trial before 
cyclosporine became available. TLI was used primarily for its generalized 
immunosuppressive effect, but when it was logistically feasible, donor bone 
marrow cells were administered at the time of renal transplantation. It was 
not assumed that this protocol would induce tolerance, and azathioprine and 
prednisone were administered in order to suppress continually the immune 
response as the effect of TLI dissipated. Twenty patients were treated with 
TLI before undergoing retransplantation, and the graft survival rate was 
nearly double that of previous patients treated with conventional immuno­
suppression alone after retransplantation.(19) Although the results in the 
specific group of patients treated with TLI were satisfactory it was cumber­
some to administer and sometimes it was difficult to procure a kidney 
immediately after completion of the treatment course. For these reasons, 
when cyclosporine became available, the ability of this new immunosuppres­
sive drug to prevent rejection after retransplantation in patients who had 
rapidly rejected the previous grafts on conventional immunosuppression was 
tested.(20) 

The Minnesota clinical experience with TLI is described in detail, and 
a comparison is made to the results in a separate trial in which patients 
undergoing retransplantation were treated with cyclosporine. First the animal 
experiments with TLI that provided the initial background for this clinical 
trial, as well as later experiments designed to help solve some of the problems 
encountered in the clinical situation, are summarized briefly. 

1. TLI in Experimental Animals 

Total lymphoid irradiation is a misnomer because not all lymphoid tissue 
is irradiated and some nonlymphatic tissue is always included in the radiation 
fields. The areas of the body that are irradiated and the precise regions that 
are shielded during TLI have varied depending on the animal model, but 
in general the long bones and skull, lungs, and lateral abdomen are shielded, 
and the axilla, neck and midabdomen (and spleen if present), pelvis, and 
groin are irradiated. Although most of the bone marrow is shielded, a large 



49 • TU for Immunosuppression 479 

area is not, and the effect of TLI may vary considerably depending on the 
extent of shielding. 

TLI by itself is immunosuppressive, but the effect dissipates with time. 
Thus, investigators either have used TLI as preparation for allogeneic bone 
marrow transplantation in an attempt to induce tolerance to the bone marrow 
donor or have combined TLI with pharmacological immunosuppression in 
order to have a more sustained effect. In most experiments, TLI has been 
administered prior to transplantation, but posttransplant TLI also has been 
evaluated because of the logistical advantages in relation to the timing of 
transplantation. Single-dose TLI has been used in some experiments, but 
TLI usually has been given in fractionated doses. The immunosuppressive 
effect and side effects depend upon the dose fraction size, the intervals 
between doses, and the total dose delivered. The above variations and the 
special problems in applying TLI to large animal models are described 
separately in the following subsections. 

1.1. Pretransplant TU Alone 

The generalized immunosuppressive effect of TLI was first shown in 
animals by Slavin et al.(lO) Balb/C mice were pretreated with 3400 rads (17 
fractions of 200 rads each) of TLI and developed severe leukopenia, marked 
depletion of peripheral blood lymphocytes, depression of T and B cells, and 
allogeneic responsiveness in vitro. C57/Bl skin grafts were accepted for a 
mean of 49.1 days, as compared to a mean skin graft survival time of 10.7 
days in control mice. 

Since this report many investigators have shown that TLI prolongs the 
survival of allografts in animals. In some of the experiments, animals treated 
with TLI alone were controls for other groups in which TLI was used in 
conjunction with bone marrow transplantation in attempts to induce tolerance 
or with pharmacological immunosuppression as part of combination immu­
nosuppressive therapy. Slavin et a1P2) also found that irradiation of Lewis 
rats by a protocol identical to that used in mice (200 rads x 17 doses) 
increased BN and ACI skin allograft survival times from a mean of 10 days 
in unirradiated rats to means of 39 and 41 days in treated rats, and heart 
allograft survival times were increased from 9-10 days to 35-300 days with 
TLI treatment. 

Rynasiewicz et al.(13.21) tried various dose fraction schedules in an ACI­
to-Lewis heart allograft model and found fractionated treatment more 
immunosuppressive than the same total dose given as a single treatment. 
When the total dose was 1000 rads, 200-rad fractions were optimal and 
resulted in a median graft survival time of 26 days. With 200-rad fractions, 
a progressive prolongation of allograft survival times occurred with increasing 
total doses; 2600 rads was the maximal total dose that resulted in no 
irradiation deaths, and this dose resulted in a median graft survival of 58 
days. Rynasiewicz et al.(22) also used TLI in rat pancreas and islet allograft 
models and showed that a total dose of 1000 rads (200 rads x 5 doses) more 
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than tripled graft survival times. Larger doses of TLI could not be used 
because of excessive toxicity in diabetic rats, a problem encountered by other 
investigators using diabetic animal models for islet transplantation. Britt et 
al.(23) had to deliver the TLI before the animals were made diabetic. However, 
Mullen and Shibukawa(24) found that the functional survival of fetal pancreas 
allografts transplanted across a minor barrier was more than doubled in 
diabetic rats treated with 2400 rads (200 rads x 12 doses). Nakajima et al.(25) 

increased the survival of hamster islet xenografts in diabetic rats more than 
tenfold by administration of 1200 rads (200 rads x 6 doses). 

These experiments amply demonstrate the generalized immunosup­
pressive effective of fractionated TLI, but TLI by itself does not result, or 
rarely results, in indefinite allograft survival even in rodents, in which a 
variety of manipulations are known to do SO.(26) Thus, for optimal results 
TLI must be combined with other treatments of the recipient. 

1.2. TU Plus Donor Bone Marrow Administration to Induce Tolerance 

Induction of specific tolerance in adult recipients of organ allografts to 
eliminate the need for continual immunosuppression of the host is the major 
goal of transplantation immunobiology. An exciting aspect of the initial 
experiments by Slavin et al.(1l·12) was the demonstration that TLI induced 
an environment in which allogenic bone marrow engrafted and produced 
permanent chimerism of the recipients without the development of GVHD. 
Skin grafts from the same donor strain were not rejected, in contrast to the 
results with whole-body irradiation in which graft versus host disease (GVHD) 
occurred or with thymus shielding in which engraftment did not occur.(ll) 
In further experiments by Slavin and Strober,(27) mixed-lymphocyte culture 
(MLC) results from TLI-treated chimeric mice were interpreted as showing 
that splenocytes from TLI-treated chimeric mice exhibited nonspecific sup­
pressor activity, but that long-term suppressor activity was specific for the 
strain. Okada and Strober(28) in the later experiments found that cells of 
donor origin in TLI-treated chimeric mice partially suppressed the generation 
of cytotoxic cells in vitro of the donor strain against the recipient, results 
consistent with the absence of GVHD in the chimeras and the specific loss 
of ability to produce GVHD with chimeric cells in secondarily irradiated 
hosts of the original but not of a third-party strain. The suppressor cells 
have since been characterized.(29) Waer et al.(30.31) have induced stable 
chimerism by a protocol similar to that of Slavin et al. and also have identified 
environmental and genetic conditions and protocol variations that influence 
the results. 

Other investigators have been less successful with TLI and bone marrow 
transplantation in rodents. Ascher et al.(32) injected Balb/C bone marrow into 
C3H mice treated with 3400 rads fractionated TLI (200 rads x 17 doses). 
Although 20% of the mice became chimeric, in vitro work failed to demon­
strate suppression in MLC over time. Instead, antihost cytotoxic cells were 
present in chimeric animals, an observation consistent with the failure of 



49 • TU for Immunosuppression 481 

chimeric mice to gain weight on the basis of a chronic low-grade GVHD and 
also an explanation of suppression of a rejection response by the host. Kersey 
et al.(33) found that approximately 90% of Balb/C mice treated with 3400 
rads fractionated TLI (200 rads x 17 doses) or with one dose of TLI (900 
rads) plus cyclophosphamide became chimeric after transplantation of 
C57/Bl bone marrow and did not reject the C57/Bl skin grafts. There also 
was a 10% and 40% mortality from presumed GVHD produced with each 
of the respective protocols. Pierce et al,04) treated Balb/C mice with 3400 
rads of fractionated TLI (200 rads x 17 doses) followed by injection of 
C57/Bl bone marrow. Although none of the bone-marrow-treated mice 
rejected C57/Bl skin grafts (in contrast, TLI-alone-treated animals rejected 
at a mean of 22.3 days), they had progressive weight loss and died at the 
mean of 33.1 days, a course consistent with GVHD. Rynasiewicz et al,03) 

observed an 83% mortality from GVHD in TLI Lewis rat recipients of ACI 
bone marrow. However, those who did not die of GVHD maintained heart 
allografts from the donor strain for more than 200 days. Mullen and 
Shibukawa(24) were able to achieve only a low degree of chimerism (0-23%) 
in standard shielded TLI-treated Lewis rats, but in those given irradiation 
to a larger amount of bone (greater than 50%), chimerism was achieved and 
fetal pancreas allografts from Balb/C donors were accepted permanently.(34) 
Slavin et al.(12) had previously shown the importance of extending the radiation 
fields in order to obtain chimerism after allogenic bone marrow transplan­
tation in rats. 

Why GVHD was observed by some investigators and not by others in 
rodents treated with TLI and bone marrow transplantation is not clear. It is 
known that microbial flora playa role in the development of GVHD, and 
the differences in environment in which the animals were maintained seems 
to be the most logical explanation. Bone marrow engraftment without the 
occurrence of GVHD also has been described in mongrel dogs treated with 
TLI,(35,36) but heart allografts from the donors were not permanently 
accepted.(37) The Minnesota groUp(38) and other investigators(39) have found 
that engraftment of bone marrow is difficult to achieve in dogs treated only 
with TLI, and in those in which chimerism has been demonstrated there has 
also been evidence of GVHD. Since GVHD is a potentially lethal complication 
and since it is uncertain whether TLI by itself can induce an environment 
in humans to obviate its occurrence without additional measures, at this time 
it may be more prudent to use TLI for its immunosuppressive effect rather 
than for its tolerance-inducing potential. 

1.3. TU Plus Pharmacological Immunosuppression 

TLI has been combined with pharmacological immunosuppression in 
several animal allograft models in attempts to improve the therapeutic ratio 
of a generalized immunosuppression. Rynasiewicz et al.(21) used a combination 
of low-dose cyclosporine (1.25 mg/kg) and pretransplant TLI (1000 rads; 
200 rads x 5 doses. Neither alone prolonged the survival of ACI heart 
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allografts in Lewis rats beyond the mean of 3 weeks), but the combination 
had a synergistic effect with a median graft survival time of 96 days, nearly 
half of the grafts surviving indefinitely. In the more difficult pancreas 
transplant model (same donor recipient strain combination), 1000 rads of 
TLI pretransplant slightly prolonged the survival of grafts beyond that 
achieved with low-dose cyclosporine alone.(40) Sadeghi et al.(41) also found 
posttransplant fractionated TLI (200 rads per fraction) to be synergistic 
when combined with CsA for prevention or delay of rejection of cardiac 
allografts in rats. The most effective protocol was a 600-rad course of TLI 
completed 14 days preoperatively, followed by postoperative cyclosporine 2 
mg/kg per day, and 1000 rads of TLI begun 6 days postoperatively (four of 
six grafts functioned more than 50 days). 

Pennock et al.(42) combined fractionated TLI (100 rads per fraction) with 
cyclosporine (17 mg/kg per day intramuscularly) in a monkey orthotopic 
cardiac allograft model and observed mean allograft survival times with 
cyclosporine alone of 59 days and with cyclosporine plus TLI 600 rads or 
TLI 800 rads of 89 and 115 days, respectively, only a slightly additive effect. 
Similar experiments in a canine renal allograft model have been performed 
by the Minnesota group who found a mild synergism with cyclosporine (5 
mglkg per day) and pretransplant TLI (150 rads/fraction) in delaying or 
preventing rejection.(43) In splenectomized dogs median allograft survival 
times with cyclosporine alone were 8 days and with 1800 rads of TLI alone 
were 8 days, whereas it was 39 days with the combination. In nonsplenec­
tomized dogs, the median survival time with cyclosporine was 12.5 days, with 
TLI 1800 rads it was 8.5 days, and with the combination it was 40 days. The 
therapeutic ratio was relatively poor compared to the results in the rat heart 
allograft model. 

A synergistic effect of TLI with antithymocyte globulin (ATG) and 
azathioprine was seen in a primate heart allograft model by Bieber et al.(44,45) 

Three doses of A TG alone or of 600 rads of TLI alone resulted in mean 
survival times of 22 and 38 days, respectively, whereas the combination 
resulted in a mean survival time of 169 days. When Pennock et al.(42) added 
azathioprine to the combination, early deaths from leukopenia and infection 
occurred, and the mean graft survival time, with death counted as a graft 
loss, were approximately 7 weeks with each of the two doses of TLI used. 

Mixed results have also been observed in canine allograft models testing 
the combinations ofTLI and azathioprine or ATG. Pennock et at.<46) reported 
a mean survival time of greater than 240 days for heterotopic heart allografts 
in dogs receiving triple therapy (TLI 1800 rads, ATG x 6 doses and 
azathioprine 0.25 to 2.0 mg/kg per day given for 90 days tailored to the 
white count), whereas the mean survival time was only 31 days in dogs 
receiving ATG and azathioprine alone. Strober et al.(47) found that 1800 rads 
of TLI followed by six doses of A TG alone gave a median survival time of 
170 days, and in three of eight animals whose grafts functioned for greater 
than 1 year, specific unresponsiveness to the donor was demonstrated. 
The addition of azathioprine did not improve the results. 
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Lewis et al., (48) in a canine renal allograft model, administered azathioprine 
(2.S mg/kg per day) and 2100 rads ofTLI in IS0-rad fractions. Graft survival 
times for azathioprine alone ranged from S to 48 days, with TLI alone from 
8 to 21 days, and with the combination from 40 to 226 days, but 70% of the 
animals in the latter group died with functioning grafts from azathioprine­
induced leukopenia. Thus, azathioprine is difficult to use in combination 
with TLI unless dose adjustments are made to compensate for the myelo­
suppressive effect of both treatments. 

1.4. TU in Large-Animal Allograft Models 

Most of the immunosuppressive regimens in rodents that have given 
spectacular results in terms of allograft survival(26) have been difficult to 
reproduce in large-animal models and difficult to apply clinically. TLI, with 
or without bone marrow transplantation, is no exception. It is clear that TLI 
is immunosuppressive in large animals. The therapeutic ratio remains rath­
er narrow, particularly in dogs, as evidenced by the results of the experi­
ments of TLI in combination with pharmacological immunosuppression 
summarized in the preceeding subsection.(34-48) The Stanford group 
engrafted allogenic bone marrow without producing GVHD in mongrel 
dogs treated with TLI,(35,36) but even though chimerism has been 
detected, cardiac allografts were rejected(37) unless A TG was also given. 
On the other hand, two dogs treated by Howard et al.(49) with 2400 rads of 
pretransplant TLI maintained renal allografts for more than SOO days. The 
dogs received a low dose of bone marrow from the donor, but chimerism 
was not detected, and they have survived more than 3 years with functioning 
grafts. 

Myburgh et al.(50,51) have observed very prolonged or indefinite survival 
of renal(50) and liver(51) allografts in baboons treated with 1600 rads of TLI 
(200 rads x 8 doses) followed by bone marrow and allotransplantation 3 
weeks later. Although chimerism was demonstrated in some animals, its role 
in the graft prolongation is uncertain as well as that of the bone marrow 
injection, since control groups receiving TLI alone were not included in 
these experiments. Smit et al.(52) of the same group, showed that the 
lymphocyte proliferative responses in vitro of the treated animals were 
depressed and obtained preliminary data suggesting the presence of both 
donor-specific and -nonspecific suppression mechanisms. In further exper­
iments Myburgh et al.(53) found that bone marrow transplantation in TLI­
treated primates was not essential for the graft-prolonging effect. They also 
demonstrated that 100-rad fractions were safer than 200-rad fractions, that 
as little as 800 rads prevented rejection for up to S weeks, that with more 
than 1600 rads (200-rad fractions) indefinite graft survival could be achieved 
in some animals, that extended irradiation fields were necessary to achieve 
this effect, and that the effect of TLI was seen even with delays of up to 3 
months before transplantation. These findings are of great potential clinical 
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relevance, particularly if humans are able to tolerate a regimen similar to 
that used by Myburgh et al.(54) in baboons. 

1.5. PosUransplant TLI 

A major difficulty with the use of TLI for clinical transplantation has 
been the inability to always procure a donor organ soon after the completion 
of TLI. Rynasiewicz et al.(21) showed that in rats given 2600 rads of pretrans­
plant TLI, median ACI heart allograft survival time was 57 days in those 
transplanted immediately versus 20 days for those in whom the transplant 
was delayed for 1 month. Thus, the effect of TLI dissipates with time. 
Further difficulties are foreseen in the clinical application of TLI for heart 
transplantation, in which a prolonged period of preoperative radiation might 
not be tolerated by a very sick patient. For this reason, Pennock et al.(46) and 
Bieber et al.(44,45) in the heart allograft experiments in large animals described 
in the preceding section, investigated the use of an abbreviated course of 
pretransplant TLI. 

In order to avoid the difficulties with pretransplant TLI altogether, 
Rynasiewicz et al.(21) and Bentley et al.(55,56) performed a series of experiments 
designed to determine whether postoperative TLI could provide effective 
immunosuppression to delay or prevent rejection of heart allografts in rats. 
TLI in 200-rad fractions posttransplant by itself was not effective, but it was 
when combined with low-dose cyclosporine (1.25 mg/kg per day); median 
ACI heart allograft survival time in Lewis rats was 60 days, as compared to 
15 days with cyclosporine alone. Bentley et al.(55) found that posttransplant 
TLI could increase rat heart allograft survival from 6 days to 25 days by 
using a schedule of 300-rad fractions times 3 days followed by a 2-day rest 
and then 200 rads times five doses. Bentley et al.(56) also combined periop­
erative ALG (two doses) with posttransplant TLI (200 rads X 7 doses) 
beginning on day 6 (delayed to avoid synergistic toxicities of ALG and TLI) 
and obtained a mean rat heart allograft survival time of 114 days as opposed 
to 10.7 days with ALG alone. Administration of cyclosporine (5 mg/kg per 
day) for just 5 days along with posttransplant TLI (200 rads X 10 doses) 
gave a mean graft survival time of 69.6 days, as opposed to 12.7 and 6.3 
days with either treatment alone.(56) Sadeghi et al.(41) also used posttransplant 
TLI in a rat heart allograft model but did not find a regimen that significantly 
prolonged graft survival times except when pretransplant TLI was also given. 
The experiments of Rynasiewicz et al.(21) and Bentley et al.(55,56), however, 
show that posttransplant TLI can exert its immunosuppressive effect if the 
graft is protected early with pharmacological immunosuppression. 

Such regimens have been subjected to very limited investigations in 
large-animal models. Lewis et al.(38) tested posttransplant TLI (150-rad 
fractions) in combination with azathioprine or antithymocyte globulin in dog 
renal allograft recipients and with 1800 rads doubled median graft survival 
times, but only one dog survived long-term with a functioning graft. A 
regimen more effective than the one tested might be found, and further 
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experiments in large-animal models should be performed. If schedules giving 
therapeutic indices more favorable than those achieved with pharmacological 
immunosuppression alone can be developed, such an approach could be 
tested clinically. 

2. TLI for Clinical Renal Allotransplantation 

The clinical experience of TLI as a renal allograft recipients is, at this 
time, quite limited. The earliest and largest series is that of the University 
of Minnesota,(19.2o.43) which began in February 1979 and ended in August 
1981. There are, however, ongoing trials with TLI at the University of 
California and Pacific Medical Center in conjunction with the Radiation 
Therapy and Immunology groups at Stanford,(57.58) at the University of 
Leuven in Belgium,(59.60) and at the University of Rome.(61) In these 
institutions, TLI is being administered for its generalized immunosuppressive 
effect with adjuvant pharmacological immunosuppression as either low-dose 
prednisone(57-60) or cyclosporine.(61) Data from the first patients in the 
California trial indicate that drugs other than azathioprine are appropriate 
for adjunctive immunosuppression because the myelosuppressive effect of 
azathioprine potentiates that induced by TLI. Preliminary information (not 
summarized here) on these trials have been reported(57-61) and show that 
high graft survival rates can be achieved with minimal need for maintenance 
immunosuppression in recipients of first transplants. The patients in these 
trials differ from those in the Minnesota trial. 

The University of Minnesota experience(19.20.43) is largely restricted to 
patients who were judged to be at high risk to reject renal allografts if treated 
with conventional immunosuppression. Twenty patients, who had rejected 
previous renal allografts less than 1 year after transplantation and treatment 
with ALG, azathioprine, and prednisone, received TLI in preparation for 
retransplantation, and two recipients of primary renal allografts from com­
pletely HLA-mismatched siblings were treated with TLI. The latter two 
patients were treated similarly to those undergoing retransplantation. Both 
patients have functioning renal allografts at 2 and 3 years after transplan­
tation, but since the graft survival rates for kidneys from siblings mismatched 
for one or both haplotypes are similar at the University of Minnesota,(62) 
they would not have been considered at high risk to reject even if they had 
been treated with conventional immunosuppression. Their course has been 
described in previous publications,(19) and they are not included in the 
following summary updating the results of TLI in renal allograft recipients 
undergoing retransplantation at the University of Minnesota. 

2.1. Patient Population 

Twenty patients who previously rejected primary renal allografts at less 
than 1 year after transplantation were treated with fractionated TLI before 
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Table 1. Demographic Features of Patients Who Rapidly Rejected Previous Renal 
Allografts According to Immunosuppressive Regimen Used for Retransplantation 

TLI (n = 20) Cyclosporine (n = 33) 

Age 
Range 4-51 yr 6-58 yr 
Mean 27 ± 13 35 ± 11 

Percent diabetic 30% 24% 
Mean time of rejection of 5.8 ± 5.5 mo 2.6 ± 2.1 mo 

previous allografts 
Interval between loss of previous 2-49 mo 2-57 mo 

allograft and retransplantation (15.6 ± 12.8 mo) (22.9 ± 15.8 mo) 
No. males/No. females (%) 15 M/5 F (25%) 2 M/12 F (36%) 
No. 2nd/No. 3rd Txs (%) 1317 (35%) 25/8 (24%) 
No. rel/No. unrel donors (%) 1119 (95%) 8/25 (76%) 
Follow-up 

Range 22-52 mo 1-36 mo 
Median 38.5 mo 17 mo 
Mean 38.8 ± 7.8 mo 14.3 ± 9.0 mo 

retransplantation between February 1979 and August 1981. There were 13 
second and seven third transplants. The grafts came from an uncle in one 
recipient and from unrelated donors for 19 recipients. The original kidney 
diseases were glomerulonephritis in ten patients, diabetes mellitus in six, and 
hemolytic uremic syndrome, obstructive uropathy, drug-induced nephritis, 
and renal tubular acidosis in one patient each. The demographic features of 
the TLI-treated recipients and a similar group of patients treated with 
cyclosporine after retransplantation(43) are summarized in Table 1. 

