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FOREWORD 

A historian of science in years to  come may well be astonished a t  the 
explosive burst of scientific activity round about the middle of the 
twentieth century of our era. He will be puzzled by the interrelationship 
between the growth of population and the rise of the standard of living; 
he will be interested in the increased percentage of scientists among the 
population, their greater specialization, and the resulting fragmentation 
of science; he will analyze the economic and the psychological motiva- 
tion of scientists; he will compare the progress of knowledge with the 
broadness of the current of scientific publication. 

Living as we do in the midst of these events, we are hardly aware of 
their relatively rapid rate. What we notice is a doubling of the scientific 
output every ten years, regardless of contemporary political events. It is 
this climate which has engendered the appearance of series of reviews 
in dozens of disciplines. It may be with yearning or with a feeling of 
superiority that we look back a t  such annual compendia as “Maly’s 
Jahresberichte der Thierchemie” of one hundred years ago, which en- 
compassed the annual progress in the zoological half of biochemistry 
within 300 to 400 pages. 

Nowadays, that number of pages would not suffice to record the com- 
plete annual increment of knowledge in a single specialized division of 
a subject such as clinical chemistry. Media already existing furnish a 
comprehensive list of publications and an encyclopedic summarization 
of their contents; the present serial publication Advances in Clinical 
Chemistry-like other Advances-attempts something different. Its aim 
is to provide a readable account of selected important developments, of 
their roots in the allied fundamental disciplines, and of their impact upon 
the progress of medical science. The articles will be written by experts 
who are actually working in the field which they describe; they will be 
objectively critical discussions and not mere annotated bibliographies; 
and the presentation of the subjects will be unbiased as the utterances of 
scientists are expected to be-sine ira et studio. 

The bibliography appended t,o each chapter will not only serve to 
document the author’s statements, i t  will lead the reader to those original 
publications in which techniques are described in full detail or in which 
viewpoints and opinions are expressed a t  greater length than is possible 
in the text. 

OSCAR BODANSKY 
C. P. STEWART 
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PREFACE 

With this current volume the serial publication Advances in Clinical 
Chemistry is completing its first decade. During this period the field of 
clinical chemistry has expanded greatly in scope and in complexity, and 
it has been increasingly recognized that the conduct of a clinical chem- 
istry laboratory in a hospital demands its own professional guidance. 
The clinician has sought increasing reliance on the clinical chemistry 
laboratory to