2.2. Irradiation 

The irradiation protocol was tailored for individual patients and during 
the course of the Minnesota experience was modified. The irradiation was 
delivered using either IO-MeV or 4-MeV linear accelerators to mantle and 
inverted Y fields simultaneously. The initial protocol entailed delivering 
3200 rads total dose at 150 rads daily fraction, but several patients subjected 
to this regimen developed gastrointestinal symptoms or leukopenia (WBC < 
2500/mm3 ), necessitating interruption of the radiation until the symptoms 
disappeared. Therefore, the daily fraction dose was reduced to 100 rads 
after the first nine patients. The total doses ranged from 1600 to 4150 rads 
(mean 2739 ± 718 rads), and they were delivered over periods ranging from 
24 to 124 days. The intervals from completion of TLI to retransplantation 
ranged from 1 to 330 days. Three patients received maintenance radiation 
ranging from 625 to 800 rads twice weekly during the time they awaited for 
a compatible cadaver kidney after completion of planned radiation. 
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Table 2. In Vitro Assessment of T-Cell Numbers and Function in Patients Receiving 
Fractionated TU 

Rads ofTLI 

Pre TLI 500 1000 1500 2000 2500 3000 

Percent T 59 ± 3 58 ± 4 62 ± 4 54 ± 5 47 ± 8 46 ± 6 56 ± 9 
No.T 1024 ± 81 347 ± 85 301 ± 39 254 ± 48 200 ± 49 156 ± 70 124 ± 110 
ConAa 76 ± 27 36 ± 14 39 ± II 28 ± 8 18 ± 10 14 ± 11 7 ± 7 
PHAa 61 ± 13 34 ± 10 30 ± 8 29 ± 10 17 ± 7 II ± 5 10 ± 3 
MLca 80 ± 9 37 ± 5 28 ± 4 22 ± 4 12 ± 2 15 ± 2 11 ± 6 

a Con A, PHA, and MLC are expressed as relative response, or the response of the patient relative to a 
control normal response. Values are means ± S.E.M. of ten patients at each point up to 2000 rads. Five 
patients received more than 2000 rads. 

2.J. Posttransplant Immunosuppression 

The patients were treated with low dose « 1.5 mg/kg per day) azathio­
prine, adjusted to white blood cell count, and variable doses of prednisone 
(0.4-2.0 mg/kg initially, followed by a taper). Rejection episodes were 
treated with an increase in prednisone dose, except in one instance when 
ALG was used. Three patients received donor bone marrow (0.5 X 108 

nucleated cells per kg) at the time of transplantation, but there was no 
evidence of engraftment in these patients. 

2.4. Immunological Monitoring 

T-cell levels, the response to plant mitogens, and MLC reactions were 
serially performed in the patients before and during irradiation (Table 2) 
and after transplantation. There was an 80-90% decrease in activity of all 
parameters by the time 1600 rads had been given. The two patients with the 
longest interval between completion of TLI transplantation had nearly 
complete recovery of responses before transplantation. In the other patients, 
T cells returned to normal by 6 months after transplantation. Although, T­
cell numbers were normal, function usually was not normal except in three 
patients who had a chronic rejection process in the kidney. In 11 TLI -treated 
patients with normal renal allograft function followed for over 1 year, PH A, 
Con A, and MLC responsiveness ranged from 16 to 28% that of controls. 
In contrast, in the three patients undergoing chronic rejection, in vitro 
responsiveness was 77-98% that of controls. The three patients who chron­
ically rejected their grafts had 53 ± 8% T cells in their peripheral blood 
(697 ± 397 total T cells/mm3 ) as compared to 46 ± 7% in the 11 with 
norma. function (346 ± 112% total T cells/mm3 ). In some patients T-cell 
subsets were determined by the recently available commercially monoclonal 
OKT3, OKT4, and OKT8 antibodies, and there was a reversal in the normal 
ratio of helper/inducer cells (OKT4) to cytotoxidsuppressor cells (OKT8), 
with the latter predominating. 
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Figure 1. Actuarial patient and renal allograft survival rates according to immunosuppressive 
regimen after retransplantation in University of Minnesota patient who rejected previous allograft 
in less than 12 months. All patients in whom treatments were initiated are included in the 
calculations. (From Sutherland et ai., reference 19, with permission from Grune and Stratton, 
Inc., New York.) 

2.5. Patient and Graft Survival Rates 

Patient and graft survival rates were calculated May 1, 1983.(43) The 
overall results after transplantation in patients treated with TLI are depicted 
in Fig. 1. The results are compared to an historical control group treated 
with conventional immunosuppression for retransplantation after rapidly 
rejecting a previous graft. (63) Comparison also was made to a group of 33 
patients who had previously rejected primary renal allografts in less than 1 
year while receiving conventional immunosuppression and then were treated 
with cyclosporine after retransplantation.(43) The characteristics of the latter 
two groups in terms of mean rejection time of preceding grafts, mean interval 
between transplantation, and demographic features, such as age, sex, and 
primary renal disease, were virtually identical to the TLI group (Table 1). 

The causes of graft loss included technical difficulties, rejection, or death 
with a functioning graft. One technical failure occurred in the TLI group 
and two in the cyclosporine group. In addition, two patients treated with 
cyclosporine initially were switched to conventional immunosuppression at 
27 and 36 days, respectively, after transplantation. If the three technical 
failures (two TLI and one cyclosporine) and the two patients switched from 
cyclosporine to conventional immunosuppression are excluded, the I-year 
patient survival rates were 79% in the TLI and 95% in the cyclosporine 
groups, and the corresponding graft survival rates were 79% and 81 % (Table 
3). The graft survival rates in both these subgroups were significantly higher 
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Table 3. Actuarial Patient and Graft Survival Rates according to Immunosuppressive 
Regimen Used for Retransplantation in Patients Who Rejected Previous Renal Allografts in 

<12 Months While on Conventional Immunosuppressiona 

Patient survival (%) Graft survival (%) 

Time post-Tx TLI eSA TLI eSA 
(mo) (n = 19) (n = 21) (n = 19) (n = 21) 

1 100 86 100 86 
3 100 86 100 100 
6 84 81 89 95 

12 79 81 79 95 
18 63 76 74 90 
24 58 76 68 90 
36 58 76 63 90 
48 58 63 

• Technical failures (one TLI and three eSA) and patients switched from eSA to conventional immuno­
suppression (n = 9) are excluded. See text for fate of excluded patients. They are included in survival rate 
curves of Fig. 1. 

than those in the historical control group, which had a graft survival rate of 
47% at 1 year.(63) 

Of the original group of 20 patients treated with TLI before retransplan­
tation, 12 are alive at this writing and 11 have functioning grafts with a 
serum creatinine concentration of 1.7 ± 0.5 mg/dl at 25 and 51 months 
posttransplant. The one patient who is alive at 31 months without graft 
function rejected the grafts at 15 months. Of the eight patients who died, 
four did so with functioning grafts, two from lymphoma at 5 and 11 months, 
respectively, one at 12 months from pneumococcal sepsis, and one at 5 
months from cytomegalovirus infection. Four patients died after loss of graft 
function, one at 3 months from diabetic complications after a technical loss, 
another at 12 months after rejecting the graft at 8 months, another at 2 
months from a perforated ulcer, and one of sepsis at 34 months after 
rejection at 6 months. 

2.6. Complications ofTU 

In the course of administration, TLI was associated with leukopenia in 
five patients and with gastrointestinal symptoms in seven patients, and the 
treatment had to be interrupted for 3-38 days. The patients experienced 
varying degrees of weight loss and anemia throughout the course of radiation. 
In general, radiation was tolerated less well in diabetic patients. The diabetics 
seemed to experience more severe weight loss and gastrointestinal symptoms 
than did their nondiabetic counterparts. The two patients who developed 
lymphoma both had Epstein-Barr virus (EBV) infections, and their course 
has been described previously.(64) One of the lymphoma patients received 
3200 and one received 4050 rads. The latter also had a course of antilym­
phocyte globulin (ALG) to treat a rejection episode posttransplant. The EBV 
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infections and lymphoma are thought to be related. They are probably a 
consequence of overimmunosuppression in general and not of TLI per se 
since similar courses have been seen in patients receiving different immu­
nosuppressive regimens. (64) 

2.7. Factors Influencing Course of Patients Treated with TLI 

The variables that were associated with success or failure after retran­
splantation in patients treated with TLI included the dose and timing of 
TLI, the interval from TLI to transplantation, and the pharmacological 
immunosuppressive protocol employed in the immediate posttransplant 
period. Eleven patients had no rejection episodes. They received at least 
2500 rads (mean of 2700 rads). They also received tapering prednisone 
dosage and maintenance azathioprine in nearly standard doses. The patients 
who had rejection episodes received less than 2500 rads of irradiation, or 
they received low doses of prednisone at the time of transplantation, or 
there was a long interval between transplantation and TLI. Still the rejection 
episodes were easily reversible in all but two patients. 

In the patients who had optimal therapeutic courses, the critical factor 
was the dose of 2500 rads. If 2500 rads was administered, the interval 
between TLI and transplantation was not important. If less than 2500 rads 
was administered, the outcome was still good if the transplant occurred soon 
after completion of TLI and if a standard dose of prednisone was adminis­
tered. These observations also were correlated with the immune response 
status of the patients at the time of transplantation. Patients who had a long 
interval between TLI and transplantation had a nearly normal number of T 
cells in the peripheral blood at the time of transplantation, and those with a 
short interval had low T-cell numbers. The MLC responsiveness at the time 
of transplantation in the subgroup of patients who received a standard taper 
of prednisone and who had rejection episodes was 27 ± 7% of normal, 
whereas in those who did not have rejection episodes the MLC response was 
only 14 ± 3% of normal. In a subgroup of three patients treated with a low 
dose of prednisone, MLC responsiveness was only 11 ± 2% of normal, but 
all three had rejection episodes. 

These observations should be taken into account in devising future 
protocols. Every effort should be made to perform the transplant soon after 
completion of TLI. A high dose of prednisone should be administered 
initially, although a rapid taper is acceptable if the number of peripheral 
blood T cells is low and immune responsiveness in vitro is low at the time of 
transplantation. Such an aggressive immunosuppressive protocol might not 
be necessary for patients receiving TLI for primary transplantation,(56-61) 
but in the selected group of patients who have demonstrated their propensity 
to reject renal allografts, low-dose pharmacological immunosuppression does 
not appear to be sufficient to prevent rejection episodes, even with pretran­
splant TLI administration.(43) 
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The major factor precluding procurement of the kidneys soon after 
completion ofTLI is the percentage of cyotoxic antibodies potential recipients 
expressed against a panel of cells from individuals representative of the 
potential donor pool. Cytotoxic antibodies did not decrease during TLI. In 
fact, the percentage of cytotoxic antibiotics often increased after the patients 
received blood transfusions for correction of TLI-aggravated uremic anemia. 
Transplantation across a positive crossmatch with either fresh or concurrent 
sera was not studied. 

Since many of the patients who have rejected previous grafts have a 
high percentage of antibodies to the panel, the alternative protocol of 
cyclosporine was logistically easier to apply.(20.43) Since the results of re­
transplantation with cyclosporine appear to be as good as those achieved 
with TLI, cyclosporine appears to be the preferable treatment for this group 
of patients. T,LI may still have a role for those patients who rapidly reject 
primary grafts while receiving cyclosporine. It should be possible to use TLI 
in the posttransplant period, since this has been shown to be effective in 
animal models.(21.38.41.55.56) Alternative TLI protocols also may prove to be 
more suitable for primary transplantation than the ones chosen to treat 
patients undergoing retransplantation at Minnesota. 

3. Summary and Conclusions 

TLI by itself can produce sufficient immunosuppression to prolong the 
survival of a variety of organ allografts in experimental animals. The degree 
of prolongation is dose dependent, and also is limited by the toxicity that 
occurs with higher doses. Pretransplant TLI is more effective than posttran­
splant TLI. However, the latter can be combined with pharmacological 
immunosuppression to achieve a positive effect. 

In some animal models, TLI induces an environment in which fully 
allogenic bone marrow will engraft and induce permanent chimerism. The 
recipients are then tolerant to organ allografts from the original donor strain. 
If TLI is ever to have clinical applicability on a large scale, it probably will 
have to be under circumstances in which tolerance can be induced. However, 
in some animal models GVHD occurs after bone marrow transplantation. 
Methods to avoid GVHD probably will be needed if this approach is to be 
applied clinically. 

In recent years, patient and graft survival rates in renal allograft 
recipients treated with conventional immunosuppression have improved 
considerably.(65.66) Thus, the need to utilize TLI for its immunosuppressive 
effect alone is less compelling. For example, at the University of Minnesota, 
the current I-year patient and graft survival rates in recipients of kidneys 
from cadaver donors are, respectively, 90% and 84% in those treated with 
cyclosporine and 91 % and 73% in those treated with conventional immu­
nosuppression.(67) Similar results also might be achieved by protocols that 
use TLI as an immunosuppressant. It will be difficult to improve on the 
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current results with cyclosporine or conventional immunosuppression, at 
least for primary transplantation. (68) The future of TLI would seem to lie in 
devising protocols in which maintenance immunosuppression can be elimi­
nated, or nearly eliminated, altogether. Such protocols are effective in 
rodents. It remains to be seen whether or not they can be applied to clinical 
transplantation. 
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Cyclosporin A as an 
Immunosuppressive Agent in 
Transplantation 

R. Y. Caine 

50 

Cyclosporin A (CyA) is an immunosuppressive agent that has exciting major 
interest because of its potential. Borel discovered its in vitro and in vivo 
immunosuppressive properties in a screening program of fungal products. 
CyA is a cyclic peptide of 11 amino acids. CyA is highly soluble in alcohol 
and fat solvents but it is totally insoluble in aqueous solutions. Borel's(l) 
demonstration of prolongation of skin graft survival between mice differing 
for the H2 locus led David White, in my department, to suggest investigation 
of Cy A in an organ allograft model. Our initial studies(2) showed that the 
agent prolongs survival of heterotopic hearts in rats across an AGB incom­
patability barrier. 

The mechanism of action of Cy A is not fully understood, but it appears 
to affect T cells at an early stage in their transformation. A subpopulation 
ofT cells appears to be particularly susceptible to the drug.(3)CyA is relatively 
nontoxic to the bone marrow. 

We also found that Cy A prolongs survival of kidney grafts from unrelated 
donors in bilaterally nephrectomized mongrel dogs.(4) Rejection was effec­
tively inhibited in animals. When 25 mg/kg per day are given, the median 
survival of 67 days was reached compared with 27 days for control animals 
treated with azathioprine, 5 mg/kg per day. Forty percent of the dogs 
developed jaundice and histologic changes consisting of focal ne,crosis and 
cholestasis of the liver; 35% became infected, the lungs being the usual site, 
and 25% died of rejection. 

CyA has an even more powerful immunosuppressive effect in pigs 
receiving orthotopic heart grafts.(5) Donor and recipients were mismatched 
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for the MHC. Control animals received no immunosuppressive treatment 
and died of rejection with a median survival of 6 days. Although the animals 
treated with azathioprine and methyl prednisone did not have improved 
survival rates, rejection was less prominent; infection was the usual cause of 
death. 

Eight pigs were given 25 mg/kg per day of CyA, the dosage being 
reduced by approximately 50% every month. Three animals died of rejection 
on days 22, 43, and 72, respectively. In the remaining animals CyA was 
stopped between 125 and 197 days. The median survival of the eight pigs 
was in excess of 200 days. There were no obvious side effects and the animals 
appeared to thrive and grow rapidly. After CyA treatment was stopped, 
rejection occurred slowly in three pigs. Of the remaining two, one was killed 
1 year later with no evidence of rejection in the heart graft. The other animal 
is still alive, more than a year after Cy A treatment was stopped. 

Green and Allison(6) investigated Cy A in rabbits with kidney grafts and 
found that the drug produced long-term survivors after only 4 weeks of 
treatment. The Cy A was dissolved in olive oil and given by mouth at a dose 
of 25 mg/kg per day. Green and Allison postulated that CyA might be 
causing a selective decloning of lymphocytes that had responded to the 
kidney grafts. 

Similar profound prolongation was reported by Dunn et alP) using the 
same dose of CyA but administered by intramuscular injection in olive oil. 
The drug was stopped between 1 month and 55 days after grafting. In six 
rabbits the first kidney grafts were removed and second kidneys, from the 
same or third-party donors, were grafted. Untreated rabbits with grafted 
kidneys died from uremia with a median survival of 10.3 ± 1.4 days. Rabbits 
given Cy A survived between 42 and 92 days. The rabbits that had their 
grafts removed between the thirty-ninth and sixty-fourth days when renal 
function was normal showed no rejection, and the second kidneys were not 
rejected. An unexpected finding was that the original donor and third-party 
kidneys did equally well. Biopsy of one of the third-party kidneys showed 
sustantial mononuclear cell infiltration after 1 week, but this had disappeared 
by the third week when another biopsy sample was taken. The kidney 
supported life for 70 days. 

This nonspecific production of immunosuppression was difficult to 
explain. It is possible that the drug had remained as a depot in body fat, in 
cell membranes, or within cells. Alternatively, nonspecific T-cell impairment 
had resulted which permitted establishment of the new kidney. 

In a small number of experiments in the Rhesus monkey, we found that 
CyA prolonged survival of kidney allografts (unpublished observations). 
Jamieson et al.(8) reported prolonged survival of heterotopic cardiac allografts 
in cynomolgus monkeys treated with CyA. We have also studied pancreatic 
allografts in the dog and have found that Cy A prolonged survival nearly as 
well as kidney allografts in dogs. (9) 

Thus, extensive animal studies performed in most of the common 
laboratory species with a variety of different organ grafts, all pointed to the 
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powerful and relatively nontoxic immunosuppressive effects of Cy A. We felt 
that these results were sufficiently encouraging to proceed to a pilot trial of 
the drug in clinical practice. Two reports have been published, the most 
recent data in November 1979.(IO,Il)(Table 1). 

Thirty-four patients received organs from cadaver donors, 32 were given 
kidneys, and two received orthotopic liver transplants. All these patients had 
previously received blood transfusions. Thirty-one of the renal allografts 
were first transplants; the remaining one was a second graft. A patient with 
diabetic nephropathy also received a pancreas allograft from the kidney 
donor. The body and tail of the pancreas was transplanted into the right 
iliac fossa using the technique of Dubernard et at., (I2)the duct having been 
injected with latex. One of the liver recipients also had juvenile-onset diabetes 
and received a heterotopic pancreas from the kidney donor. All recipients 
and donors were mismatched for HL-A A and B antigens. In most cases 
there were two or more mismatches. The DR matching of these cases is not 
yet available. 

The dosage of CyA given varied from 25 mg/kg per day in seven patients 
to 10 mg/kg per day in six, but 21 patients received 17 mg/kg per day as a 
starting dose.(ll) Twenty-six renal allografts are sustaining life, three now 
more than a year after grafting, and both pancreases and livers are also 
functioning. Twenty patients are off steroids, and of these 15 have never 
received additional immunosuppressive agents. There was only one acute 
rejection crisis evidenced by a swollen kidney, general malaise, and a high 
fever. Other rejection epsodes have presented as impairment of renal 
function. No kidney has been lost due to rejection. 

1. Nephrotoxicity 
An unexpected side effect of CyA encountered in clinical practice was 

nephrotoxicity, sometimes severe enough to produce complete anuria. The 
toxic effects were aggravated by poor initial function of the graft, although 
the brain death donors had intact circulations. Primary anuria had not been 
expected, yet there were six cases of primary nonfunction and nine of 
secondary anuria. There was insufficient histologic damage to explain the 
anuria in nine of the kidneys. Four patients had substantial rejection. Because 
the patients who had been deliberately hydrated and given mannitol all had 
good initial function, we decided to make this treatment part of our standard 
policy. Since then, 19 patients managed in this way have had primary diuresis. 
Three of them developed secondary anuria, with histologic evidence of 
severe rejection which responded to steroid treatment. The remaining 16 
patients have functioning grafts with no need for additional steroids, and 11 
have never received additional immunosuppressive agents. 

2. Infections and Malignancy 

In our original group of 16 patients who required only CyA there were 
two self-limiting viral infections, one by herpes simplex, and one by combined 
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herpes zoster and herpes simplex. Cy A administration was stopped when 
another patient developed cytomegalovirus infection; steroids and Cytimun 
(a cyclophosphamide derivative) were used. One allograft developed a 
bacterial infection after biopsies and was removed. Another patient developed 
weight loss and anemia 4 months after grafting. A mucosal lymphoma in 
both the stomach and duodenum was found at endoscopy, and a partial 
gastrectomy was performed, with removal of the first part of the duodenum 
with the stomach. The lymph nodes were not involved in the growth, and 
the patient is back at work, and free from symptoms, on a greatly reduced 
dose ofCyA (100 mg/day). Five of the six patients given steroids and Cytinum 
died of sepsis; a jejunal lymphoma was found in one of these patients. Of 
11 patients given additional steroids, one died of sepsis and was found to 
have small lymphomatous deposits scattered throughout the lungs and liver. 

Peroxidase staining of the three lymphomas suggested that they were 
all of B-cell origin, and the patient who had a gastroduodenal resection had 
developed a high titer of antibodies against the Epstein-Barr virus . 

.3. Other Side Effects 

Most of the patients who received Cy A developed liver function abnor­
malites, with raised blood level of bilirubin and alkaline phosphatase. About 
50% had small rises in their serum transaminase levels. The two recipients 
of the liver grafts also had mild derangements of liver function, but in most 
patients function tended to return to normal as the dose of CyA was reduced. 
An increase in facial and arm hair occurred in most patients, and those with 
their own teeth developed temporary hypertrophy of the gums. Tremor, 
although usually mild and tending to resolve, was common in the early 
postoperative phase. 

4. Renal Function 

None of the 26 patients with life-supporting grafts has normal renal 
function. The lowest serum creatinine level is 97 mmoles/liter and urea 4.1 
mmolesniter. The patients who received additional steroids tend to have the 
least renal function, possibly because they have evidence of rejection. The 
highest serum creatinine is 470 mmoleslliter and urea 31 mmoleslliter. We 
have seen improved renal function following reduction of the CyA dosage. 
Most patients alive more than 6 months after transplantation are receiving 
between 10 and 12 mg/kg per day of CyA; one patient, who had the 
gastroduodenal resection, is being treated with 1.6 mg/kg per day. 

Rejection occurred in two grafts when the dose of CyA was reduced. 

5. Conclusions 

Even after prolonged and careful assessment of a new drug in animals, 
its effectiveness in patients cannot be predicted, and there may be dangerous 
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side effects. Our first clinical experience with CyA indicates these dangers. 
The most serious side effects were nephrotoxicity and lymphoma develop­
ment. We know little of the pharmacodynamics of CyA, and the available 
radioimmunoassay is not reliable, so it has been impossible to correlate 
administered dose with serum levels. Because the agent is probably excreted 
to a large extent in the bile, changes in liver function could be critical in 
relation to blood levels attained of this fat-soluble compound. The optimum 
dose of CyA is not yet established, but it appears that 17 mg/kg per day is a 
compromise starting dose. The dosage is slowly reduced after the first 3 
weeks, but whether it is necessary to continue the drug indefinitely is not 
yet known. In most animal species grafts were eventually rejected after 
cessation of CyA treatment, but as Green and Allison(6) showed in rabbits, 
the species differences are marked in this drug. 

Powles et alY3) have used CyA in the treatment of graft-versus-host 
disease in patients with bone marrow grafts. Initially they found rapid 
recurrence of cutaneous graft-versus-host disease after withdrawal of CyA 
treatment. If the treatment is continued for some months, the drug can, in 
most patients, be eventually stopped without recrudescence of the disease. 
The mechanism of action is not known, but Cy A is a new type of agent 
which has a partially selective immunosuppressive action. The nephrotoxicity 
of CyA is unexplained. It appears to be rapidly reversible. In the acute stage 
it is not associated with morphologic changes in light or electron microscopy, 
and it appears that serious nephrotoxicity can be avoided if the patient is 
deliberately hydrated and given diuretics. 

Our new policy is to withhold the first dose of CyA until it is dear at 6 
hr after renal transplantation that the graft is functioning. Should the kidney 
not diurese, the patient is given conventional treatment with azathioprine 
and steroids. If secondary anuria occurs, we perform a renal biopsy, and if 
there is evidence of rejection, a course of steroids is given for a short period 
of time. If rejection continues, we will remove the graft or stop the CyA and 
change to azathioprine steroids. In six of our patients there was histologic 
evidence of deterioration of renal function, associated with rejection. These 
patients all responded well to additional steroid therapy. In three of the 
patients the steroids were stopped without recurrence of rejection. 

Two patients received additional drugs to treat infections, but both died 
of sepsis, and lymphomas were found at pos~mortem. From this experience 
we feel that, if possible, CyA should be used alone, and the only additional 
drug that we are prepared to give is steroids. One other patient developed 
lymphoma but received no additional drugs. This patient is still alive. All 
three patients who developed lymphomas had impaired renal function in 
the early stages after transplantation. Malignant lymphoma is a well-known 
complication of conventional immunosuppressive regimens. In recipients of 
heart grafts for cardiomyopathy, the incidence is 18%. These patients were 
treated with high doses of azathioprine, steroids, and antithymocyte globulin. 

CyA is an extremely powerful immunosuppressive drug and is the most 
effective agent yet used in patients receiving cadaveric renal allografts. It 
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can be totally steroid sparing and therefore avoid both the cushingoid side 
effects, which can be distressing to patients, and the danger of joint 
destruction. 

Consistently effective and safe immunosuppression is an elusive goal 
but so also have been attempts to produce donor-specific immunosuppression. 
It is probable that in the immediate future nonspecific pharmacologic agents 
that are highly selective against immune-reacting cells will still be required 
in clinical organ grafting. CyA is of interest because it is chemically different 
from any other previously described drug. Our clinical trial will continue 
with frequent review of patients so that side effects will be recognized as 
early as possible. 
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51 
The Pretreatment Principle in Renal 
Transplantation as Illustrated by 
Thoracic Duct Drainage 

Thomas E. Starzl, Richard Weil, III, and 
Lawrence J. Koep 

In spite of all that has been achieved, renal transplantation still provides a 
flawed and unpredictable service. In the average American center in the 
decade of the seventies, less than half the recipients of first cadaver kidneys 
had graft function by the end of the first postoperative year. One reason 
may be neglect of what has been called the "forgotten pretreatment principle." 
It is that subject which is addressed here, with particular emphasis on thoracic 
duct drainage (TDD). 

1. Early Clues 

In 25 of our first kidney recIpients, Wilson and Kirkpatrick(31) used 
preoperative skin testing and typhoid vaccination to assess cellular and 
humoral immune reactivity. Immunosuppressive therapy for those patients 
was with azathioprine to which prednisone was added only if rejection 
developedY9,20) After transplantation, the patients previously classified as 
nonresponders had a mean rejection time of 14.8 days, compared to 4.3 
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days in the responders. These findings were not influenced by donor 
relationship. Wilson and Kirkpatrick concluded that 

These observations support the concept that impaired immunologic responsiveness 
in uremia is an important factor in successful human kidney transplantation. 
Furthermore. the difference in rejection times between the responsive and unres­
ponsive groups suggests that the reactive group might benefit from additional 
immunosuppressive therapy prior to [transplantation] .... 

Almost a decade later, the prognostic implication of the reactor-versus­
nonreactor state of kidney recipients was reemphasized by the antibody 
studies of Opelz, Mickey, and TerasakiY6) More recently, Jones et al.,(8) 
Thomas et al.,(27) and Opelz and Terasaki(15) came to the same conclusion 
from the results of in vitro phytohemagglutin, concanavalin A, and mixed­
lymphocyte culture (MLC) tests all of which are expressions of T -lymphocyte 
reactivity. The MLC studies(l5) were particularly illuminating. The MLC 
index using third-party lymphocytes was almost as predictive of the outcome 
after cadaveric kidney transplantation as when the stimulator cells were 
provided by the actual donor. 

Although well known, the foregoing information has had surprisingly 
little influence on treatment practices. In the early days of our program 
almost all human kidney recipients were given azathioprine for 8-10 days 
before transplantation. The practice was based on analogous canine experi­
ments in which average homograft survival was doubled thereby over that 
obtained when the drug was started on the day of operation. (19) Gradual 
abandonment of the policy of preoperative treatment of our patients with 
azathioprine, and often steroids may have been a systematic error inasmuch 
as other immunosuppressive adjuncts to condition the recipients were not 
being substituted. As cadaveric transplantation became more common, prac­
tical reasons made pretreatment difficult. The waiting period for a cadaver 
kidney was unpredictable, during which time extra infectious risks were 
introduced by giving azathioprine with or without prednisone. Furthermore, 
there were no accepted guidelines about the appropriate duration of such 
pretreatment. Worldwide, transplantation centers drifted into the practice 
of starting therapy on the day of grafting. 

2. TDD and the Pretreatment Principle 

The immunosuppressive procedure of TDD has provided an unusually 
analyzable example of the pretreatment principle and of the loss of much 
of the value of this procedure if its timing is wrong. TDD was given a trial 
in several centers 5-15 years ago(I-6.11-13.17.18.28.29) but was never accepted 
as a major therapeutic tool. This was because the scientific framework for 
its use in humans had not been worked out. 

3. Contemporaneous TDD 

Eighteen months ago we began a systematic trial with TDD in renal 
transplantation, starting the lymphoid depletion on the day of grafting along 
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Table 1. Rejection in First 2 Months of Cadaver Kidneys: Influence of TDDa 

Incidence rejection 
Irreversible rejection 
Deaths 

Contemporaneous 
TDD (17)b 

41% 
24% 
o 

Percent rejection 

3 Weeks 
pretreatment 

with TDD (13) 

38% 
8% 
1 

~4 Weeks 
pretreatment 

with TDD (14) 

7% 
0% 
2 

• In 50 immediately precedent cadaveric recipients treated with azathioprine, prednisone, and sometimes 
ALG, the incidence of early rejection was 48%.(22) 

b Data from ref. 22. 

with azathioprine, prednisone, and sometimes antilymphocyte globulin 
(ALG).(22,23) The protocol was similar to that usually used by Franksson et 
al.(5) The results were somewhat better than in historical controls without 
TDD, but vigorous rejection was often encountered during the first month 
(Table 1). The most striking clinical observation was that if the TDD was 
continued, a second graft could often be performed after failure of the 
first. (23) It was obvious that TDD was being inappropriately used for the 
primary transplant. Data in these patients plus precise immunologic studies 
by Machleder and Paulus(1O) in nontransplantation patients established that 
a pronounced immunodepressive influence of TDD was not established until 
about 3 weeks and that this effect deepened for another week or so. Kidneys 
in our early TDD series were being rejected during this uncovered 3 or 4 
weeks and, in addition, "antibody storms" in the postoperative period were 
often seen(23) with a heavy representation of the so-called warm anti-T and 
anti-B cytotoxic antibodies of the IgG class.(26) 

4. Pretreatment with TDD 

To correct the flaw in therapeutic strategy,(23) a new series was begun 
using TDD in advance of cadaveric renal transplantation,(24) adding azathio­
prine and prednisone on the day of operation. This time, the presence of 
preexisting recipient antibodies was taken into consideration. These antibod­
ies recently were characterized on the basis of their reactivity against 
homologous T and B lymphocytes at warm (IgG class) and cold (IgM) 
temperatures. (26) It has been accepted that warm anti-T antibodies cause 
hyperacute rejection,(26) but the significance of the other antibody varieties 
has remained controversial. Whatever their meaning, the cytotoxic antibodies 
could be construed as an index of the patients' immune reactivity, both by 
their presence before and by their development after transplantation. In the 
new treatment scheme, patients with no (or only cold) antibodies were 
scheduled for 3 weeks' preparation with TDD. Those possessing warm 
antibodies were scheduled for 35 days. If anti-T antibodies persisted and 
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Figure I. Example of short pretreatment with TDD. Although the patient had a perfect result, 
it is now known that the conditioning period was too brief. The drop in lymphocytes removed 
during the pretransplantation period was invariably observed . This finding was in contrast to 
our experience with TDD started on the day of transplantation in which the number of 
lymphocytes removed remained high. (The postoperative retention of TDD for about 3 week> • 
is still our policy.) The patient has had no evidence of late rejection. 

reacted against the potential donors, it was shown earlier(23) that a low titer 
was necessary before proceeding in the face of a positive cross match. After 
35 days, acceptance of cadaver donors whose positive cross matches were 
due to other kinds of antibodies was recommended. 

The recipients in this new series represented a modern-day cross section 
of risk factors. Many of the patients were old with known coronary artery 
disease, three were diabetics, and three were undergoing retransplantation. 
Because the donor selection was random except for red-ceIl-group compat­
ibility, the HLA and DR matches were all poor. (24) The results from the 
studies permitted precise conclusions about TDD pretreatment. 

4.1. Pretreatment of 3 Weeks 

Thirteen consecutive cadaver recipients of whom only one had preex­
isting warm anti-B antibodies had preoperative TDD for 17-28 days. The 
therapeutic approach is illustrated in Fig. 1. During the pretreatment 
period, the numbers of collected lymphocytes always fell markedly. After 
transplantation, the TDD was maintained for at least 3 more weeks. 
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Table 2. Broadly Reactinga Warm Anti-B Lymphocyte Antibodies 
2 Weeks after Transplantation 

TOO pretreatment for 3 weeks 7/13 
TOO pretreatment 2::4 weeks 1114 

a Broadly reacting means reactivity against half or more of a 30-donor lympho­
cyte panel. 
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During follow-ups of 2-6 months, five of these patients (38%) had 
rejection, which in four instances was reversible (Table 1). The fifth patient 
was treated with prompt retransplantation. These patients retained a potent 
capacity for cytotoxic antibody production. Two weeks after transplantation 
11 of the 13 had developed warm anti-B antibodies against a panel of 30 
lymphocyte donors, and in seven cases the antibodies reacted against more 
than half the panel (Table 2). All five of the rejections were in these latter 
seven antibody-producing recipients. One patient died 1 month after trans­
plantation from acute pancreatitis. 

4.2. Pretreatment for 4 Weeks or Longer 

Fourteen consecutive cadaveric recipients, of whom four had preexisting 
warm antibodies, had the longer pretreatment of 26-58 days. After 2-6 
months only one (7%) patient had a rejection (Table 1) and that one was so 
minor as to be equivocal. At the same time, the capacity to generate all 
categories of cytotoxic antibodies was remarkably reduced. Even though 4 of 
the 14 recipients already had warm antibodies predating TDD, these tended 
to diminish during pretreatment, and only 1 of the 14 possessed broad 
reacting warm antibodies 2 weeks posttransplantation (Table 2). 

Two patients died, one from a virus infection after 7 weeks, and the 
other at 2 months from a massive lidocaine overdosage given inadvertently 
by her family physician. 

5. Long-Term Implications 

In these patients, it remains to be seen if a delayed immunologic rebound 
will cause major kidney losses after discontinuance ofTDD. However, Walker, 
(30) johnson,(7) and Niblack(14) and their associates have not seen a catch-up 
deterioration of grafts in patients followed 2-5 years after preoperative and 
postoperative TDD. Late stability after earlier TDD was also reported recently 
by Kaplan.(9) It seems likely that the poorly understood change in host-graft 
relationship that has made clinical transplantation practical will be expedited 
rather than hindered by properly timed TDD. If so, improvements in early 
graft survival should be translated into better long-term results. 



512 IV • Selected Aspects of Therapy 

6. Broader Implications 

If the pretreatment principle delineated by the foregoing experience is 
valid, it will influence other developments and practices in transplantation. 

6.1. Other Therapeutic Regimens 

It would be surprising if host conditioning, equivalent to that of chronic 
TDD, could not be achieved with other means over a period of several weeks. 
An obvious possibility is mechanical removal of lymphocytes from the 
peripheral blood (lymphapheresis), a procedure for which commercial in­
strumentation is already available. We have treated two liver recipients and 
one kidney recipient in this way. The procedures of total lymphoid irradia­
tion(25) and thymectomy are variations on the same theme. So would be 
pre transplantation conditioning with powerful antilymphocyte sera and 
globulins, an approach that has been made impractical in patients by immune 
reactions to the heterologous protein.(21) It is clear that a sufficiently long 
conditioning period will be required. 

Today, for the first time in years, there is the real prospect of better 
drugs for core immunosuppression, of which cyclosporin A is the most 
promising, as CaIne has reported. (cf. Chapter 50, this volume). The potential 
value of pretreating with cyclosporin (or other drugs) or alternatively of 
combining drugs with preoperative lymphoid depletion is obvious. With any 
such conditioning effort, the use of the battery of in vitro immunologic tests 
now available should permit the curves of preoperative immunodepression 
to be quantitated for individual patients. 

We have in fact treated four patients with cyclosporin for 24-42 days 
following TDD. The convalescence of these patients has been remarkably 
uncomplicated. Within 1 or 2 days after transplantation, maneuvers were 
begun to discontinue the TDD. No steroids or azathioprine were given. It 
will be interesting to see if cyclosporin itself can be substituted for TDD in 
the pretreatment period. 

6.2. Patient Selection and Histocompatibility 

In the past, renal recipients (particularly those needing cadaveric organs) 
always have been ruled by the donors, with the final decision about candidacy 
hinging mainly on the conventional negative cytotoxic cross match and, in 
most centers, to a lesser extent on HLA matching. With effective pretreatment 
by TDD, it has been possible to give weight to the recipient's wishes. Based 
on the antibody state, a rational decision has been possible about the duration 
of pretreatment and about the prospects for success without any consideration 
of tissue match. Once the TDD is instituted, the patient has been assured of 
transplantation and at a fairly predictable time. The ability to offer trans­
plantation to cadaveric kidney recipients as an elective and planned under­
taking has drastically changed our program. The numbers of consanguineous 
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transplants have dwindled to less than 10% of the total as the prospective 
recipients have perceived the improved cadaveric situation. The number of 
cases that can be handled by our fixed-bed unit has substantially increased 
(60 in the last 7 months), in spite of the time investment for pretreatment 
which is more than canceled by the ability to discharge patients earlier after 
a homograft has been placed. 

6.3. Other Organs 

Improvements in immunosuppression should be applicable for other 
organs including the liver and heart. The direct application of these findings 
in liver recipients may pose special problems. Lymph drainage in patients 
with hepatic disease tends to be voluminous, particularly if ascites is present. 
Recently, we were forced to perform a liver transplant after only 18 days of 
TDD because the amount of lymph obtained per day had reached 25 liters, 
a volume so great that fluid management was becoming difficult. It may be 
that many of the liver recipients can have safer lymphoid depletion by 
lymphapheresis or by other kinds of preoperative conditioning discussed 
earlier. Certainly, pretreatment will be a major factor in patient care as our 
liver transplant program reopens. 

7. Summary 

Pretreatment with TDD markedly influences early graft survival and 
virtually eliminates early rejection, provided that the lymphoid depletion is 
for at least 4 weeks. Such preoperative recipient conditioning has improved 
the quality of patient service. It is probable that the pretreatment principle 
can be applied effectively while using other immunosuppressive measures 
including drugs. 
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Allograft rejection continues to be the major obstacle to obtaining a successful 
graft in spite of significant strides having been made in the areas of 
histocompatibility, organ preservation, and immunosuppression. At the 
Veterans Administration Medical Center and the Vanderbilt University 
Medical Center in Nashville, we have used thoracic duct drainage (TDD) as 
a means of immunologically preparing a select group of patients for 
transplantation. This report presents our clinical experience with this ther­
apeutic modality during the past 10 years . 

. 1. Historical Note 

Gowans et al.(l) in 1962 showed that the primary immune response to 
sheep erythrocytes and tetanus toxoid in rats was impared by creating a 
thoracic duct fistula. Woodruff and Anderson(2) obtained prolongation of 
skin graft survival in rats with the use of antilymphocyte serum and TDD. 
In 1964, Franksson(3) reported the use of this modality in a renal transplant 
recipient. 

Subsequently TDD was used in Boston(4) and Galveston,(5) and both 
transplantation groups concluded that there was definitely a benefit from its 
use, particularly when cadaver kidneys were used. Despite these favorable 
reports, there has not been widespread acceptance of this technique, possibly 
because of difficulty in establishing a fistula, lack of patient acceptance of 
long-term hospitalization, or difficulty in maintaining a fistula for a long 
period of time. 

Robert E. Richie, Gary Niblack, H. K. Johnson, and M. B. Tallent - Transplantation Section, 
Surgery Service, Veterans Administration Hospital, and Department of Surgery, Vanderbilt 
University Medical Center, Nashville, Tennessee 37232. 
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Recently the group from Denver(6) has reported their experience with 
TDD in kidney recipients and concluded that it should be used as a 
pretreatment of all cases either with or without prior antibodies. 

2. Method and Materials 

Between August 1970 and December 1979, 81 patients at the Veterans 
Administration Medical Center and the Vanderbilt University Medical Center 
elected to receive TDD as immunologic preparation prior to receiving a 
renal transplant. This modality was offered to patients who were not doing 
well on dialysis, to patients who had previously rejected one or more cadaver 
grafts, and to patients who had been on dialysis for an extended period of 
time and had not received a transplant. Many of the patients selected were 
in the high-risk group, i.e., increased age, high percent reactive antibody to 
a defined lymphocyte panel (PRA), or known responders to histocompatibility 
antigens. The average length of time on dialysis was between 21 and 22 
months. After admission to the hospital, all patients were started on a high­
lipid diet. This consisted of 1 ounce of a mixture of one-half whipping cream 
and one-half water every 3 hr for the first 25 hr prior to operation. This 
was continued until 5 hr prior to the operation. 

The cannulation of the thoracic duct was carried out under general 
anesthesia. A transverse superclavicular incision was made in the left side of 
the neck. Initially a rigid Teflon tip was inserted into the duct, and this was 
connected to a double-lumen silastic catheter which permitted infusion of 
heparin solution to prevent clotting of the lymph. More recently, the double­
lumen Swan-Ganz catheter as advocated by the Denver group(7) has been 
used. The lymph was collected in sterile 600-ml blood transfer packs and 
stored in the refrigerator. The lymph was collected daily, centrifuged to 
remove the lymphocytes, cultured, frozen, and subsequently thawed and 
reinfused in order to maintain protein oncotic pressure and prevent protein 
depletion. The amount of lymph removed varied from 17 to 600 liters with 
an average of approximately 150 liters. As many as 100 billion lymphocytes 
may be removed. During the postdrainage period, immunologic activity was 
monitored by histoplasmin, Candida, and purified protein derivative (PPD) 
skin tests. Absolute lymphocyte counts were determined by the differential 
count, and T -lymphocyte levels were determined weekly by the number of 
cells forming spontaneous rosettes with sheep erythrocytes. In addition, 
serial cell-mediated lympholysis assays and serial mixed-lymphocyte cultures 
were done. When the patient was felt to be immunologically depressed, he 
received the first ABO compatible kidney with a negative cross match that 
became available, regardless of the HLA match. After the transplant, the 
drainage was continued for up to 2 weeks unless the duct clotted prior to 
that time. The period of drainage ranged from 2 weeks to a maximum of 6 
months with the average being 6 weeks. After transplantation, the patients 
received the standard immunosuppression according to our routine protocol 
consisting of prednisone, 60 mg/day, and azathioprine, 100 mg/day. Rejection 
episodes were treated with infusions of 500 mg of Solu-medrol and graft 
irradiation. Only six patients have received antithymocyte serum. 
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Figure 1. TDD patients, August 1970-December 1979. 

3. Results 

Eighty-one patients elected to undergo thoracic duct drainage (Fig. 1). 
In six instances the duct was not successfully cannulated. Seventy-five patients 
had successful cannulation of the thoracic duct. Eight patients were excluded 
from the study group: three died while undergoing drainage in preparation 
for a transplant, and their deaths were unrelated to the drainage procedure; 
in four patients, the drainage was terminated because of clotting or sepsis; 
and in another patient, the cannula was pulled out inadvertently during a 
dressing change and recannulation was not successful. 

The remaining 67 patients received 71 transplants (Fig. 2). Only three 
received kidneys from living related donors. Forty-five were primary trans­
plants and 22 were retransplants. There were eight deaths within 30 days 
of the transplant, with a resultant mortality rate of 12%. Twenty-one grafts 
were rejected during the 9-year period. Of this group, six patients received 
a second transplant and four are alive with a functioning graft. Fifteen 
patients were returned to dialysis, of whom ten are still alive. Ten patients 

67 Patients with 71 transplants 

8 Op deaths 
(within 30 days) 

/ j 
44 Alive 23 Deaths 

21 G,.L,ected ~ 
6 Retransplanted (2 10 Patients died 

died, 4 alive with with func-
functioning graft) tioning graft 

15 Returned to dialysis 
(5 died on dialysis, 
10 alive on dialysis) 

32 Patients alive 
with func­
tioning graft 

Figure 2. TDD in patients who received transplants, August 1·970-December 1979. 
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Figure 3. Actuarial graft survival of 
TDD patients who received renal allo­
grafts. 

died with a functioning graft at intervals from 2 months to 7 years. Thirty­
two patients are alive with a functioning graft at intervals of 2 months to 7 
years. 

Actuarial graft survival is 73% at 1 year and 71 % at 3 years (Fig. 3 and 
4). Patient survival is 79% at 1 year and 77% at 3 years. Of the patients 
included in these computations, all have been at risk for a least 1 year, and 
half for more than 3 years. . 

4. Mortality 

During the 10-year period 23 of our 67 patients died. The eight deaths 
that occurred within 30 days of transplant were classified as operative deaths 
(Table 1). Four patients died of sepsis and one each of pancreatitis, cardiac 
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Figure 4. Actuarial patient survival of 
TDD patients who received renal allo­
grafts. 
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Table 1. TDD Patients Who Died in Postoperative Period after 
Transplant or after Return to Dialysis after Rejection of 

Transplant 

Deaths in postoperative period 
Sepsis 4 
Pancreatitis 1 
Chronic active hepatitis with liver failure 
Cardiac arrhythmia I 
Infarction of bowel 1 

Total '8 

Died on dialysis after rejection of kidney (2 months to 5 5 
years) 
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arrhythmia, infarction of the bowel, and liver failure from chronic active 
hepatitis. Of those patients who rejected their kidney and had to be returned 
to djalysis, five died at intervals of 2 months to 5 years. Two of these deaths 
were felt to be related to the transplant and three were unrelated to the 
procedure. 

Ten patients died with a functioning graft (Table 2). Myocardial infarc­
tion was the cause of death in two instances, at 7 years and 4 years post 
transplant, respectively. Complications of pancreatitis accounted for two 
deaths at 2 and 4 months, respectively. One patient succumbed to viral 
encephalitis at 3 years. Another patient refused to seek medical advice when 
he became ill and was admitted to his local hospital in a moribund condition. 
He subsequently died and an autopsy revealed crytococcal meningitis. One 
patient had an eye enucleation at 4 years after which he developed a 
Pseudomonas pneumonia which ultimately resulted in his death. Of two 
patients who died of sepsis at 6 months, one was a diabetic, and the other 
death occurred at 7 years of unknown causes. 

5. Discussion 

Our interest in this procedure initially stemmed from the clinical trials 
reported by the Boston and Galveston groups. It has been the philosophy 

Table 2. TDD Patients Who Died with a Functioning Allograft 

Died with functioning graft 
Myocardial infarction 
Pancreatitis 
Viral encephalitis 
Cryptococcal meningitis 
Complications of diabetes (pneumonia and sepsis) 
Pneumonia, and Pseudomonas 
Sepsis 
Unknown 

Total 

2 (7 years and 4 years) 
2 (2 months and 4 months) 
I (3 years) 
1 (4 years) 
I (6 months) 
1 (4 years) 
I (6 months) 
1 (7 years) 

10 
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of our program to try to utilize better HLA-matched kidneys; however, there 
is a group of patients in whom this is not possible. It is with this group of 
patients that we began to utilize TDD. Initially the logistical problem of 
handling the lymph was significant, as were establishing and maintaining 
the fistula for long periods of time. With experience and improvement in 
technique, however, these problems have been overcome. 

With the use of immunologic parameters to monitor these patients, we 
have found that the drainage period may vary up to a month or 6 weeks, 
although lack of availability of kidneys has resulted in longer periods of 
drainage in some instances. 

A major problem in transplantation is the highly sensitized patient. This 
may become more of a problem as increasing data show improved transplant 
results with preoperative blood transfusion. Nine of the patients who have 
received TDD in preparation for transplant received a kidney with a positive 
cross match. Seven of the nine had a successful transplant without a 
hyperacute rejection. Four of these seven have had long-term graft survival. 
Our understanding of the mechanisms involved is lacking, and we feel 
further investigation in this area is warranted. 

TDD is an effective means of immunosuppression. Although the overall 
mortality may seem high, we believe that the operative mortality is acceptable 
in this group, many of whom are high-risk patients. We believe this procedure 
should continue to be offered to patients on a selected basis, and that further 
clinical trials are indicated. 
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53 
Current Status of Induction of Specific 
Unresponsiveness to Organ Allografts 

Anthony P. Monaco 

Few, if any, purposeful attempts have been made to induce specific unre­
sponsiveness to organ allografts in man. Nevertheless, there is an enormous 
experimental literature to show that attempts to induce unresponsiveness of 
some type in man are a reasonable undertaking. It is the purpose of this 
chapter to identify the principles and problems in the induction of unre­
sponsiveness to allografts. No attempt will be made to review the enormous 
literature of this subject. Rather, experimental models developed and studied 
by our own group will be described to illustrate how clinical attempts for 
unresponsiveness induction could be undertaken. 

In the early 1950s Medawar and colleagues(l) reported the induction of 
actively acquired immunologic tolerance to tissue allografts in mice. They showed 
that immunologically incompetent neonatal mice could be injected in utero 
or intravenously in the neonatal period with lymphoid cells from another 
inbred strain and that such mice, as adults, were specifically tolerant to skin 
grafts of the donor strain. Donor strain grafts survived indefinitely whereas 
third-party grafts were specifically rejected. Tolerant mice were lymphoid 
cell chimeras of both recipient and donor strains; second donor skin grafts 
were also tolerated indefinitely. Donor strain grafts could only be rejected 
when tolerant mice were "reequipped" with normal syngeneic lymphoid cells 
or syngeneic cells previously sensitized against the donor strain. F 1 hybrid 
cells were required to induce tolerance between strongly histocompatible 
recipient-donor strains to avoid graft-versus-host reactions. 

A less profound type of unresponsiveness was produced by Kaliss(2) 
which he termed immunologic enhancement. He found that tumor grafts from 
one strain of mouse ordinarily rejected by another strain would grow 
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indefinitely if the recipient had previously been injected with a lyophilized 
preparation of the tumor (active enhancement) or had been injected with 
serum from a mouse that had previously rejected the tumor graft (passive 
enhancement). In contrast;to actively acquired tolerance, in which there is 
absence of recipient antidonor immunologic reactivity, a definite host anti­
donor response is present in enhancement systems. 

Numerous examples of actively acquired tolerance or enhancement 
models exist, many showing characteristics of these early prototypes. In 
general, it is appropriate to speak of models of specific unresponsiveness 
rather than tolerance or enhancement. Monaco et al. (3) were the first to show 
that a model of specific unresponsiveness very similar to that of Medawar's 
actively acquired immunologic tolerance to skin allografts could be induced 
in adult mice using antilymphocyte serum (ALS) and donor antigen. Highly 
immunosuppressed, ALS-treated, adult-thymectomized AlHe mice were in­
jected with large doses of (C3H/HexA/He)F 1 hybrid lymphoid cells and 
grafted with C3H/He skin. Such mice were shown to be specifically tolerant 
to C3H/He grafts, since they easily accepted second C3H/He grafts, but 
rejected third-party C57Bl/6 grafts. These mice were lymphoid cell donor­
recipient chimeras and only rejected C3H/He grafts after being reequipped 
with normal syngeneic AlHe lymphoid cells or syngeneic cells previously 
sensitized to C3H/He tissues. In short, such mice had all the characteristics 
of the actively acquired tolerance defined by Medawar. These mice did not 
show in vitro recipient antidonor cytotoxicity or serologic blocking factors as 
studied by the Hellstroms' technique. (4) Also, administration of Cytoxan to 
adult-thymectomized, ALS-treated mice prior to F 1 hybrid lymphoid cell 
injection did not prevent the induction of unresponsiveness.(5) Furthermore, 
all donor strain grafts were perfectly normal on histologic examination. (6) 

The induction of specific unresponsiveness in adult-thymectomized, ALS­
treated mice with F 1 hybrid cells was defined as the chimera model. From the 
standpoint of clinical application, F 1 hybrid cells would never be available. 
When large doses of homozygous donor strain lymphoid cells were used for 
the induction of unresponsiveness, vigorous and fatal graft-versus-host 
reactions resulted. Use of nonreplicating cells (liver, epidermal, renal) failed 
to produce unresponsiveness.(7) Likewise, cell-free antigen(8) was only mini­
mally effective. 

However, when ALS-treated, adult-thymectomized mice were injected 
with normal, homozygous donor bone marrow cells, excellent unresponsive­
ness was induced. ALS-treated, adult-thymectomized A/He mice injected 
with 25 X 106 C3H/He bone marrow cells showed extraordinary unrespon­
siveness to C3H/He grafts. Such grafts survived for 150-250 days and second 
donor strain grafts also survived for very long periods, but not indefinitely.(9) 
Such mice were not chimeras. Furthermore, in spite of the fact that donor 
grafts were tolerated for almost the life of the animal, recipient antidonor 
cell-mediated immunity could be detected by the in vitro cytotoxicity method. 
Serological blocking factors capable of inhibiting cell-mediated immunity 
were found to be present during the time grafts were well tolerated. In spite 
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of the presence of cell-mediated immunity and serologic blocking factors, 
administration of Cytoxan, an antibody suppressant, prior to bone marrow 
administration in this model did not abrogate the induction of unrespon­
siveness. Long-surviving skin allografts in this model were not normal on 
histologic examination. Although visually perfect, mild cell infiltration con­
sistent with low-grade allograft rejection was present. It is clear that the 
techniques involved in this model, the adult thymectomy, ALS, bone marrow 
model-ALS treatment, adult thymectomy, donor bone marrow infusion­
are all potentially clinically applicable. 

The effect of varying the several parameters used in the second model 
were studied in a third model in which adult thymectomy was omitted,o°·ll) 
Nonthymectomized, ALS-treated A/He mice received ALS on days -1 and 
+ 2 relative to C3H/He skin grafting on day 0 and were infused with low 
doses of homozygous lymphoid cells on day + 8. At all doses tested, bone 
marrow cells were superior to splenocytes, lymph node cells, and thymocytes 
in specifically prolonging grafts in marrow-infused mice over that achieved 
in mice given ALS alone. At higher doses, up to 100 X 106 cells/per 30-g 
mouse, splenocytes were almost as effective as bone marrow cells. In the case 
of bone marrow, progressively increasing the dose did not increase the 
degree of unresponsiveness induced, so that a dose of 25-50 x 106 cells/30-
g mouse was optimal. Higher doses decreased the amount of unresponsive­
ness produced. With lymph node lymphocytes, high doses of cell (> 100 X 

106 cells/30-g mouse) actually induced sensitization, i.e., shortened graft 
survival relative to that achieved with just immunosuppression (ALS) alone. 
The unresponsiveness induced with bone marrow and ALS alone was of 
shorter duration than that produced in ALS-treated, thymectomized mice, 
but was specific. The timing of bone marrow administration was critical; 
bone marrow had to be administered within a week after ALS treatment was 
terminated. Bone marrow given during ALS treatment sensitized patients, 
but bone marrow given later (2 or 3 weeks after ALS) failed to have any 
effect. The intravenous route was not obligatory for unresponsiveness 
induction. Direct intrasplenic injection of bone marrow to ALS-treated 
recipients was very effective. Splenectomy up to 2 hr after direct bone 
marrow injection abrogated unresponsiveness induction, suggesting that 
intrasplenic injection did not constitute merely an intravenous injection. 
Although grafts were well tolerated, recipients showed a high degree of 
antidonor cell-mediated immunity with corresponding serologic blocking 
factors present during the time of unresponsiveness. In contrast to the first 
two models, Cytoxan given before bone marrow abrogated induction of 
unresponsiveness, presumably by destroying cells that could produce serol­
ogic blocking factors necessary to achieve unresponsiveness. Cytoxan given 
after bone marrow augmented unresponsiveness, probably by an additive 
immunosuppressive effect. When examined histologically, grossly well-tol­
erated grafts on unresponsive ALS-treated, marrow-injected mice showed 
significant cellular infiltration with collagen destruction consistent with a 
progressive allograft rejection reaction. Recently, Gozzo et al,02) showed that 
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whole bone marrow was not necessary for induction of unresponsiveness. 
Fractions of whole bone marrow produced by bovine serum albumin gradients 
containing exclusively small lymphocytes were equally as effective as whole 
marrow in producing specific unresponsiveness. Obviously, ALS and donor­
specific bone marrow can be applied clinically. ALS-treated dogs given donor­
specific bone marrow showed marked prolongation of canine renal allograft 
survival over that achieved with ALS aloneY3) 

These models of unresponsiveness illustrate the principles that may be 
used and problems that may be encountered in attempts to produce specific 
unresponsiveness in clinical organ transplantation. The techniques of the 
first model, using ALS, adult thymectomy, and F 1 hybrid lymphoid cells, are 
not practical because F 1 hybrid cells will never be available. On the other 
hand, the induction of chimerism is clearly not a requirement for induction 
of unresponsiveness, and the attainment of complete actively acquired 
tolerance with a chimeric state in humans is probably not a practical 
consideration. Complete and total specific unresponsiveness in the recipient 
to all antigens by which a donor-recipient pair differs is probably unnecessary 
for practical application of specific unresponsiveness induction. Ample 
experimental evidence exists to show that induction of unresponsiveness to 
many, but not all, the differing histoincompatible antigens results in pro­
longed graft survival which may be maintained by lower or minimal doses 
of nonspecific immunosuppression. In this context, adult thymectomy, ALS, 
and bone marrow, or just ALS and bone marrow, are practical techniques 
that could be applied for the clinical induction of specific unresponsiveness 
in clinical human allografting. Since both the second (thymectomized) and 
third (nonthymectomized) models were experimentally feasible, one might 
want to omit adult thymectomy in the human or, perhaps, attempt thymic 
ablation by pre transplant irradiation. In the case of living related transplants, 
antilymphocyte globulin could be administered prior to grafting. Donor 
marrow could be harvested at the time of donor nephrectomy and admin­
istered shortly after transplantation. If bone marrow infusion is to be delayed 
for a week or 2, it could be preserved by standard techniques or harvested 
at this later time from the living donor. In the case of cadaveric transplan­
tation, organs and bone marrow will be harvested simultaneously. Bone 
marrow could be administered with the graft or preserved for later admin­
istration. The dose of bone marrow to be used could be extrapolated from 
previous canine experiments. Indeed, ALS treatment and bone marrow 
infusion has been used in one case of cadaveric renal transplantation by my 
colleagues and meY4) Preserved donor-specific cadaver bone marrow was 
infused in an ALS-treated cadaveric renal allograft recipient. The patient, 
who was highly sensitized, survived with perfect renal function, rejection 
free for 8 months only to succumb to perforative sigmoid diverticulitis. This 
case demonstrated that specific donor marrow could be preserved and 
infused in cadaveric recipients without untoward effects. 

The time is at hand in clinical renal transplantation for carefully 
controlled trails of induction of specific unresponsiveness in kidney transplant 
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recipients. The goal of such studies should not be induction of complete 
recipient antidonor nonreactivity, although this would be a welcome result. 
Rather, attempts to induce specific unresponsiveness should be evaluated 
not only in increased patient and graft survival, but also in decreased levels 
of nonspecific immunosuppressive agents required to maintain graft survival 
or, better still, the elimination of certain drugs (i.e., steroids) which have 
profoundly morbid side effects. These attempts should involve the use of 
total lymphoid irradiation (TLI) and bone marrow(15) and ALG (with or 
without thymic ablation) and donor bone marrow. 
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54 
Immunogenetics of HLA 

Fritz H. Bach 

The major approaches used for detection of major histocompatibility complex 
(MHC)-encoded antigens involve serologic methods; there are serologically 
detected determinants that are recognized on essentially all cells of the body 
and others that have an apparently more restricted tissue distributionp-3) 
In addition, there are cellular methods, studying activation of T lymphocytes 
in mixed leukocyte culture (MLC), that can be used to define MHC-encoded 
determinants. Here, also, determinants can be divided into two categories 
including those that activate much of the proliferative response in a primary 
mixed-leukocyte culture in which the donors of the responding and stimu­
lating cells differ by an entire MHC, and those that are recognized by 
cytotoxic T lymphocytes.(4) 

There is substantial evidence to suggest that determinants recognized 
serologically and those recognized by T lymphocytes are not identical. 
Conceptually, thus, we must deal with two methods of detection: serologic 
and cellular, with two different "types" of antigens recognized by each of 
the methods. In order to have a uniform nomenclature that allows us to 
refer to these various types of determinants in any species, specific desig­
nations must be used (Table 1). The designations differentiate between the 
serologically defined antigens found ubiquitously on essentially all cell 
surfaces, as the S determinant (SD) antigens, and the serologically detected 
antigens with a much more limited tissue distribution encoded by HLA-D 
related genes D related (DR). The antigens detected by T-Iymphocyte 
reactivities are referred to as L determinants (LD) and C determinants (CD) 
as listed. 
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Table 1. HLA-Detection of Antigens 

Method 

Serologic 
Cellular 

ABC 

SD 
CD 

Region(s) 

D 

Dr (la-like) 
LD 

1. HLA-The Major Histocompatibility Complex in Man 

A schematic representation of the HLA complex is shown in Fig. 1. In 
man, as in mouse, serologic and cellular methods have been used for the 
definition of the various antigens and molecules encoded by HLA genes. 
The HLA-A, -B, and -C loci code for antigens that are present on essentially 
all cells of the body and that show sequence homology with the H-2K1D 
antigens. The HLA-D locus was first defined using cellular techniques, i.e., 
proliferation in a primary MLC. Thus, the antigens associated with HLA-D 
that can be detected by serologic methods have been referred to as the DR 
antigens. The DR antigens are thought to be homologues of the Ia antigens 
m mouse. 

Table 2 shows the presently recognized antigens of HLA, as detected 
both by serologic methods and by the primary mixed-leukocyte culture 
response to homozygous typing cells (HTCs).(3) The HLA-A and -B loci are 
markedly polymorphic with a continuing finer definition of determinants 
that can be recognized by different sera. The HLA-C locus does not appear 
to be as polymorphic as HLA-A and -B. 

The HLA-D locus is formally defined by response in a primary mixed­
leukocyte culture to HTCs. The HTC technique(5) involves the use of 
stimulating cells that are homozygous for HLA-D antigen(s). The rationale 
behind HTC testing is that if a given individual does not carry the antigen(s) 
present on the HTC, then there should be a strong response by the cells of 
that one individual to that particular HTC. If, on the other hand, a second 
individual does carry the antigen(s) present on that HTC, then there should 
be a relatively weak, or absent, response by the cells of that second individual 
to the same HTC. 

Loci D/DR B c A 
Figure 1. A schematic representation of the HLA complex. 
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Table 2. HLA-Encoded Antigens 

WI RWI W4 WI 1 W19 
W2 RW2 W6 W2 2 W23 
W3 RW3 W3 3 W24 
W4 RW4 5 W35 W4 9 W30 
W5 RW5 7 W38 W5 10 W31 
W6 RW6 8 W39 W6 11 W32 
W7 RW7 12 W41 25 W33 
W8 13 W42 26 W34 
W9 14 W44 28 W36 
WI0 15 W45 29 W43 
W11 17 W46 

18 W47 
27 W48 
37 W49 
40 W50 

W16 W51 
W21 W52 
W22 W53 

W54 

Although the results obtained with most HTCs, which are either geno­
typically or simply phenotypically homozygous for HLA-D, are not as "clean" 
as suggested by the prototype results given previously, it is possible to obtain 
useful information, and a number of different HLA-D antigens (or antigenic 
clusters) have been defined utilizing HTCs. These are listed as HLA-DWI 
through DWll in Table 2. 

Seven different antigens that are associated with the HLA-D locus and 
have been recognized serologically are referred to as HLA-DRWI through 
HLA-DRW7. A second series of HLA-DR antigens has been proposed that 
appears to be distinct from the series involving HLA-DRWI through DRW7. 

The relationship of the HLA-D to the HLA-DR antigens is not well 
elucidated. Whereas a given HLA-D antigen is most frequently found in a 
given population with a given HLA-DR antigen (for the sake of convenience, 
one refers, in most instances, to an individual having HLA-DWI as also 
having HLA-DRWl), there is evidence to suggest that the determinants 
recognized by cellular response and serologically are different. This evidence 
is based both on a few putative recombinants within the HLA-D(3,6) region 
as well as the existence within Caucasians, and other populations, of associ­
ations between HLA-DR and HLA-D other than those most commonly found 
in the Caucasian population. Thus, for instance, in the Oriental population, 
the antigen HLA-DRW2 is frequently found with the D specificity referred 
to as DHO. Whereas this association is also found in the Caucasian population, 
the most common association in Caucasians with DRW2 is, again by conven­
tion, the DW2 specificity. 

An additional method that has provided information about the HLA-D 
region has been primed LD typing (PLT).(7.8) This method uses "sensitization" 
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Table 3. PLT Response to HLA-D and -DW 

Sensitization MLC Restimulation with: 

Responder Stimulator DRW2/DW2 DRW2/DHO 

DRWXlDWXb DRW2/DW2 ++++ +++ 
DRWXlDWX DRW2/DHO +++ ++++ 
DRW2IDHO DRW2/DW2 +++ ± 
DRW2IDW2 DRW2/DHO ± +++ 

a Adapted from ref. 9. Semiquantitative results obtained with PLT reagents sensitized 
either to both DRW2 and DW2 or DRW2 and DHO or presumably "only" to DW2 
and DHO when the responding cell donor is DRW2 positive. The slightly greater 
restimulation response seen after sensitization to both DRW2 and either DW2 or 
DHO when the restimulating cell carries the sensitizing D antigen as well as DRW2 
is difficult to establish with a high degree of confidence. However, the strong 
response to either DW2 or DHO when priming was done against the DW2 and 
DHO, respectively (when the responding cell donor was DRW2 positive), is clear. 

h DRWX and DWX refer to any DR or D antigen other than DRW2 and DW2 or 
DHO. 

of lymphocytes in vitro in a primary mixed-leukocyte culture in which donors 
of responding and stimulating cells differ by only a single HLA haplotype. 
The cells resulting 10 days following the initiation of the primary MLC are 
thought to represent "secondary-type" responding cells that will give a rapid 
proliferative response, measurable by 24 or 48 hr, to those antigens initially 
recognized by the responding cells on the stimulating cells during the 
sensitization phase. Although PL T reagents can respond to antigens other 
than those encoded by the HLA-D region, most of the responses are associated 
with HLA-D region encoded determinants. 

PL T reagents can be prepared, each against a different HLA-D haplo­
type, and used to "define" primed LD (PL) antigens associated with HLA­
D. A number of different PL antigens have been defined in this manner, 
most of which a~e highly associated with a given HLA-D antigenic cluster. 

The PL T test can be used to detect both antigens associated with HLA­
D and those associated with HLA-DR. This can be demonstrated by studying 
the situation in which DRW2 is associated with DHO in Orientals but primarily 
with DW2 in Caucasians. PL T reagents can be prepared against either the 
DRW2-DW2 or the DRW2-DHO complex and then tested for their respon­
siveness to each of these two types of stimulating cells. Under these conditions, 
there appears to be a clear response associated with DRW2. However the 
magnitude of the response is affected also by the presence of the priming D 
specificity on the restimulating cells. Further information regarding reactivity 
with D, or a factor associated with D, is obtained if priming is done against 
only DW2 or DHO, with respect to these determinants. Under these conditions 
the resulting PL T reagents react only with DW2 and not with DHO if primed 
to DW2 and vice versa.(9)(Table 3). 

A finer analysis of D-associated antigens is promised by the recent advent 
of cloning of PL T cells. Day 4 blasts are isolated from a regular MLC during 
the sensitization phase and then cloned in the presence of T-cell growth 
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Table 4. Proliferative Response of Noncloned PLT versus Limiting 
Dilution "Cloned" Alloactivated Cells 

Restimulating cells 

Responding cells Ax Bx ex Dx 

Original PL T 173 5,152 831 207 
"Clones"a 

40-10E 543 6,000 536 375 
40-7E 641 44,681 906 489 
40-8E 576 3,842 2,313 710 
40-4E 814 4,634 2,475 683 
40-9D 881 999 993 742 

a "Clones" were obtained from limiting dilution of day 4 MLC blast cells and were 
grown in Terasaki microtiter wells in the presence of feeder layers and TCGF. 
The cells were derived from wells that received on the average 40 cells/well at 
the time of dilution into Terasaki plates. 40-9D is an example of a clone giving 
no proliferative response. 
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factor (TCGF)YO) Under these conditions, presumed single precursor cells 
can be grown to large numbers. In many cases the resulting "monoclonal" 
PL T reagents give highly significant PL T -type responses providing a dissec­
tion of the D region hitherto unavailable with cellular reagents(ll) (Table 4). 
The use of cloned PL T reagents must be considered at its inception, and 
thus much further analysis is needed to evaluate its practical usefulness. 

2. Cellular Response to MHC-Encoded Antigens 

Much of the interest relating to different "types" of antigens that are 
encoded by MHC genes is based on the differential response of helper T 
lymphocytes (T h) and cytotoxic T lymphocytes (Tc) to antigens associated 
with different subregions of the MHC. The findings can be summarized(4) 
as follows: (1) HLA-D-region-encoded LD antigens are primarily responsible 
for activating the vast majority of the proliferating cells in a primary MLC 
where the donors of the responding and stimulating cells differ by the entire 
MHC. (2) The strongest cytotoxic responses are aimed at ABC-region­
encoded CD antigens. (3) The combined presence of ABC region differences 
plus D-region-encoded difference on the stimulating cells results in the 
generation of a much stronger cytotoxic response than do ABC-region­
encoded antigens alone. This phenomenon was referred to as LD-CD 
collaboration. The cellular counterpart to LD-CD collaboration is seen in 
the interaction of LD-responsive T h and CD-responsive Te. It is the combined 
response of T hand Tc that leads to the strongest cytotoxic activity (Fig. 2). 
ABC region differences alone lead to cytotoxic responses in only some 
cases.(I2) 
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Figure 2. Cellular response to LD and CD antigens.(4) 

3. The Relevance of HLA Matching to Graft Survival 

A great number of studies have been performed attempting to relate 
degrees of matching for the HLA-A and -B antigens, as detected serologically, 
to the success of allograft survival. It would have to be concluded in the 
summary of all those studies that most centers, especially in the United 
States, fail to show a significant association between matching for the HLA­
A and -B antigens although a few studies in the United States and several 
in Europe suggest such a correlation. In the United States, those centers that 
have found a correlation have recognized that the significance of that 
correlation is not very high. 

During the last several years, attempts have been made to match for the 
HLA-D region to ask whether minimizing disparity for D-region-encoded 
antigens may correlate with graft survival. Two approaches have been taken: 
first, matching in primary MLC in living related donor-recipient combina­
tions, and second, matching for the HLA-DR antigens for cadaver trans­
plantation. Although these two types of approaches may not measure exactly 
the same determinants, certainly serologic typing for the HLA-DR antigens 
provides a convenient guide to other determinants usually found in associ­
ation with the given DR antigen on the HLA-D haplotype. The results of 
both types of studies suggest that matching for the HLA-D region may have 
a highly significant effect on the outcome of graft survival. 

It would be worthwhile to reserve final judgment until the results of a 
carefully planned, preferably prospective, trial are evaluated. This should 
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certainly be performed with regard to kidney transplantation in the United 
States. 

4. Summary 

A variety of markers are associated with HLA genes that have allowed 
construction of the genetic map presented in Fig. 1. Primarily it has been 
the use of antisera that has allowed this dissection. In the process of 
performing such investigations, it has become apparent that there appear to 
be two types of antigens, differentiated initially on the basis of their tissue 
distribution. In addition, two "types" of antigens are differentially active in 
stimulating proliferating and cytotoxic cells. 
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This chapter poses some questions about nutritional therapy in patients with 
chronic renal failure. 

The perspective is that of one who has taken care of pateints with 
chronic renal failure for a quarter of a century. Five major questions need 
to be answered: (1) How can renal disease that leads to chronic renal failure 
be prevented? (2) Once renal disease is established, how can the development 
of progressive renal failure be prevented or slowed? (3) Are there better 
alternatives to the treatment of end-stage chronic renal failure than dialysis 
and transplantation? (4) How can the effectiveness of dialysis and transplan­
tation be improved? And last, (5) How can the cost of effective dialysis and 
transplantation be reduced? 

These questions are arranged so that a clear answer to each question 
makes the questions that follow of little-or certainly lesser-importance. 

Each of the questions is examined in the context of this group of chapters 
with the aim of attempting to determine whether there is a relationship 
between these questions and diet-or nutrition in the broadest sense­
whether the relationship is thought to be trivial or faddish or real, or whether 
the relationship has reached the point that some answers to the broad 
questions might be found. 

Regarding the first question, "How can renal disease that leads to chronic 
renal failure be prevented?" to my mind, there is a reasonable relationship 
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between this question and nutrition in one area-salt intake and hypertension 
leading to chronic renal failure-and a nebulous relationship in two others­
dietary factors involved in the development of nephrolithiasis and nephro­
calcinosis which can cause chronic renal failure and dietary factors in the 
development of atherosclerosis which may lead to chronic renal failure in 
later life. 

These last two relationships in the context of this chapter are to me, 
personally, intellectual quagmires which I, therefore, choose to avoid. 

The first-that is, the possible relationship between salt intake and 
hypertension-I deem to be of more importance. 

In my part of the world, the southeastern section of the United States, 
hypertension is the leading cause of chronic renal failure in patients undergo­
ing chronic dialysis. 

For the past 5 years, hypertension is judged to be the cause of chronic 
renal failure in 40-45% of the patients entering the chronic dialysis program 
at the North Carolina Memorial Hospital. These estimates agree closely with 
those of the other dialysis units in North Carolina and, I suspect, with all 
those in the Southeast. Thus, if hypertension could be eliminated as a cause 
of chronic renal failure, the dialysis population could be significantly reduced. 

Now even though the evidence is far from conclusive regarding (1) the 
role of high salt intake in the development of hypertension and (2) the 
question whether control of blood pressure in hypertensive patients reduces 
the prevalence of chronic renal failure, I do believe that there is enough 
evidence from epidemiological studies to indicate that the incidence of 
hypertension is lower in populations that eat little salt, and this warrants a 
closer look. 

As for immune diseases that cause chronic renal failure: to my knowledge, 
there have been no studies-or even speculations-that in any way implicate 
nutrition as an important element in the development of renal disease 
consequential to immune mechanisms. 

Thus, it is not reasonable to believe-with our current understanding­
that, with the possible exception of hypertension, studies involving nutrition 
are likely to afford an answer to the first question of how renal disease that 
leads to chronic renal failure might be prevented. 

If this is the case, the second question, "How can the development of 
progressive renal failure be prevented or slowed down?" assumes paramount 
importance in a reasoned approach to the economic as well as therapeutic 
aspects of the management of patients with chronic renal failure. 

In my judgment, the relationship between this question and nutritional 
therapy is most cogent, and I gather it is a major force in this subpart of the 
volume. I believe that it is in this area that some of the most exciting and 
promising investigation has been taking place in the recent past and will be 
occurring over the next decade. Two lines of investigation, in particular, are 
exciting to me, and I suppose the hope is that they may eventually reach 
some similar conclusions. The first is laboratory investigation which implicates 
nephron hyperfiltration (or some function thereof) in rats with reduced 
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renal mass as being responsible for the progressive renal damage that occurs 
in this model, and the second is the finding that feeding low-protein diets 
may ameliorate or prevent the deterioration of renal function (Hostetter et 
at., 1981). Whether the low-protein diet per se, or phosphate, or something 
else-or some combination of these factors-is responsible is as yet unclear, 
and I shall leave it to the experts to delineate the importance of these factors. 

The second line of investigation includes those clinical studies in patients 
with chronic renal failure in which the effect on renal function of low­
protein diets-or low-protein diets coupled with essential keto acids-or 
essential amino acids has been examined. 

Protein restriction has been widely employed in the treatment of chronic 
renal failure, at least since the time of Richard Bright in the early nineteenth 
century. However, the accumulation of evidence that such dietary manage­
ment might slow down the progression of renal failure, or have any beneficial 
affect at all on renal function, is, by and large, a recent phenomenon. 

It might be of interest to examine why this might be the case. With the 
exception of studies by Addis and his colleagues (Addis, 1952), all the studies 
of Shannon et al.(1932), Van Slyke et at. (1935), and Pitts (1944) showed that 
feeding high-protein diets to animals increased glomerular filtration rate. 
All those studies were short term and, in the framework of our current 
understanding, might have been expected to turn out the way they did. The 
early studies of Kempner (1945), of Keutmann and McCann (1932), and of 
Bang (1949) in man with chronic renal disease, in which they found neither 
improvement nor deterioration in renal function as a consequence of low­
protein diets, were flawed by the use of urea clearances as a measure of 
glomerular filtration rate. Early studies on the use of Giordano-Giovannetti 
type diets (Shaw et at., 1965; Franklin et at., 1967; Kopple et at., 1968) in 
patients with chronic renal failure have shown that these diets do not result 
in improvement of renal function in patients with severe renal failure; 
however, none of these studies has actually confronted the question as to 
whether they slow the progression of chronic renal failure in patients with 
moderate reduction in glomerular filtration rate. 

More recent clinical studies by several investigators, notably Walser, 
Mitch, and their colleagues (Walser et at., 1979; Walser, 1980) and Bergstrom 
and his colleagues (Alvestrand et at., 1980), have specifically examined the 
question of whether dietary modification might slow the progression of 
chronic renal failure. 

I should, however, like to make two comments: first, from my vantage 
point as a clinical nephrologist concerned about the enormity of the problem 
of chronic renal failure with all its overtones, I believe that if nutritional 
therapy is to play a significant role in alleviating the problem it will be in 
the possible halting or slowing deterioration in renal function in patients 
with chronic renal failure; second, the sum of the evidence from all the 
animal studies coupled with the clinical studies does not allow me to make a 
judgment as to whether low protein per se, essential keto acids, essential 
amino acids, phosphate, the calcium-phosphate product, or something else 
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might be the critical factors. If it is decided that a large clinical trial is to be 
undertaken, I hope that it is possible to design the study so that an answer 
might be forthcoming. 

Regarding the third question, "Are there better alternatives to the 
treatment of end-stage chronic renal failure than dialysis or transplantation?" 
I do not know of any, and, I believe that even the most enthusiastic proponents 
of dietary therapy make no claims that nutritional therapy can substitute for 
dialysis therapy once renal function has deteriorated to a very low level. 
Thus, I think that it is not fruitful or realistic to expect an answer to this 
question from nutritional therapy. 

Nutrition, I believe, is intrinsically involved in answers to the fourth 
question, "How can the effectiveness of dialysis and transplantation be 
improved?" 

Several studies-by Kopple and colleagues and by others-indicate that 
malnutrition is common, in either subtle or overt forms, in patients undergo­
ing chronic dialysis and that malnutrition is a major factor in morbidity in 
these patients. 

It is less clear as to why there is such a high prevalence of malnutrition. 
Most investigators believe that it is the result of a combination of factors 
including anorexia secondary to uremia or to the disease causing the chronic 
renal failure. This is certainly an important area, and cognizance of it-and 
attention to it-certainly makes a difference. I do believe that one thing 
should be mentioned about it in this setting: to my knowledge, the proper 
use of low-protein diets per se cannot be thought of as a significant contributing 

p factor. So I believe that the effectiveness of dialysis can be substantially 
increased by awareness and correction of malnutrition. 

Regarding the last question, "How can the cost of effective dialysis and 
transplantation be reduced?" the major answer is to be found in the 
sociopolitical arena, but nutrition may play a role in that the number of 
hospitalizations for infections and related complications may be substantially 
reduced by elimination of malnutrition as a causative factor. 

The use of amino acids or keto acids as supplements in patients 
undergoing chronic hemodialysis to reduce the number of dialyses that a 
given patient might require has been advocated by some authors. This, too, 
is an important area that might help to increase the effectiveness of dialysis 
as well as to reduce the cost. I doubt that it can be expected to playa major 
role. 

In summary, then, I believe that the most exciting prospect for nutritional 
therapy in patients with chronic renal failure is the possibility that it may be 
used to slow the progression of chronic renal failure. This could be an 
important factor in the overall approach to therapy in these patients. 

To prove that it works or that it can be done is a big issue with which I 
will not wrestle. In my judgment, it does warrant serious confrontation with 
pristine objectivity. 
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The Loss of Renal Enzymes 
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Disorders 
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1. Risk Factors for Nutritional Disorders in End-Stage Renal Disease 

Malnutrition is a common problem in patients with end-stage renal disease 
(ESRD), regardless of the mode of therapy (Coles, 1972; Blumenkrantz et 
at., 1976; Kopple, 1978; Bansal et at., 1980). The risk factors for malnutrition 
may be divided into two categories: (1) extrinsic factors, such as restricted 
diets prescribed by the physician (Berlyne et at., 1968; Sorenson and Kopple, 
1968), catabolic illness (Nsouli et at., 1979; Dobkin et at., 1978), blood losses 
from the gastrointestinal tract (Linton et at., 1977) and during hemodialysis 
(Longnecker et at., 1974), and loss of protein (Blumenkrantz et at., 1981) and 
amino acids (Kopple et at., 1973) into the dialysate; and (2) intrinsic factors, 
such as hypophagia (Atkin-Thor et at., 1978), malabsorption of nutrients 
(Merrill and Tasch, 1976), abnormal metabolism of nutrients (Spannuth et 
ai., 1977; Reiman, 1972), and loss of renal enzymes which catalyze the 
utilization or degradation of nutrients including their conversion to physio­
logically essential compounds. 

The extrinsic factors have been thoroughly described in the literature, 
but the intrinsic factors, with the exception of hypophagia, have not received 
enough emphasis. Loss of renal enzymes in ESRD, with resulting impairment 
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of renal synthetic and catabolic pathways, is an important risk factor for 
malnutrition and will be the focus of this chapter. 

2. Rationale for the Loss of Renal Enzymes as a Risk Factor for 
Malnutrition 

Most renal enzymes are well represented in other tissues of the body, 
mainly liver and skeletal muscle, and in ESRD the other tissues are often 
able to compensate for the loss of enzyme activity in the kidney. This 
compensation is not possible when the enzyme is present predominantly in 
the kidney and is inadequate when the reaction is dependent on the transport 
of the substrate to the renal enzyme. Thus, even though a particular renal 
enzyme may constitute only a minor portion of the body content of this 
enzyme, high renal blood flow and an efficient substrate-extracting process 
by tubular reabsorption and direct uptake from peritubular capillaries may 
enhance the functional significance of the enzyme in the kidneys compared 
to the same enzyme in other tissues. Therefore, the contribution of a 
particular renal enzyme to the whole-body rate of the corresponding reaction 
can be far greater than would be predicted from the amount of enzyme 
contained in kidney, liver, and muscle. 

An example of the importance of the renal-extracting processes is the 
enzyme glutathione-insulin transhydrogenase, which inactivates insulin by 
cleaving its disulfide bonds (Varandani, 1973). The specific activity of this 
enzyme in the rat has been determined by Chandler and Varandani (1972); 
although the kidney has only 2% of the total transhydrogenase activity in 
the body, it is, nevertheless, a major site for degradation of insulin (Elgee et 
al., 1954; Rubenstein and Spitz, 1968). In normal subjects, about 40% of the 
insulin secreted each day is believed to be degraded in the kidneys. The 
clinical significance of this process is further shown by the decline in the 
insulin requirements of diabetic patients who develop ESRD (Reaven et al., 
1974). The rate-limiting step in the degradation of insulin appears to be the 
delivery of the hormone to the renal insulin-degrading enzyme. 

Despite the potential clinical importance of loss of renal enzymes, the 
literature supplies little quantitative information comparing specific enzyme 
activities between the kidney and other organs. Moreover, the few studies 
reported in this area were done mainly in animals and not in humans. A 
helpful type of circumstantial evidence concerning the quantitative contri­
bution of renal enzymes to whole-body metabolism, however, comes from 
the patients with ESRD. Myoinositol metabolism illustrates this point. Blood 
levels of myoinositol are elevated in uremic patients. The rate-limiting enzyme 
in myoinositol degradation is myoinositol oxygenase, which is known to be 
present in the kidney. The clinical evidence concerning the accumulation of 
myoinositol in uremic plasma indicates that this renal enzyme is the main 
catalyst in the body for myoinositol oxidation. 
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Table 1. Enzymes That Are Localized Mainly in the Kidneya 

1. 25-Hydroxycholecalciferol 1-monoxygenase (E.C. 1.14.13.13) 
2. Neutral peptidase 
3. Myoinositol oxygenase (E.C. 1.13.99.1) 
4. Renin (E.C. 3.4.99.19) 
5. Phosphoglycerate dehydrogenase, phosphoserine transaminase 
6. -y-Butyrobetaine hydroxylase (E.C. 1.14.11.1) 
7. Arginine: glycine amidinotransferase (E.C. 2.1.4.1) 
8. Urokinase 
9. Maleate hydralase (E.C. 4.2.1.31) 

10. 5' -Acylphosphoadenosine hydrolase (E.C. 3.6.1.20) 
11. N-Acetyl-~-alanine deacetylase (E.C. 3.5.1.21) 
12. Aspartoacylase (E.C. 3.5.1.15) 
13. Postproline endopeptidase 
14. Peptidyl carboxyamidase (E.C. 3.14.15.2) 
15. Dipeptidase (E.C. 3.4.13.11) 
16. Aminoacyl-lysine dipeptidase (E.C. 3.4.13.3) 
17. L-3-Aminoisobutyrate aminotransferase (E.C. 2.6.1.22) 
18. Kynurenine aminotransferase (E.C. 2.6.1.7) 
19. -y-Glutamyltransferase (E.C. 2.3.2.2) 
20. Cysteamine dioxygenase (E.C. 1.13.11.19) 
21. N-Methylaminoacid oxidase (E.C. 1.5.3.2) 
22. Pyrroline-2-carboxylate reductase (E.e. 1.5.1.1) 
23. D-Aspartate oxidase (E.C. 1.4.3.1) 
24. 16-a-Hydroxysteroid dehydrogenase (E.C. 1.1.1.147) 
25. D-2-Hydroxy fatty-acid dehydrogenase (E.C. 1.1.1.98) 
26. Lactaldehyde reductase (E.C. 1.1.1.55) 
27. L-Gulonate dehydrogenase (E.C. 1.1.1.45) 

a From Dixon and Webb, 1979. 

3. Scope of This Chapter 

Although we realize that a renal enzyme with a low percentage of the 
total-body enzyme activity may play a significant physiologic role, for the 
purpose of this review we will focus only on those enzymes known to be 
highly concentrated in the kidney (Dixon and Webb, 1979). Table 1 lists 27 
enzymes that have been found to be localized mainly in the kidney. For 
seven of these, available evidence indicates that the loss of the renal activity 
in patients with ESRD causes clinical repercussions; for these seven enzymes, 
we will discuss the biochemical properties, the reactions catalyzed, and the 
nutritional or metabolic consequences of their loss in ESRD. 

4. Review of Seven Renal Enzymes the Loss of Which Causes 
Nutritional and Metabolic Disorders in ESRD 

4.1. 25-Hydroxycholecalciferol1-Monoxygenase 

This enzyme mediates the conversion of the major circulating form of 
vitamin D, 25-hydroxycholecalciferol, to its metabolically active form, 1,25-
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dihydrocholecalciferol. Both NADPH and molecular oxygen are required as 
cofactors for the enzymatic reaction (DeLuca, 1978). The activated form of 
this vitamin stimulates calcium transport in kidney, bone, and intestines 
(Walling, 1977; Raisz et at., 1972; Levine et at., 1978). Its precursor is 
predominantly synthesized in the liver from cholecalciferol, which in turn is 
either absorbed from the diet or is formed in the skin from photolysis of 7-
dehydrocholesterol (Ponchon and DeLuca, 1969; Schacter et at., 1965; 
Rauschkolb et at., 1969). 

In patients with ESRD, impairment of the key hydroxylation process 
prevents the synthesis of 1,25-dihydrocholecalciferol (Mawer et at., 1973). 
This metabolic deficiency has been implicated in the pathogenesis of uremic 
osteodystrophy (Stanbury, 1977). The diets of such patients are now supple­
mented with the active form of vitamin D. 

4.2. Renal Neutral Peptidase 

This enzyme catalyzes the degradation of glucagon, the insulin B chain, 
and adrenocorticotropin (Varandani and Shroyer, 1977). The peptidase 
attacks peptide bonds which involve the amino terminus of hydrophobic 
amino acids, provided that the residue is not C terminal. It hydrolyzes 
tripeptides and polypeptides, but not dipeptides. In kidney, the enzyme is 
localized in the microsomal fraction of the brush border and is membrane 
bound. 

Although several peptidases capable of degrading glucagon are present 
in most mammalian tissues, physiologic and clinical evidence indicates that 
the renal neutral peptidase is a major factor in glucagon clearance (Duck­
worth, 1976). This evidence is based on the following observations: In rats, 
the kidney normally extracts 40% of glucagon from the renal arterial blood, 
and the urinary excretion of glucagon accounts for less than 2% of the renal 
extraction (Bastl et at., 1977). In addition, the plasma disappearance time of 
exogenous glucagon is slightly increased in patients with ESRD or after 
bilateral nephrectomy. These data suggest that glucagon is filtered through 
the glomerulus and then reabsorbed by the tubular epithelial cells, after 
which it undergoes catabolism through the neutral peptidase system (Lefebvre 
etat., 1974). 

Patients with ESRD have elevated levels of plasma glucagon (Bilbrey et 
at., 1975) resulting from both a fall in the mass of renal tissue and a qualitative 
change in the renal handling of glucagon (Bastl et at., 1977). This hyperglu­
cagonemia contributes to malnutrition and azotemia because it promotes 
conversion of amino acids to glucose and urea in the liver (Salter et at., 1960; 
Unger, 1971; Knochel et at., 1975). 

4.3. MyoinositolOxygenase 

This enzyme catalyzes the initial step in myoinositol degradation, which 
is the oxygenation of myoinositol to n-glucuronate (White et at., 1973), half 
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of which is further converted to D-glucose and D-glucuronolactone, and the 
remainder of which is completely oxidized to carbon dioxide and water 
(Clements and Diethelm, 1979). The enzyme is highly specific for myoinositol 
and is inactive toward L- or D-inositol (Charalampous, 1962). 

Myoinositol is a water-soluble sugar alcohol that occurs in plants as 
phytic acid and in animal tissues as free myoinositol or as part of phospho­
lipids (White et at., 1973; Liveson et at., 1977) and is well absorbed from the 
diet. 

The kidney is the major regulator of fasting plasma myoinositol concen­
tration and pool size in man via its role in myoinositol synthesis (Clements 
and Diethelm, 1979), glomerular filtration, nearly complete tubular reab­
sorption (Pitkanen, 1976; Hammerman et at., 1980), and degradation. Evi­
dence for the renal control of myoinositol catabolism is provided by bilaterally 
nephrectomized rats, who do not catabolize any 2-14C-labeled myoinositol 
(Anderson and Coots, 1958; Lewin and Sulimovici, 1975). Uremic patients 
have a markedly elevated plasma myoinositol (mean ± S.D.,942 ± 180 f.1m) 
compared' to normal subjects (63 ± 26 f.1m) (Pitkanen, 1972). 

In the rat, high concentrations of myoinositol impair nerve conduction 
velocity (De Jesus et at., 1974). Concentrations comparable to those found in 
uremic patients are toxic to dorsal root ganglia in tissue culture (Liveson et 
at., 1977). Thus the loss of renal myoinositol oxygenase may be a factor in 
uremic neurotoxicity. 

4.4. Renin 

Renin is a glycoprotein protease that acts on an u2-g10bulin substrate in 
plasma to release angiotensin 1. The native intrarenal enzyme is synthesized 
and stored in membrane-bound cytoplasmic granules by cells at the vascular 
pole of the renal glomerulus. It is then converted by a sulfhydryl-containing 
enzyme to the circulating active form (Inagami et at., 1977). Reninlike enzymes 
have been extracted from a variety of organs, including the adrenal glands 
(Ryan, 1967), brain (Ganten et at., 1971), and uterus (Ferris et at., 1967), but 
are inactive at physiologic pH and become active only after exposure to acid 
pH or to acid proteases (Reid et at., 1978). 

Through its production of angiotensin, renin influences blood volume, 
blood pressure, and sodium balance. In anephric patients, reninlike activity 
and angiotensin I are absent from the serum, and renin substrate concen­
tration is elevated (Berman et at., 1972). These observations confirm that the 
kidney is the major site of renin synthesis. When this system is lost or 
inhibited, the maintenance of blood pressure in response to acute hypovo­
lemia or upright posture is impaired (Schambelan and Stockigt, 1979). 

4.5. Enzymes of Serine Biosynthesis 

These include phosphoglycerate dehydrogenase and phospho serine 
transaminase. Serine is normally a nonessential amino acid which is synthe-
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A. Enzymes of serine synthesis 

1. Hydroxymethyltransferase 
2. Phosphoglycerate dehydrogenase (PGDH) 
3. Phosphoserine transaminase (PST) 
4. Serine phosphatase (SP) 

B. Pathways for serine synthesis 
1. Glycine ~ serine 

2. 3-Phospho-o-glyceric acid 
3-Phosphohydroxypyruvic acid 
3-Phosphoserine 

~ 3-Phosphohydroxypyruvic acid 
~ 3-Phosphoserine 
~ Serine 

Figure 1. (A) Enzymes of serine synthesis. (B) Pathways for serine synthesis. 

sized in the body by the two metabolic pathways shown in Fig. 1. One route 
utilizes hydroxymethyltransferase to catalyze the reversible addition of a 
hydroxymethyl group to glycine to form serine (Blakley, 1960; Coon et at., 
1974). Although approximately 90% of the specific activity for this enzyme 
is located in liver, only in the kidney does the equilibrium favor serine 
synthesis, and the renal production of serine using this pathway is responsible 
for less than 7% of the total body turnover of serine (Pitts and MacLeod, 
1972). In the major pathway of serine biosynthesis (Fig. 1), the rate-limiting 
enzymes-viz., phosphoglycerate dehydrogenase and phosphoserine trans­
aminase-are mostly localized in the kidney (Tanaka, 1965; Hayashi et at., 
1975). 

Uremic patients on low-protein diets have a low dietary intake of serine; 
consequently, loss of the renal enzymes could predispose to a deficiency of 
the amino acid. Several workers have reported significantly low values of 
plasma serine in uremic patients as compared to normals. Alvestrand et at. 
(1978) reported plasma serine levels of 117 ± 15 j.Lm in uremic patients on 
a protein-restricted diet and 199 ± 3 j.Lm in normal subjects. In another 
study, the plasma serine levels in uremic patients on a diet consisting of 
essential amino acids as the only source of nitrogen were even lower (50 ± 
6 j.Lm) (Zimmerman et at., 1979). These values indicate the reduced capacity 
of the body to synthesize optimal quantities of serine in uremia. Hyposeri­
nemia in Zimmerman's uremic patients may also reflect inhibition of hepatic 
phosphoglycerate dehydrogenase by the high dietary intake of methionine, 
tryptophan, and threonine furnished by the essential-amino-acid diet (Mau­
ron et at., 1972). Thus, in some uremic patients, serine may become an 
essential amino acid that needs to be provided in the diet. 

Besides being a component of most tissue proteins, serine is essential 
for the synthesis of phosphoglycerides (Bosch, 1974) and sphingolipids 
(Stoffel, 1971). Its carbon chain is utilized in the biosynthesis of cysteine, in 
hepatic gluconeogenesis (Lehninger, 1978), and in the biosynthesis of choline. 
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Whether the low plasma serine levels in ESRD affect any of these precursor 
functions of serine is presently unknown. 

4.6. ,,/-Butyrobetaine Hydroxlyase 

This enzyme catalyzes the last step in the biosynthesis of carnitine: the 
reaction of 'Y-butyrobetaine, a-ketoglutarate, and O2 to yield L-carnitine, 
CO2 , and succinate. 'Y-Butyrobetaine hydroxylase is a soluble mitochondrial 
enzyme that binds several transition-metal ions, but only the ferrous ion is 
catalytically active (Lindstedt, 1967). The specific activity of the enzyme in 
human tissues has been found by Rebouche and Engel (1980) to be highest 
in the kidney, where activity is approximately 4 times higher than that in 
liver and brain. No activity is found in heart and muscle. The specific 
activities of the four enzymes of carnitine biosynthesis in humans are shown 
in Table 2. 

Carnitine is essential for the transport of long-chain fatty acids into 
mitochondria where they are oxidized (Bremer, 1977). Four factors can 
contribute to carnitine depletion: substandard intake of dietary carnitine; 
substandard intake of lysine and methionine, the precursors for endogenous 
carnitine synthesis; loss of the capacity to synthesize carnitine because of 
liver and/or kidney failure; and loss of carnitine from the body during 
dialysis (Rudman et at., 1977; Bohmer et at., 1978). 

Myopathy, fatty liver, and cerebral disorders are the consequences of a 
genetic carnitine deficiency (Vandyke et at., 1975; Karpati et at., 1975; Engel 
and Angelini, 1973). Decreased plasma and muscle contents of carnitine 
have been reported in hemodialysis patients (Bohmer et at., 1978), and 
carnitine deficiency has also been related to the hypertriglyceridemia in 
patients on hemodialysis (Guarnieri et at., 1980) and on chronic ambulatory 
peritoneal dialysis (Buoncristiani et at., 1981). Thus carnitine deficiency may 
occur in uremic patients on dialysis, and correction by oral supplements of 
carnitine could be helpful (Guarnieri et at., 1980). 

4.7. Arginine: Glycine Amidinotransferase 

This enzyme catalyzes the transfer of a guanidine group between arginine 
and glycine to yield ornithine and guanidinoacetic acid, which is the first 
and the rate-limiting step in the synthesis of creatine (Walker, 1979) (Fig. 
2). In man, it occurs predominantly in the kidney and pancreas (Van Pilsum 
et at., 1972). Creatine is formed in the next reaction by transfer of a methyl 
group from S-adenosylmethionine to guanidinoacetate; this irreversible step 
occurs primarily in the liver. 

Synthesized creatine is released into the circulation and actively taken 
up against a concentration gradient by muscle and other tissues (Walker, 
1979; Haughland and Chang, 1975). About 98% of the total-body creatine 
pool is within muscle (Hunter, 1928). This creatine pool is slowly saturable 
and has a relatively slow daily turnover rate of about 1.5-2% (Fitch et at., 
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1. Glycine + arginine Glycine emldlnotransferase, Guanidinoacetate + ornithine 

2. 5-Adenosyl-methionine + guanidinoacetate Guanldlnoacetate methYltrans'eras~ 

Creatine + 5-adenosyl-homocysteine 

3. Creatine + ATP Creatine PhosPhoklnas~ Phosphocreatine + ADP 

Figure 2. Pathway for creatine synthesis. 

1968). Creatine is phosphorylated to yield phosphocreatine, which is a high­
energy phosphate compound that serves as an intermediate in excitation­
contraction coupling, modulates glycolysis, increases intracellular flux of 
potassium and phosphorus, and also acts as a cofactor in muscle growth 
(Walker, 1979). 

Several studies undertaken by Goldman and Moss (1960) to determine 
whether uremia interferes with creatine synthesis demonstrated that chronic 
renal disease in rats reduced creatine synthesis both by loss of the renal 
enzymatic mechanisms and by interference with methylation in the liver. 
Extrarenal synthesis may increase to partially compensate for these inhibiting 
factors. 

Muscle phosphocreatine levels in patients with ESRD have not been 
reported, although clinical symptoms experienced by uremic patients include 
fatigability (Cardenas and Kutner, 1982), muscle cramps (Merrill, 1965; 
Stewart et at., 1972), and muscle wasting (Cohen et at., 1980). Uremic 
myopathy is common, but its causes are uncertain (Cohen et at., 1980). The 
usefulness of a creatine supplement in ameliorating this problem is unknown. 

5. Other Renal Enzymes 

The reactions catalyzed by the rest of the enzymes in Table 1 have been 
identified, but their physiologic significance is unclear, and therefore the 
consequences of losing the corresponding renal enzyme cannot presently be 
predicted. 

6. Implications for Treatment 

The intrinsic loss of renal enzymes in ESRD suggests a need to modify 
the exogenous intake of nutrients. Renal enzymes enable the kidneys to 
synthesize hormones, to process nutrients, and to convert certain substrates 
to a more readily utilizable or storable form. Loss of renal enzymes and the 
corresponding renal synthetic capacities in ESRD could lead to new nutrient 
requirements. 1,25-Dihydrocholecalciferol, carnitine, creatine, and serine are 
examples of nutrients that may need to be supplemented in the diet of some 
patients with ESRD. 
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Several renal enzymes participate in the degradation of nutrients and 
hormones. When these enzymes are lost in uremic patients, toxic accumu­
lation of nutrients and hormones may ensue. The neurotoxicity of myoinos­
itol, the hypercatabolic effect of glucagon, and the decrease in exogenous 
requirements of insulin are such consequences of the loss of renal enzymes. 
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1. Introduction 

Patients with advanced renal failure who exhibit symptoms of uremia may 
experience symptomatic relief concomitantly with a decrease in blood urea 
concentration when the dietary protein intake is reduced. Treatment with 
low-protein diet (LPD) in chronic uremia may significantly prolong life and 
postpone the mandatory time for start of chronic dialysis. Marked protein 
restriction (15-20 g protein per day) may be required to control uremia 
when glomerular filtration rate is reduced to 2-10% of normal. At such low 
protein intakes essential amino acids (EAA) or their N-free keto analogues 
(KAA) have to be furnished along with the diet to fulfill nutritional 
requirements and to prevent depletion of body protein (Bergstrom et at., 
1975; Walser, 1975). 

It was suggested earlier that protein reduction not only affords symp­
tomatic relief in patients with chronic renal failure but also may improve 
renal function (Levin and Cade, 1965) or may slow the rate of progression 
ofrenal failure (Kluthe et at., 1971). Mitch et at. (1976) reported that, in most 
cases of chronic renal insufficiency, the reciprocal of serum creatinine declines 
linearly with time as renal failure progresses. This observation makes it 
possible to estimate the effect of therapy on progression. Using this method, 
Walser et at. (1979) showed that the progression of the renal insuffciency 
was halted or retarded in several patients when treatment with LPD supple­
mented with KAA was instituted. Similar results were reported by Barsotti 
et at. (1981), who measured creatinine clearance repeatedly in their patients. 

Jonas Bergstrom, Marianne Ahlberg, and Anders Alvestrand • Department of Renal Medicine, 
Karolinska Institute, S-104 01 Stockholm, Sweden, and Huddinge University Hospital, S-141 86 
Huddinge, Sweden. 

559 



560 IV • Selected Aspects of Therapy 

Prompted by these observations we decided to make a retrospective 
analysis of our own patients with chronic renal failure who were treated with 
a protein-restricted diet (15-20 g/day) supplemented with EAA or KAA to 
find out whether the progression of renal failure had been influenced by 
this treatment. 

2. Material and Methods 

To evaluate progression of renal failure the inverse of serum creatinine 
was plotted against time. If the progression of renal disease is altered, the 
slope of the line (regression coefficient) will change. To include a patient in 
our study, the criteria were that the reciprocal of creatinine declined 
approximately linearly with time before the diet was changed and that there 
were at least eight creatinine determinations performed over a period of 
200 days before as well as during LPD. Of all patients treated with LPD and 
EAA or KAA over the period 1975-1980, 17 fulfilled these requirements. 
The diagnoses were as follows: chronic glomerulonephritis in two patients, 
chronic pyelonephritis in three patients, analgesic nephropathy in two 
patients, congenital renal dysplasia in one patient, and polycystic kidney 
disease in nine patients. 

Before the patients were switched to LPD they had either no protein 
restriction or were ordered a diet containing 60 or 40 g protein per day. 
The prescribed LPD diet contained 15-20 g protein per day (Noree and 
Bergstrom, 1975) and was supplemented orally in 14 cases with EAA 
(Aminess®, AB Vitrum, or a modified EAA preparation) (Alvestrand et ai., 
1982), and in three cases with a KAA preparation containing the keto 
analogues of valine, isoleucine, leucine, and phenylalanine, the hydroxy 
analogue of methionine, and the amino acids threonine, lysine, histidine, 
and tryptophan (Ketoperlen®, Pfrimmer AG). 

All patients received aluminum hydroxide gel or tablets before as well 
as during treatment with LPD, and the dose was adjusted to keep the plasma 
phosphate concentration within normal range (below 1.8 mmoles/liter). Oral 
calcium carbonate, 1-3 g/day, was given to most of the patients to prevent a 
negative calcium balance. Apart from a minor dose of vitamin D3 (250 IU) 
included in a multivitamin preparation, no patients received vitamin D or 
its analogues. 

The LPD which contained about 500 mg Na+ per day was generally 
supplemented with NaCI powder, 2-4 g/day, to improve palatability. Na­
HC03 was given to prevent acidosis. We aimed at keeping the plasma 
bicarbonate concentration at or above 22 mmol/liter. Furosemide was given 
as required to prevent sodium overload and to control hypertension. Addi­
tional antihypertensive therapy was prescribed when indicated. 

Each patient was checked at our outpatient clinic during the initial 
observation period as well as during treatment with LPD, usually by the 
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Figure 1. Regression lines of the reciprocal of the serum creatinine versus time in 17 patients 
before and during treatment with LPD supplemented with EAA or KAA. The patients were 
switched to LPD at time O. 

same physician. The principles for control of fluid and electrolyte balance 
and blood pressure were the same in both periods. 

3. Results 

Figure 1 shows the regression lines of the reciprocal of serum creatinine 
versus time in the 17 patients before and after introduction of the LPD. In 
most cases the slope of the regression line (regression coefficient) decreased 
markedly after switching to the LPD. The mean regression coefficient 
± S.E.M. before LPD was - 0.230 ± 0.026 and during LPD - 0.022 ± 0.020 
(p < 0.001). A typical curve in an individual case is seen in Fig. 2. In eight 
cases the improvement in renal function appeared to be associated with a 
decrease in serum phosphate, whereas in three cases progression of renal 
disease was retarded in spite of a significant increase in serum phosphate. 
In the whole group the plasma phosphate concentration was slightly lower 
during LPD (1.47 ± 0.29 mmoles/liter) than before (1.63 ± 0.24 mmoles/liter, 
p < 0.052). Plasma calcium was significantly higher during LPD (2.34 ± 
0.11 mmoles/liter) than before (2.22 ± 0.15 mmoles/liter,p < 0.001), buttheCa 
X P product was not significantly different. Improved blood pressure control 
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Figure 2. The reciprocal of the serum creatinine versus time in a patient treated with LPD 
and EAA. Blood pressure was not different and Ca x P product was higher during LPD than 
before. 

may also influence the progression of renal disease. However, in these 
patients blood pressure control was not any better during than before LPD. 

4. Discussion 

The results of this study are in keeping with previous observations that 
LPD may slow the progression of chronic renal failure. However, our results 
must be evaluated with caution owing to the fact that the study was 
retrospective and thus was not conducted in a controlled manner. In most 
cases clinical and laboratory checkups were more frequent during treatment 
with LPD than before. There is, thus, a possibility that improved patient 
care during LPD with regard to control of hypertension, fluid and electrolyte 
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Figure 3. The reciprocal of the serum creatinine and creatinine clearance, respectively, versus 
time. In this patient progression of chronic renal failure was halted during LPn and EAA, but 
renal failure deteriorated further during a following period on LPn and KAA. 

balance, infections, and other factors might have affected the results, although 
we found no evidence that this was the case. Furthermore, evaluation of 
renal function by following the reciprocal of serum creatinine is questionable 
since a decrease in muscle mass due to protein depletion and inactivity may 
reduce creatinine production, and extrarenal elimination of creatinine may 
be enhanced with the severity of renal failure (Mitch et at., 1980). However, 
creatinine clearance data available in some of our patients (see Fig. 3) 
supported the validity of conclusions drawn from the curves of reciprocal of 
serum creatinine with time. 

The mechanisms by which LPn may slow the progression of renal failure 
in man have not been elucidated. Since the phosphate content in LPn is 
generally low, it was suggested that improved control of serum phosphate 
might be involved (Walser et at., 1979). In support of this explanation are 
reports in sub totally nephrectomized rats (Ibels et at., 1978) and in rats with 
nephrotoxic serum nephritis (Karlinsky et at., 1980) that a low-phosphate 
diet may prevent deterioration of renal function. However, Barrientos et at. 
(1982) did not find that improved control of serum phosphate by low­
phosphate diet and 12 g aluminum hydroxide per day had any effect on 
progression of renal failure in patients with chronic renal disease. The 
protein content of their low-phosphate and control diets was not given. Our 
own data do not support the suggestion that improved control serum 



564 IV • Selected Aspects of Therapy 

phosphate by LPn is the only mechanism by which LPn exerts its effect on 
progression of renal failure, since in some of our patients LPn had an effect 
in spite of enhanced phosphate retention. 

Hostetter et al. (1982) have speculated that the final common outcome 
of chronic renal disease, i.e., predictable progression from mild renal 
insufficiency to end-stage renal failure independent of the etiology of the 
initial injury, depends on some critical loss of renal mass. Compensatory 
raised glomerular pressures and flows would underlie the ultimate sclerotic 
destruction of those nephrons which survive the initial renal insult. In 
partially nephrectomized rats severe restriction of dietary protein intake 
could partly prevent glomerular hyperfiltration and reduce the structural 
abnormalities in remnant glomeruli (Hostetter et al., 1981). This effect was 
apparently not dependent on improved phosphate control since the phos­
phate contents of the LPn and control diet were comparable. These data 
suggest that protein restriction per se or some factor associated with protein 
restriction (except reduced phosphate intake) is operative. It should be 
pointed out that the effect of protein restriction on glomerular hyperfiltration 
in remnant nephrons was found in rats with experimental renal failure but 
that there is a lack of evidence that the same mechanism is operating in 
human renal disease. If this were the case, one might expect that switching 
to more marked protein restriction would result in an immediate decrease 
in glomerular filtration rate and, thus, an increase in serum creatinine, a 
phenomenon not observed by us or reported by others. 

In conclusion, available clinical data from different groups, although 
anecdotal or not well controlled, strongly suggest that progression of end­
stage renal failure in man may be retarded or halted by LPn supplemented 
with EAA or KAA. This may have important clinical implications in the 
future, especially if it can be shown that this principle of treatment is 
operative in early renal failure as well. Prospective, randomized studies are 
now required to confirm the present findings and to evaluate by which 
mechanisms protein restriction affects progression of renal failure. 
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58 
Evaluation of Amino Acid 
Requirements in Uremia by 
Determination of Intracellular Free­
Amino-Acid Concentrations in Muscle 

Jonas Bergstrom, Anders Alvestrand, and Peter Furst 

Many studies have documented abnormal plasma concentrations of amino 
acids in patient with chronic renal failure (Gulyassy et at., 1968; Young and 
Parsons, 1969; Giordano et al., 1970; Swendseid and Kopple, 1973). Typical 
findings are low concentrations of several essential amino acids and high 
concentrations of some nonessential amino acids. Certain abnormalities 
appear to be caused by renal failure whereas others, resembling those 
observed in subjects with low intake of protein and energy, may be related 
to malnutrition. 

In uremia the distribution of some amino acids between the extra- and 
intracellular compartments is altered (Shear, 1969; Bergstrom et al., 1978; 
Alvestrand et at., 1978). Therefore, the plasma concentrations do not nec­
essarily reflect the intracellular concentrations. Skeletal muscle contains the 
largest pool of free amino acids, and determination of the free-amino-acid 
concentration in muscle is therefore of particular interest in the study of 
amino acid metabolism in uremic patients. Bergstrom et al. (1978) reported 
low intracellular concentrations of threonine, valine, lysine, and tyrosine and 
increased concentrations of several nonessential amino acids in untreated 
uremic patients (Fig. 1). However, intracellular leucine and isoleucine con­
centrations were normal in the presence of reduced plasma. concentrations 
of these amino acids. 

The abnormalities among the branched-chain amino acids (BCAA) 
valine, isoleucine, and leucine persisted during long-term treatment with a 
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Figure 1. Selected muscle intracellular amino acids in patients with near end-stage renal failure, 
untreated, and long-term treated with 15-20 g protein per day, essential amino acids in Rose's 
proportion, histidine (EAA), mean ± S.E. 

low-protein diet (16-20 g protein per day) (LPD) supplemented with an 
essential-amino-acid preparation providing 2-3 times the minimum require­
ments for normal man (Rose, 1949) and histidine (EAA) (Fig. 1). 

Selective valine depletion in spite of a high intake of valine would require 
that this amino acid be preferentially catabolized. This might lead to a 
relative excess and an abnormal distribution of the other two BCAAs, a so­
called amino acid antagonism (Fig. 2). It is of interest that the BCAA pattern 
in uremia partly resembles that of rats fed a low-protein diet containing an 
excess of leucine, in which case the antagonism results in impaired growth 
and reduced nitrogen utilization (Shinnic and Harper, 1977). Hence it is 
possible that uremic patients may require different proportions of the BCAA 
as compared to normals in order to optimize nitrogen utilization and to 
overcome the antagonism between the BCAA. 

Low intracellular tyrosine concentrations also were observed after treat­
ment with LPD plus EAA in Rose's proportions and histidine (Fig. 1). 
Reduced production of tyrosine from phenylalanine in uremia may underlie 
this abnormality (Young and Parsons, 1973; Tizianello et at., 1980). 

In an attempt to compensate for the depletion in muscle-free valine and 
tyrosine pools, a new amino acid formula (N AAF) was designed in which 
the relative proportion of valine was increased and tyrosine was added. The 
composition of Aminess® and the new formula is given in Fig. 3. The effects 



58 • Evaluation of Amino Acid Requirements in Uremia 569 

o CONTROL 
mmolll i.e. H20 (n=181 

0.4 ~ UREMIA 
(n=91 

0.3 

MUSCLE 
0.1 rn~ 
:'~lOIlI ~ antagonism 

0.2 • 1 
0.: rn [} 

0.2 

o 

PLASMA 

VAL ILE LEU 
Figure 2. Branched-chain amino acid antagonism in uremic patients. 

on muscle and plasma amino acid concentrations was studied in eight patients 
on long-term treatment (52-211 days) with LPD and NAAF (Fig. 4) (Alves­
trand et at., 1982). 

With the new amino acid preparation intracellular valine and tyrosine 
concentrations were not significantly different from normal, although the 
intracellular tyrosine concentration was still to some extent reduced (Fig. 4). 

IJ 
ILE LYS MET PHE THR TRY* VAL TYR 

Il ~ 
HIS LEU 

*TRY =1.0 

Figure 3. Comparison of the amino acid composition of Aminess® (stippled) and the new 
formula. 
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Figure 4. Muscle intracellular amino acids after long-term treatment with the modified amino 
acid preparation (N = 8). 
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Figure 5. Nitrogen balance in patients treated with LPD supplemented with essential amino 
acids in Rose's proportions and histidine (EAA), with a preparation containing ketoanalogues 
and essential amino acids (Ketoperlen®, Pfrimmer AG), and with the modified amino acid 
preparation (EAA, new formula). 

Our results suggest that the free-amino-acid inadequacy of uremia may 
be overcome with more adequate nutrition which takes the intracellular free­
amino-acid abnormalities into consideration. 

An obvious question is whether improvement of the intracellular amino 
acid profile in uremia is beneficial with regard to nitrogen utilization. We 
believe that this is the case since nitrogen balance in patients with chronic 
uremia on long-term treatment with LPD was better maintained by supple­
mentation with NAAF than with EAA in Rose's proportions and histidine 
(Fig. 5) (Alvestrand et at., 1983). 
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Nutritional Management of Chronic 
Renal Failure for Two Purposes: 
Postponing Onset and Reducing 
Frequency of Dialysis 

Ralph A. Nelson, C. F. Anderson, James C. Hunt, and 
Joyce Margie 

1. Introduction 

A program to offer nutritional support to patients with chronic renal failure 
(CRF) was developed in the early 1970s, representing a joint effort between 
disciplines of nutrition and nephrology for the purpose of postponing the 
need for dialysis or kidney transplantation. (1) Objectives of the program were 

1. To retard or inhibit progression from chronic renal failure to end­
stage renal disease (ESRD). 

2. To keep patients working, out of the hospital, and living a useful 
life. 

3. To postpone the psychosocial problems associated with entry into a 
dialysis or transplant program. 

4. To save money. 
5. To use available food or not to resort to highly purified mixtures 

of essential amino acids. 

In the early 1960s, Giordano's work using essential amino acids opened 
a new era in nutritional support for chronic renal failure.(2) Later, Giovannetti 
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and Maggiore developed a diet using foods deficient in protein for 5-10 
days followed by supplementation with essential amino acids or egg albu­
min.(3) Diets developed in subsequent years by Shaw, Berlyne, and their 
associates were restricted to low-protein diets containing 18-21 g daily 
regardless of the body weight of the patient.(4,5) 

The present program prescribed dietary protein at a level of 0.38 g/kg 
body weight. This figure was chosen because Scrimshaw and colleagues had 
shown that 0.38 g/kg of high-biologic-value protein would maintain nitrogen 
equilibrium in healthy young men if enough calories were consumed so 
that a small gain in body weight occurred daily.(6) 

2. Diet 

The diet program permitted individualization of meals and meal plans 
for patients with a variety of kidney disease. Recipes were developed that 
used available foods plus newly developed food products. Further, meal 
planning for the patients was integrated into meal planning for the family 
so that preparation of separate foods was kept to a minimum.(7,8) 

The meal plan was divided into the following nine food groups: 

1. Meat and meat substitutes 
2. Milk and milk products 
3. Bread and bread substitutes 
4. Low-protein products 
5. Fats 
6. Vegetables 
7. Fruits 
8. Carbohydrate supplements 
9. Beverages 

2.1. Calories 

The diet prescription and meal plans were developed for daily calorie 
levels between 2500 and 2600. For most patients, these calorie levels were 
sufficient to produce a daily gain in weight. When additional calories were 
required, nonprotein sources were added. When weight reduction was 
required (a rare occurrence), calorie-deficient diets were prescribed. 

2.2. Protein 

High-biologic-value protein was prescribed at 0.38 g/kg body weight. 
Eggs, meat, and milk products were considered as having the highest biologic 
value with bread, cereal, vegetables, and fruit having lower scores. However, 
it was also appreciated that a mixture of two sources of vegetable protein 
such as bread and peanut butter also gave a high-biologic-value protein 
source. 
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2.3. Fat 

Fat content in the diet amounted to 30% of total calories. Foods low in 
cholesterol were chosen. Dietary cholesterol could easily be reduced to 300 
mg/day or less for those patients with hypercholesterolemia. The polyunsa­
turated-to-saturated fatty acid ratio was 0.7. This permitted sufficient po­
lyunsaturated fatty acids to be in the diet to meet essential-fatty-acid require­
ments while exerting a cholesterol-lowering effect.(9) 

2.4. Carbohydrates 

Carbohydrate content of the diet amounted to 65% of total calories. 
Complex carbohydrates were used as much as possible. 

2.5. Minerals 

Diets contained 20, 40, or 90 mEq sodium per day. Potassium content 
was 45 mEq/day for protein diets of 30 g or less. The diet was deficient in 
calcium and phosphorus.(lO) However, low phosphorus content was consid­
ered advantageous in light of problems associated with phosphorus in this 
group of patients. 

2.6. Vitamins 

Diets were deficient in vitamin A, thiamine, niacin, riboflavin, and folic 
acid content. (8) 

2.7. Trace Metals 

Diets were deficient in iron (Fe), copper (Cu), magnesium (Mg), and 
zinc (Zn).(ll) 

2.8. Water 

Fluid content of the diet was approximately 1500 ml total volume per 
day. Requirements of 1 ml water per kilocalorie were easily met. Patients 
who could form urine easily were instructed to drink enough water to make 
2 liters of urine per day. 

2.9. Supplements 

1. Nonprotein sources of calories. A carbohydrate supplement was used to 
increase daily calories without changing total protein content. In 
those patients with elevated serum triglycerides, a fat supplement 
was substituted. (8) 

2. Calcium supplement was ordered in relation to serum and dietary 
calcium. (7) 
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3. Vitamin and trace metals. A prenatal vitamin preparation was pre­
scribed which contained daily recommended or suggested allowances 
of vitamins and trace elements. 

Thus, an 80-kg man would be prescribed the following daily diet: 

Calories: 

Protein: 
Fat: 
Carbohydrate: 

Sodium: 
Potassium: 
Calcium: 
Phosphorus: 
Vitamins: 
Trace minerals: 

2600 plus carbohydrate supplement to bring total level 
to 3000 

30 g 
85 g, PIS ratio 0.7, cholesterol less than 300 mg/day 
410 g plus carbohydrate supplement of 400 calo-

ries/day 
90 mEq 
45 mEq 
400 mg 
575 mg 
Deficient in water and fat-soluble vitamins 
Deficient in Mg, Fe, Cu, Zn 

Calcium, vitamin, and trace mineral supplements were added. 

3. Patients 

Fifteen patients who desired the nutrition support program were entered 
regardless of their associated diseases or complications due to chronic renal 
failure (Table 1). The patients were treated for hypertension with salt­
controlled diets (90, 45, and 27 mEq/day) and drugs if necessary. When 
indicated, calcium supplements, phosphate binders, and uric-acid-Iowering 
agents were administered. 

The rationale for the diet prescription was discussed with each patient 
by a physician and by a nutritionist. Adherence to the diet was assessed by 
7 -day food diaries and a 24-hr urine collection for total nitrogen and sodium 
on the seventh day of the diet diary. 

An indirect, but objective, method for determining compliance to the 
dietary prescription was utilized by comparing nitrogen excretion in urine 
with calculated nitrogen intake from the 7-day food diary. In our experience, 
a diary is considered accurate if nitrogen calculated from dietary records is 
± 2 g of the nitrogen excreted in the urineY2) 

4. Evaluation of Nutrition Support Program 

4.1. Longevity on the Diet 

The length of time patients remained on the program varied between 
12 and 78 months. None of the patients died. The decision about entry into 
transplant and/or dialysis programs was reached by discussions between 
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Table 1. Patients with Chronic Renal Failure 

Diagnosis of primary renal disease 

Chronic glomerulonephritis with 
hypertension 

Congenital polycystic kidney disease 
with hypertension 

Fibromuscular dysplasia of renal 
arteries and hypertension 

Chronic pyelonephritis, renal papillary 
necrosis, and kidney atrophy 

Chronic glomerulonephritis with 
renal hypertension 

Congenital polycystic kidney disease 
(one of whom had renal hypertension) 

Renal hypertension and renal atrophy 
Progressive glomerulonephritis with 

renal hypertension 
Chronic pyelonephritis and renal 

hypertension 
Primary hypertension and hypertensive 

renal disease 

Sex 

F 

F 

F 

F 

M 

M 

M 
M 

M 

M 

Number 

2 

2 

3 

2 

577 

Age 

Range: 30-53 
years 

Average: 41 

Range: 22-59 
years 

Average: 46 

patients and their attending physician. There were no emergency transfers 
from the nutrition program to the transplant or dialysis program. 

After 1 year, 14 of the 15 patients remained in the nutrition support 
program. After 24 months, 12 patients continued in the program. After 36 
months, six patients remained in the program, and after that, three people 
continued up to 54 months with one individual remaining on the program 
for 6% years. 

4.2. Adherence to the Diet 

Results of the interviews between the patient, physician, and nutritionist 
indicated that patients were-adhering well to the diet. Food diaries revealed 
daily calorie intakes between 1800 and 3600, an average protein intake of 
0.44 g/kg body weight (range between 0.35 and 0.55), and a sodium intake 
averaging 51 mEq/day. 

Diet diaries were judged to be reliable since nitrogen intake calculated 
from them was within ± 2 g of 24-hr total nitrogen excretion in urine,02) 
In fact, there was no statistical difference between calculated nitrogen and 
sodium intake from diet records and daily nitrogen and sodium in urine. 

4.3. Clinical Response 

Patients noted an improved sense of well-being. Body weight increased 
in ten, remained constant in one, and decreased slightly in four patients. Of 
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36 

Figure 1. Change in body weight while on diet therapy. 

the three patients who remained in the program the longest, two had 
increased their body weight and one demonstrated a slight reduction of 
approximately 2% from starting level (Fig. 1). 

At the start of the study, excretion of creatinine in urine was 1068 ± 
151 mg/24 hr. While patients were on the diet, creatinine excretion averaged 
951 ± 125 mg/day. This difference was not statistically significant. 

Body composition using dilution of the isotope D20 in total body water(13) 
was performed in five patients before and while they were on the diet. Data 
indicated no significant differences in lean body mass or in body fat 
measurements. For instance, lean body mass was 51.8 kg at the start and 
50.6 kg after 10 months on the diet. Body fat was 14.9 ± 3.2 kg at the start 
and 16.3 ± 3.5 kg 10 months later. 

Blood values (in means) of patients entering the program revealed 
anemia (hematocrit 32%, hemoglobin 11 g/dl) , normal serum proteins but 
depressed serum albumin (2.91 g/dl), elevated creatinine and urea (7.7 and 
135 mg/dl, respectively), and normal calcium, sodium, and potassium. Serum 
phosphorus was slightly elevated (5.5 mg/dl). Creatinine clearance deter­
mined in nine patients at the start of the study averaged 10 ml/min per 1.73 
m 2 • 

While on the diet, blood urea varied between 100 and 188 mg/dl for 
more than 24 months (Fig. 2). After 1 year, creatinine was 8.3 mg/dl and 
after 2 years, 11 mg/dl (Fig. 3). Essentially no change in serum creatinine 
was noted in the three patients who remained with the program 42-78 
months (Fig. 3). The urea-to-creatinine ratio decreased from 17 to 12 and 
remained at 12 or more than 2 years (Fig. 4). At the time of dialysis, serum 
creatinine was 16.3 (range 8-24) and serum urea was 188 (range 125-260) 
mg/dl. 
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While on the program, hematocrit remained fairly constant (varying 
from 31.5% to 34.3%) although at the time of dialysis it was 24%. Similarly, 
for hemoglobin, values ranged between 10.4 and 11.8 whereas at the time 
of dialysis it was 7.2 g/dl. Total proteins varied between 6.92 and 7.21, and 
at dialysis, they were 6.8 g/dl. Albumin increased, ranging between 3.32 and 
3.82, and at the time of dialysis, it was 3.5 g/dl. Phosphorus varied between 
4.0 and 5.7 and was 5.9 mg/dl at dialysis. Calcium varied between 9.2 and 
9.3 and was 9.4 mg/dl at dialysis. 

Serum sodium was 136 meq/dl and potassium 4.9 mEq/dl at the time of 
dialysis. Both remained within normal limits during the dietary program. 

Metabolism, as judged by the basal metabolic rate, remained within 
normal limits (Table 2). Although no changes occurred in the metabolic rate 
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Figure 3. Serum creatinine (mean ± S.E.) and diet therapy. 
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or total calories expended per hour, there was a significant decrease in the 
amount of protein used in basal metabolism. It decreased from 15% to 10% 
of total calories. Carbohydrate and fat increased slightly representing the 
dietary substitution of carbohydrates and fat for protein. 

5. Discussion 

It is difficult to compare clinical results of this diet with results of other 
diets which have used essential amino acids and/or alpha-keto-acid substitu­
tions. However, it was clear that this nutritional support program accom­
plished most of its goals for the patients who chose to follow it. While in the 
program, hospitalization was not required and patients remained working 
and saved money. All but one patient received at least 12 months of benefits 
while 12 of 15 patients remained in the program at least 2 years. 

Three patients showed no change in their serum creatinine for 42-78 
months. This finding supported experience of others (reviewed by Walser) 
in that nutritional intervention, along with appropriate drug therapy, can 

Table 2. Metabolic Data before and during Diet (10 Patientsya 

Percent of calories from 
Total 

Rate calorie CHO Fat Protein 

Before diet -7 63 27 58 15 
During diet -9 63 29 61 lOb 

a Mean values. 
b Significant when p < 0.0 1. 
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retard or even arrest progression of chronic renal diseaseY4) Johnson and 
associates followed 27 patients with early chronic renal failure.(15) They 
showed in patients who were treated with protein-restricted diets, phosphate 
binders, and calcium supplements, for hypertension and hyperuricacidemia, 
that renal osteodystrophy was prevented and serum creatinine remained 
nearly constant. These patients had several forms of renal disease including 
diabetic nephropathyY5) In contrast, Ahlmen showed that 70% of similar 
patients with serum creatinine of 5 mg/dl and who were given no specific 
therapy had died or had started dialysis after 12 monthsY6) 

Most patients in this study improved nutritionally and gained weight 
while demonstrating an increase in serum albumin. 

Dietary compliance appeared related to motivational factors such as 
being able to remain at work to save money, and to stay away from complicated 
procedures that appeared life threatening to them and their families. There 
were other factors as well. For instance, patients experienced an almost 
immediate sense of well-being once they became adjusted to the diet. Since 
most patients were encouraged to eat at least 2600 kcallday, the diet was 
much easier to follow than a weight-reduction diet, for instance. 

The ratio of blood urea to creatinine declined during diet therapy. 
Without restriction of protein, urea and creatinine ratios tend to remain 
constant or increase. Our studies of hibernating bears have shown that for 
bears to hibernate successfully, urea-to-creatinine ratio must decrease from 
between 30 to 40 to less than 10.07) In this study, the urea-to-creatinine ratio 
in many of the patients decreased below 10. We presumed this to be beneficial, 
signifying that more successful handling of nitrogenous end products was 
operative. 

Patients were removed from the study pending decision between the 
patient and his attending physician. None of the patients were removed from 
the study for emergency purposes. Some patients eventually found the 
program tiresome, others became candidates for transplantation, and others 
felt, along with the attending physician's advice, that perhaps it would be 
better to go onto dialysis. The worsening in laboratory values prior to dialysis 
reflected these factors along with probable progression of renal failure. 

On the other hand, some patients preferred to stay on the diet as long 
as possible. In one patient, creatinine clearance became less than 3 mllmin. 
However, he continued to work as a steelworker and had taken a trip to 
Australia prior to entering a transplant program. It was necessary to convince 
this patient to enter the transplant program. 

Feeding dietary protein at levels of 0.38 g/kg body weight per day along 
with a balanced 2600-calorie diet postponed the need for dialysis or trans­
plantation in 15 patients for periods of time up to 78 months. The diet 
proved safe if its low protein content was coupled with adequate calorie 
intake which induced a slight daily incremental increase in body weight. 
Compliance was excellent. No patients died. All eventually entered trans­
plantation and dialysis programs as an elective choice. 
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Table 3. Examples of a Diet Prescriptiona 

Insensible water loss 
Metabolic water 
Water in food 
Energy 
Protein 
Fat 
Carbohydrate 
Sodium 
Potassium 
Phosphorus 
Calcium 
Vitamins 

Trace minerals 

672 g/day 
192 g/day 
460 g/day 

1900 kcal/day 
20 g/day 
88 g/day 

249 g/day 
46 mEq/day 
18 mg/day 

351 mg/day 
180 mg/day 

Deficient in vitamin A, 
thiamine, riboflavin, niacin, 
and vitamin C 

Deficient in Mg, Cu, Fe, Zn 

a Average values.(19) Calcium supplement and vitamin and trace metal 
supplement added to supply daily recommended or suggested allow­
ances. 

6. Nutritional Management to Reduce Frequency of Dialysis 

Diets were further refined for people already on dialysis for the purpose 
of reducing the number of dialyses required each week(18,19)(Table 3). In 
one sense, this program gave the worst of two possible worlds to the patient: 
a highly restricted diet and dialysis. Nevertheless, the program appealed to 
patients both on a short-term (anephric patients awaiting kidney transplan­
tation) and on a long-term basis (patients on home dialysis programs). 

Development of the diet prescription was based on two objectives: 
maintenance of body hydration so that hemodialysis was not required for 
fluid overload and reduction of formation of catabolic products of protein 
metabolism to a minimum so that dialysis could be postponed safely. These 
two objectives were felt to be of prime importance because of previous 
experience working with hibernating bears. Bears hibernate for 3 months at 
a normal body temperature and burn 4000 kcal/day. They neither eat, drink, 
urinate, nor defecate during this time. Body hydration remains within normal 
limits, and total body urea gradually decreases. Dehydration and uremia do 
not occur unless the bear cannot hibernate. Giving urea to bears who are 
successfully hibernating causes urine formation and dehydration.(17) It was 
decided, therefore, to prescribe as much as possible a diet program that 
would maintain hydration and slow urea formation.(18) 

6.1. Water 

Body hydration was maintained within normal limits in anephric patients 
by equating daily production of metabolic water plus water consumed in 
food with daily insensible water loss (Fig. 5). To do so, insensible water loss 
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750 ml 500 ml 

Insensible Water 

Water in 

Loss Food 

250 ml 

Metabolic 

Water 

Figure 5. Water balance on restricted diet. 

was measured while patients reclined in a fasting state on a Brookline 
metabolic bed scale. This bed measures, in grams per minute, weight loss 
which is mostly due to insensible water loss. Metabolic water production was 
calculated using indirect calorimetry. Water allowed in food was determined 
by the difference in insensible and metabolic water. For instance, in an 
individual who lost approximately 750 ml of water per day through insensible 
pathways and manufactured 250 ml of metabolic water, a diet containing 
500 ml of water was prescribed. This usually left no free water except sips 
for medication. Fecal water loss (approximately lOO mg/day) was ignored 
although it tended to balance out water taken for medications. Exercise had 
no appreciable effect on water balance since the increase in insensible water 
loss was balanced by a corresponding increase in metabolic water production. 

Formulas were developed to calculate insensible water loss and metabolic 
water production without the need to resort to complicated measurements.(18) 

6.2. Protein 

Although it was calculated that essential-amino-acid requirements could 
be met in patients losing no nitrogen via their urine with as low as 1-1 V2 
eggs per day, (20) all patients were given the equivalent of two eggs a day. 
With the addition of other foods, protein intake amounted to 18-22 g/day 
and met daily essential-amino-acid requirements. 

6.3. Safety 

Initially, the diet was give for only 3-6 weeks in anephric patients 
awaiting kidney transplation. (18) In these patients, dialysis was safely postponed 
for periods of between 7 and 10 days. Body weight remained almost 
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unchanged between dialyses, and patients appeared to be in a good clinical 
state. They were ambulatory and remained out of the hospital. Blood values 
before each dialysis averaged creatinine 24 mg/dl, urea 142 mg/dl, potassium 
5.4 mEq/liter, and pH 7.33. Sodium concentration remained within normal 
limits. The amount of water in red blood cells was normal although plasma 
water was slightly increased from 92 to 95 ml water per milliliter plasma. 
Patients were satisfied with the program. The program was successful in 
allowing patients to save money while they awaited their kidney transplants. 

Diet safety was then assessed in five patients on home dialysis.(19) To 
judge safety, the effect of protein and water restriction and infrequent 
dialysis on peripheral nerve function was assessed. 

Five patients were studied in a crossover design so that each patient 
received 6 months on the conventional diet program and 6 months on the 
restricted-diet-and-dialysis program. The control diet consisted of 50 g of 
protein for females and 70 g of protein for males per day along with 60-
100 mEq/day of potassium and 90 mEq/day of sodium. The experimental 
diet was described for anephric patients.(18) 

There was no demonstration of any worsening of peripheral nerve 
function when the frequency of hemodialysis was markedly curtailed and 
diet severely restricted. Hemodialysis was reduced from 25.9 to 9.6 m2-hr/wk 
(number of hours of dialysis per week times surface area of dialyzer). Despite 
this marked reduction in dialysis, orthodromic nerve action potentials were 
unchanged. Although a slight but significant reduction in muscle action 
potential was noted in the diet-dialysis restriction period, there was an 
equally slight but significant increase in conduction velocity of motor nerves 
in this group. Considering net effects, it was concluded that no clinical 
change in peripheral nerve function occurred.(19) 

Body weight of patients on the restricted diet was not significantly 
different from body weight when they were dialyzed routinely. 

Serum creatinine was elevated significantly in patients on the restricted 
program and averaged 15.8 versus 11.0 mg/dl on the control diet. Sodium, 
potassium, and calcium were within normal limits, and serum phosphorus 
was slightly, but not significantly, higher (5.2 mg/dl) on the restricted diet. 

Serum cholesterol was 183 and triglyerides 139 mg/dl while on the 
restricted diet as compared to 208 and 170 mg/dl, respectively, on the control 
diet. 

Patients on the restricted diet complained that they disliked both the 
excessive use of eggs and the diet. They felt thirsty and tired. However, 
when the study was finished and the patients returned to their home dialysis 
program, all chose to return to the restricted diet and infrequent dialysis 
program. 

7. Summary 

Complex medical facilities are not required to instruct patients properly 
in a restricted-diet-dialysis program. The program has proved safe for use 
for at least 6 months. 
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A Progressive Encephalopathy in 
Children with Renal Failure in Infancy 

Thomas E. Nevins, Alberto Rotundo, 
Lawrence A. Lockman, S. Michael Mauer, and 
Alfred F. Michael 

1. Introduction 

Most of the chapters in this volume relate to the nutritional state of adult 
patients with end-stage renal disease. Dr. Holliday has addressed the contri­
bution of undernutrition to poor statural growth in children with developing 
uremia. This chapter expands upon his and outlines the devastating effects 
of chronic renal insufficiency (CRI) on the developing central nervous system 
(CNS) of infants. 

More than 30 years ago Roosen-Runge (1949) recognized an association 
between abnormal cerebral and renal cortices. Clinically we have recognized 
profound CNS dysfunction in children with uremia but did not appreciate 
its frequency. In 1972 Alfrey et ai. first described a progressive, usually fatal 
syndrome including disturbed speech, dementia, myoclonus, asterixis, and 
convulsions occurring in adult patients on chronic hemodialysis. More 
recently Baluarte and co-workers (1977) reported a similar encephalopathy 
in five uremic children who were not receiving dialysis. During 1980, an 
additional six children with a similar clinical picture were documented in 
the literature (Bale et ai, 1980; Nathan and Pedersen, 1980; Geary et al., 
1980). As we have seen more infants in chronic renal failure, the magnitude 
and frequency of CNS dysfunction was striking. 
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2. Patients 

W • Selected Aspects of Therapy 

Table 1. Frequency of the Five Major Findings in 
the 20 Patients with eNS Abnormalities 

Developmental delay" 
Microcephaly 
Hypotonia 
Seizures 
Dyskinesia 

19/20 
15/20 
13/20 
13/20 
11120 

(95%)b 
(75%) 
(65%) 
(65%) 
(55%) 

• Delay was assessed by Denver Developmental Screen and either 
Bayley Scales of Infant Development or the Stanford-Binet 
Intelligence Scale. 

b Number in parentheses is the appropriate percentage. 

Retrospectively, we studied 23 patients with CRI appearing in the first 
year of life (Rotundo et at., 1982). All these infants had a persistent elevation 
of serum creatinine in the range of 1.1-7.6 mg/dl. Patients were identified 
by reviewing hospital records at the University of Minnesota Hospitals 
between 1968 and 1980. In addition, records were reviewed from the 
Divisions of Pediatric Nephrology, Urology, and Transplant Surgery. 
Twenty-three children with CRI were identified. Nineteen of the patients 
were boys and four were girls, probably reflecting the frequency with which 
obstructive uropathy leads to CRI. None of our patients had severe birth 
asphyxia, prematurity, head trauma, or other non renal syndromes as possible 
etiologies for CNS dysfunction. 

3. Results 

Remarkably, 20 of the 23 children, or 85% had significant CNS dys­
function. Their syndrome was composed of five major findings: develop­
mental delay, microcephaly, hypotonia, seizures, and dyskinesia (Table 1). 
Of our 20 patients, 18 had at least three of these major findings. In all 
patients the CNS problem was noted after their presentation with renal 
disease but before dialysis or renal transplantation was required. The typical 
sequence of events recorded in the medical record was first CRI, then 
decreased velocity of head growth, followed by seizures, dyskinesia, and still 
later hypotonia and developmental delay. The microcephaly appears to be 
an acquired problem. All six children with head circumferences measured 
in the first 2 months of life were normal. By 6 months of age six of nine 
patients had head circumferences below 2 standard deviations from the 
mean for age, and eventually 15 of 20 patients had abnormal head circum­
ferences. This observation seems particularly ominous. Dyskinesia was evi­
denced by one or more of these signs: chorea, ataxia, myoclonus, or tremor. 

Finally, these patients have a poor prognosis. In our series 11 of the 20 
have died. Four deaths occurred following transplant; two patients rejected 
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their grafts, another patient developed varicella, and one died with normal 
renal function. Three additional patients were transplanted, and they appear 
to have stable neurologic status. 

These observations raise questions about the etiology of this syndrome 
that cannot be answered by our retrospective study. Some of our patients 
had normal levels of parathyroid hormone. None of our patients had begun 
dialysis when their CNS symptoms appeared. Finally, although aluminum 
has been implicated in dialysis dementia (Alfrey, 1972), 4 of our 20 patients 
had not received any aluminum salts before CNS dysfunction was noted. No 
factors clearly predicted which children would develop neurologic signs. 

4. Therapy 

In general, our patients received standard conservative therapy. Parents 
were advised to give a diet of adequate calories and high-biologic-value 
protein, but no routine assessment was made of either overall nutrition or 
the adequacy of the actual diets. In addition, vitamin D, diuretics, iron, 
folate, multiple vitamins, and aluminum hydroxide were prescribed as 
required. In spite of our recommendations, these patients, by any of the 
parameters discussed in this volume, had some degree of nutritional depri­
vation. Many of them were ill, often hospitalized for long periods, and most 
had one or more operative procedures. 

As noted earlier, seven of these patients eventually received renal 
transplants. In all, three patients have had too brief a follow-up period, two 
patients showed no improvement in CNS function, and two patients are 
clinically much better. Presently, we are systematically evaluating the intel­
ligence and performance of all children before and after transplantation. 

In summary, our present therapy for CRI in young children is unsatis­
factory in view of the remarkable CNS morbidity in this group. We hope 
that earlier diagnosis and intervention will improve their poor prognosis. 

5. Future Studies-Ethics 

Since children are minors and unable to choose for themselves, any 
studies with children will inevitably raise questions of propriety. However, 
as indicated earlier, our current therapy is flawed both by a high mortality 
[an experience shared by others (T. M. Barratt et at., Chapter 36, this 
volume)) and by severe CNS morbidity. In this light, we believe ethical 
concerns require us to offer children and their parents any additional therapy 
or new therapeutic combinations that may be expected to have a reasonable 
risk-benefit ratio. 

6. Study Design 

Although we do not believe children should be excluded from studies 
for ethical reasons, we do recognize that children are different. Since children 
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possess dynamic, growing systems, they may offer unique opportunities to 
study the benefits of any intervention over a relatively short time frame. 
Because there are only a few diseases leading to CRI in children, a fairly 
homogeneous study group with a defined natural history is available. 

But certainly none of us would be satisfied with a therapy that restored 
or preserved renal function at the expense of CNS function. Along this tack, 
the work of Teschan et at. (1979) is tantalizing. As discus~ed, he has applied 
noninvasive computerized electroencephalographic (EEG) techniques which 
promise a quantitative measure of CNS integrity. These electro neurologic 
techniques coupled with careful nutritional measurements, age-appropriate 
psychometric examinations, and anthropomorphic and growth velocity meas­
urements offer quantitative tools to measure the results of any clinical trial 
in uremic children. 

7. Conclusion 

In conclusion, renal transplantation (S. Michael Mauer et at., Chapter 
33, this volume), pediatric dialysis (Michel Broyer et at., Chapter 35, this 
volume), and nutritional interventions are available to virtually all children 
independent of age or size. It is now our responsibility to define the roles 
of these modalities and refine our overall therapeutic strategy so that future 
children will have an opportunity to live happy and productive lives. 
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hyperparathyroidism and, 192, 195 
intelligence quotient and, 185 
penicillin and, 423 
transplantation and, 191-192, 194 

in infants, 587-590 
treatment, 589 

uremic 
histopathological examination, 176 
pathogenesis, 176 
symptoms, 175 

Ergocalciferol, see Vitamin D2 
Erythromycin 

cyst concentration, 91 
therapy, in renal failure, 384 

Escherichia coli, in urinary tract, 294 
binding to receptors, 296 

European Dialysis and Transplant Registry, 
347-350 

Extracellular fluid volume 
bicarbonate and, 455 
regulation of, 429 

Fat, 575 
Ferritin-antiferritin complexes, 35 
Furosemide, aminoglycoside nephrotoxicity 

and, 376, 411 

Gastrointestinal disturbance, associated with 
lymphoid irradiation, 486, 489 

Gentamicin 
nephrotoxicity, 408, 410, 411 
renal cyst level, 81, 90, 91, 385, 386 
therapy, 382 

Glomerular basement membrane, 15 
antigens, 16 

Glomerular filtration rate 
in cystic kidney disease, 96 
vitamin D therapy and, 329 

Glomerulonephritis 
immune-complex-induced, 23 
pathogenesis, 5 
protein restriction in, 560 

Glomerulus 
molecular composition, 9 
as site of production of humoral 

substances, 6 
structure, 9-13, 36 
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Glucocorticoids, collagen biosynthesis and, 
171 

Glucose 
hyperlipidemia and, 262 
intolerance, 242-243, 249 
renal cell culture and, 74 
in renal cysts, 83 

Glycolysis, potassium depletion and, 73 
Goodpasture's syndrome, 17, 19,21 
Graft-versus-host-disease,504 

total lymphoid irradiation in, 481 
Growth, see Body growth 

Headache 
dialysis-induced, 418 
in early polycystic kidney disease, 107 

Hematocrit, hemodialysis and, 448, 449 
Hematuria, 107, 108 
Hemodialysis, 145, 146 

amino acid supplements in, 542 
chemotaxis and, 449 
complications of, 352 
diet adaptation in, 315 
erythroid iron turnover and, 448 
headache and, 418 
hematocrit and, 448, 449 
versus hemofiltration, 420, 435, 440 
hypertension and, 418 
hypotension associated with, 418 
membrane biocompatibility and the effect 

of,447-450 
membranes used in, 449, 450 
muscle cramps in, 418 
nausea associated with, 418 
peripheral resistance in, 44 
red blood cell survival and, 448-449 
serum complement and, 449-450 
urea clearance in, 440 
white blood cells and, 449 
in young children, 348, 350, 351-352 
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Hemofiltration 
versus hemodiaiysis, 420, 435, 440 
lipid levels and, 264 
peripheral resistance in, 441 
versus ultrafiltration, 440 
urea clearance in, 440 

Hemosiderosis, pulmonary, 17 
Heparin, 263 
Herpes simplex infection, 499 
Hirsutism, 503 
HLA 

-encoded antigens, 531 
cellular response to, 533-534 
graft survival and matching, 533-534 

immunogenetics of, 529-535 
25-H ydroxycholecalciferol-l-monoxygenase, 

547-548 
25-Hydroxyvitamin D, 327 
Hypercalcemia, 119 
Hyperinsulinemia, 249-250 
Hyperlipidemia 

acetate and the development of, 262 
carbohydrate intake and, 261 
clofibrate in, 265 
in dialysis, 259 
glucose and the development of, 262-263 
heparin and, 263 
nicotinic acid in, 265 
in uremia, 305 

Hyperparathyroidism .. . 
dialysis encephalopathy and, 192, 195 
phosphate control and, 261 

phosphorus and, 135 
psychological evaluations in, 179 
renal osteodystrophy and, 134 

Hyperphosphatemia, 302 
Hyperplasia 

potassium depletion and, 70-73 
of tubular cells, 69 

Hypertension 
chronic renal failure and, 540 
dialysis-induced, 418, 423 
in early polycystic kidney disease, 107, 108 
etiology, 225-226 
growth and, 302 
hemodynamic mechanism, 236 
nephrotoxicity and, 370 
transplantation and, 256 . 
whole-body autoregulation, 236 

H ypertriglyceridemia 
atherosclerotic heart disease and, 250 
carnitine deficiency and, 551 
in uremia, 246 

Hypocalcemia 
kidney disease and, 118 
renal osteodystrophy and, 302 

Index 

Hypoparathyroidism, 134 
Hypotension, dialysis-induced, 418, 419, 429, 

434,439,440,443 
Hypotonia, 588 

Immune complexes 
antibodies in, 30 
antigens in, 29-30 
characteristics of, 29-35 
circulating, 35 
condensation, 34 
deposition of, 6, 34, 36 
formation, 15 
lattice, 30, 32, 33 

Immunity, glomerular injury and, 5 
Immunofluorescence microscopy, 34 
Immunoglobulin A, antibodies, 31 
Immunosuppressive therapy, in 

transplantation, 466 
Insulin 

blood flow and, 237 
catabolism, 239-242 
collagen biosynthesis and, 171 
sensitivity, 243-245 
in uremia, 239-245 

Intelligence quotient, 185 
Intravenous pyelography 

in children, 292 
in early polycystic kidney disease, 106, 109 

Inulin, 92 
perfusion studies, 42 

Iron 
collagen biosynthesis and, 171 
dietary, 575 

Ischemia, resistance to, 207-208 

Kidney 
cysts in, see Cyst(s), renal; Cystic kidney 

disease 
enzyme loss, in end-stage renal disease, 

545-554 
function, 226 
parathyroid hormone metabolism and, 

156-157 
perfusion pressure, 226, 227 . 
transplantation, 18; see also Transplantation 
tumors, 237 
vitamin D metabolites and, 140 

Kidney disease, see specific diseases, e.g., Cystic 
kidney disease 

Leukocytes, collagen biosynthesis and, 171 
Leukopenia, lymphoid irradiation and, 486, 

489 
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Lipid(s) 
dialysis and levels of, 279 
metabolism, 242-251 

Lipoprotein, high-density, 259 
Lithium chloride, 74, 75 
Liver 

abnormalities, in cyclosporin A therapy, 
503 

cysts, 109 
Lymphapheresis, 512 
Lymphoid irradiation, total 

anemia and, 489 
with antilymphocyte globulin and 

azathioprine, 482 
B cell and, 467 
body areas involved in, 478 
clinical application, 485-491 
cyclophosphamide and, 481 
versus cyclosporins, 491 
cyclosporins and, 481-482 
in diabetes mellitus, 489 
gastrointestinal disturbance associated with, 

486, 489 
graft survival rates in, 488, 489 
graft-versus-host-disease and, 479 
immunological monitoring in, 487 
immunosuppressive effects of, 467-470 

duration of, 479 
leukopenia and, 486, 489 
maintenance therapy with, 486 
posttransplant, 484-485 

cyclosporins and, 484 
prednisone following, 490 
side effects, 486,489-490 
T cell and, 467 
in transplantation, 467-474 
weight loss and, 489 

Lymphoma, cyclosporin A therapy and the 
development of, 504 

Magnesium 
brain content, 180 
dietary, 575 

M.yor histocompatibility complex, 7 
Mannitol, 440 
Membrane 

biocompatibility,447-450 
dialysis and, 458 

Methoxyflurane, 411 
Methylguanidine, 182 
Microencephaly, 588 
Microscopy 

electron, 51 
immunofluorescence, 34 

Minerals, intake of, 575 
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Minocycline, 90 
Mitochondrial energy production, potassium 

depletion and, 73 
Motor nerve conduction velocity, 182 
Mouse plasmacytoma, as a source of 

immunoglobulin A, 31 
Muscle 

amino acids in, 310, 311 
cramps, 418 

Myoinositol 
metabolism 

rate-limiting enzyme in, 546 
role of kidney in, 549 

motor nerve conduction velocity and, 182, 
210 

in uremia, 209, 546 
Myoinositol oxygenase, 548-549 

N afcillin, in renal cysts, 90 
Nalidixic acid, 384 
Nausea 

dialysis-induced, 418 
in early polycystic kidney disease, 107 

Nephritis, see also Glomerulonephritis 
Heymann's, 22-23 
tubulointerstitial, 16, 17, 18 

Nephrotic syndrome, 81 
congenital, 356 

Nephrotoxicity, see Renal failure, drug­
induced 

Neuropathy 
in renal failure, 179-183 
uremic, 201-211 

autonomic nervous system and, 181 
biophysical properties of cell membranes 

in, 208 
clinical features, 202 
creatinine and, 209 
dialysis and, 202-203 
electromyographic analysis in, 206-207 
histopathological examination in, 204-

205 
ischemic resistance in, 207-208 
parathyroid hormone and, 182,210 
pathogenesis, 209-211 
transplantation and, 203-204 
urea and, 209 

Nicotinic acid, 265 
Nitrofurantoin, 384 
Nitrogen 

balance, 315-316 
dialysis and, 317 
measurement of, 314 
in protein-restricted intake, 570 
protein synthesis and, 317 
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Nitrogen (com.) 
retention 

promotion of, 317 
in uremia, 313 

Nutritional support 
caloric intake in, 574 
in chronic renal failure, 573-584 
dialysis and, 582 

Osteitis fibrosa 
in renal osteodystrophy, 127-128, 129 
vitamin D2 therapy for, 327 

Osteodystrophy, renal, see Renal 
osteodystrophy 

Osteomalacia 
in renal osteodystrophy, 127-128, 129 
vitamin D deficiency and, 142 
vitamin D2 therapy for, 327 

Osteoporosis, 128 

Parathyroid hormone 
calcium and, 119 
chemical structure, 118, 155 
collagen biosynthesis and, 170, 171 
function, 118 
metabolism, 120 

bone and, 158-159 
kidney and, 156-157 
liver and, 157-158 

motor nerve conduction velocity and, 182, 
210 

propranolol and, 118-119 
radioimmunoassay for, 156, 159-161 
uremic neuropathy and, 182, 209 
vitamin D metabolites and, 119 

Pasteur effect, potassium depletion and, 73 
Penicillamine, collagen biosynthesis and, 171 
Penicillin 

dialysis encephalopathy and, 423 
in renal cysts, 90 
therapy, in renal failure, 383 

Peptidase, 548 
Peripheral resistance 

during hemodialysis, 441 
in hemofiltration, 441 

Peritoneal dialysis, see Dialysis, peritoneal 
Pheochromocytoma, 237 
Phosphate 

hyperparathyroidism and control of, 261 
in protein-restricted intake, 561 
uremia and, 325 

Phosphatidylcholine, 71 
Phosphorus 

absorption, 302 
hyperparathyroidism and, 135 
reabsorption, 141 

Plasma exchange therapy, 20 
Plasmapheresis, 20 
Polyacrylonitrile, 449 

Index 

Polycystic kidney disease, see Cysts, renal; 
Cystic kidney disease 

Polymethylmethacrylate, 449 
Potassium 

depletion 
enzyme activity and, 72 
glycolysis and, 73 
mitochondrial energy production and, 73 
Pasteur effect and, 73 
renal hyperplasia and, 70-73 

in renal cysts, 79, 82 
Prednisone 

alternate-day, 340 
following total lymphoid irradiation, 490 

Procainamide, as a model of drug 
bioavailability in renal failure, 398-401 

Propranolol 
parathyroid hormone and, 118-119 
triglycerides and, 264 

Prostaglandins, collagen biosynthesis and, 
171 

Protein 
intake, 574 
metabolism, in uremic children, 309-318 
requirements, 312 
restriction 

calcium levels in, 561 
in chronic renal failure, 559-564 
nitrogen balance in, 570 
phosphate levels in, 561 
in renal failure, 541 
synthesis, 325 

Psychological tests 
in hyperparathyroidism, 179 
in uremia, 179 

Pyelonephritis 
bacterial adherence in, 295 
children and, 293 
chronic atrophic, 288 
pathogens in, 296 
protein restriction in, 560 

Radiation therapy, in transplantation, 341 
Radioimmunoassay 

anti-glomerular basement membrane 
antibodies, 18 

parathyroid hormone, 156, 159-161 
Radioisotope scan, 106 
Red blood cells, hemodialysis and, 448-449 
Renal calculi, 107 
Renal cell culture, growth in, 

glucose and, 74 
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Renal cell culture, growth in (cont.) 
lithium chloride and, 74, 75 
sodium chloride and, 74 

Renal damage, see also Renal scarring 
hypothesis for, 296-297 
therapeutic delay and, 294 
vesicoureteral reflux and, 295 

Renal diseases, see also specific diseases 
causes of, 355-356 
effect on drug bioavailability, 397-404 
end-stage 

causes of, 348, 350 
diabetes mellitus in, 279 
loss of renal enzymes in, 545-554 

treatment for, 553-554 
serine levels in, 551 
transplantation in, 465 
treatment, funding for, 287 
in young children, 343-345, 347-354 

in infants, 355-360 
Renal dysplasia, 288 

chronic renal failure and, 357 
protein restriction in, 560 

Renal failure 
carbohydrate metabolism and, 239-245 
cardiovascular complications in, 219-222 
chronic 

body growth and, 359-360 
in children, 287-289 

causes of, 333, 334 
dietary energy deficiency and, 304 
etiology, 288 
growth of, 303 
incidence of, 287 
somatome din levels, 303 

collagen metabolism in, 168-171 
hypertension and, 540 
in infants, 587-590 
nutritional therapy in, 539-542, 573-584 
protein restriction in, 541, 559-564 
renal dysplasia and, 357 

cyst formation in, 41 
diabetes mellitus and, 269-275 

mortality, 274 
drug-induced, 365-378 

cyclosporin A, 499 
gentamicin, 408 
tobramycin, 408 

drug therapy in 
aminoglycoside, 382-383 
cephalosporin, 383 
chloramphenicol, 384 
erythromycin, 384 
gentamicin, 382 

Renal failure (cont.) 
drug therapy in (cont.) 

nalidixic acid, 384 
nitrofurantoin, 384 
penicillin, 383 
sulfonamide, 384 
trimethoprim-sulfamethoxazole, 384 

electroencephalogram in, 178-179 
etiology of acute, 366 
high-density lipoprotein in, 259 
lipid metabolism in, 242-251 
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neurologic complications of, 175-183 
osteoporosis as a symptom of, 129 
procainamide pharmacokinetics and, 399 
radioiodinated contrast materials and, 365-

372; see also Contrast nephrotoxicity 
urinary tract infection in, 382-384 

Renal insufficiency, 311 
Renal osteodystrophy 

bone biopsy in, 136-137 
bone resorption in, 170 
in children, 289, 321-329 

versus adult renal dystrophy, 321, 322 
1,25-dihydroxyvitamin D for, 326 
treatment of, 325 

histological features, 127 
hyperparathyroidism and, 134 
hyperphosphatemia and, 302 
hypocalcemia and, 302 
hypoparathyroidism and, 134 
osteitis fibrosa in, 127-128, 129 
osteomalacia in, 127-128, 129 
pathogenesis, 132 

role of vitamin D metabolites in, 149 
Renal rickets, see Renal osteodystrophy, in 

children 
Renal scarring, see also Renal damage 

age as a factor in, 290 
effect of therapeutic delay on, 294 
in urinary tract infection, 292, 293 

Renin 
function, 549 
synthesis, site of, 549 

Renin-angiotensin-aldosterone system, 229 
suppression of, 230 

Rickets, 142 
Rifampicin, 90 

Seizures, 588 
Serine 

biosynthesis, enzymes of, 549-551 
in end-stage renal disease, 551 

Serum complement, 449-450 
Serum sickness, 233 
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Sodium 
dialysis-induced hypotension and, 440 
flux 

dialysis morbidity and, 429-4q6 
Donnan effect and, 436, 442 

in renal cysts, 42, 79, 82 
restrictions, uremia and, 301 
urinary, arterial pressure and, 228,.229 

Sodium chloride, 74 
Somatomedin 

in chronic renal failure, 303 
collagen biosynthesis and, 171 

SQ 14,225, 230 
Steroid(s), 20 

renal cyst formation and, 73 
Stones, see Renal calculi 
Streptomycin, 90, 
Sulfamethoxazole, 385, 386 
Sulfonamide, 384 

T cell, effect of lymphoid irradiation on, 467 
Tetracycline, bone deposition of, 131 
Thoracic duct drainage . 

clinical experience, 517-522 
cyclosporin A following, 512 
in diabetes mellitus, 510 
graft survival in, 520 
monitoririg immunologic activity following, 

518 
mortality in patients, 521 
in transplantation, 507-513 

Thyroid hormones, blood flow and, 237 
Ticarcillin, cyst concentration, 91 
Tobramycin 

cyst concentration, 91, 386 
nephrotoxicity, 408 

Transplantation 
antilymphocyte globulin in, 466 
bone marrow, 468-470 
in children, 287, 289, 333-341 
in chronic renal failure, in children, 288 
cyclosporin A therapy in, 341,466,497-

505 
cysts following, 81 
dialysis encephalopathy, 191-192, 194 
donor source, 335 
for end-stage kidney disease, 465 
graft survival, 337-339 
growth patterns in children after, 339-340 
hypertension and, 256 
immunosuppressive therapy in, 466 
intraoperative management, 336 
kidney, 18 
mortality, 219, 220, 337 
postoperative care, 336 

Index 

Transplantation (cont.) 
prednisone therapy in, 340 
surgical strategies, 335-336 
thoracic duct drainage in, 507-513 
total lymphoid irradiation in, 467-474 
uremic neuropathy and, 203-204 
in young children, 343, 344, 349, 352-353 

Triglyceride(s) 
androgen and levels of, 264 
body weight and levels of, 260 
dialysis and levels of, 279 
hemofiltration and, 264 
propranolol and, 264 
in uremia, 245-247 

Trimethoprim, in renal cysts, 385, 386 
Trimethoprim-sulfamethoxazole therapy, in 

renal failure, 384 
Tubular basement membrane 

antigens, 16 
compliance, renal cysts and increased, 86 

Ultrafiltration, versus hemofiltration, 440 
Ultrasound, 106, 109 
Urea 

clearance, in dialysis, 440 
motor nerve conduction velocity and, 182 
in renal cysts, 79, 83 
uremic neuropathy and, 209 

Uremia 
amino acid requirements in, 567-570 
appetite in, 314 
calcium requirements in, 301 
carbohydrate metabolism in, 239-245 
in children, 301 

protein balance and, 312 
collagen metabolism in, 165-171 
1,25-dihydroxyvitamin D deficiency in, 323 
glucose intolerance in, 242-243 

cause of, 244 
high-density lipoprotein concentration in, 

247-248 
hyperlipidemia in, 305 
hypertriglyceridemia in, 246 
insulin catabolism in, 239-242 
insulin sensitivity in, 243-245 
lipid metabolism in, 242-251 
myoinositollevels in, 209, 546 
neuropathy, 201-212 
nitrogen retention in, 313 
phosphate restriction in, 325 
protein metabolism in, 309-318 
psychological evaluations in, 179 
sodium restrictions in, 301 
triglyceride levels in, 245-247 
vitamin D metabolites in, 324 
vitamin requirements in, 30 I 
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Ureteritis 
infecting organism, 296 
pathogenesis, 296 

Urinary tract infection 
abscess in, 89 
in cystic kidney disease, 384-386 
epidemiological study, 291-292 
in renal failure, 382-386 
renal scarring in, 292, 293 
screening for, 293 
vesicoureteral reflux and, 292 

Uropathy, obstructive 
as a cause for chronic renal failure, in 

children, 288 
protein synthesis in, 325 

Vascular resistance, autoregulation of, 233 
Vesicoureteral reflux 

as a cause of chronic renal failure in 
children, 288 

renal damage and, 295 
urinary tract infection and, 292 

Vitamin(s), intake, in chronic renal failure, 
575 

Vitamin D, 121-122 
abnormalities, in kidney disease, 142-143 
body stores, 143 
calcium absorption and, 141 
calcium renal reabsorption and, 141 
compounds, 325 
deficiency, 142 

collagen biosynthesis and, 171 
in dialysis, 145 
functions, 141 
levels, in chronic renal failure, 143-145 

Vitamin D (cont.) 
metabolism 

abnormal indicators of, 323 
in chronic renal disease, 139-149 

metabolities, 135 
parathyroid hormone and, 119 
plasma levels, 141-142 
serum levels, in uremia, 324 

607 

phosphorus renal reabsorption and, 141 
requirements, uremia and, 301 
therapy, glomerular filtration rate and, 329 

Vitamin D2 
calcium excretion and therapy with, 328 
efficacy, versus 25-hydroxyvitamin D, 327 
growth and therapy with, 328 
therapy for 

osteitis fibrosa, 327 
osteomalacia, 327 

von Hippel-Landau disease, 51 

Water 
balance, in restricted diet, 583 
intake, in chronic renal failure, 575 

Weight loss, in total lymphoid irradiation, 
489 

White blood cell, hemodialysis and, 449 
Whole-body autoregulation 

cardiac output and, 236 
hypertension and, 236 
mechanism of, 234 
vascular resistance and, 233 

o-Xylose, pharmacokinetics, 401-404 
renal failure, 402-404 

Zinc, dietary, 575 
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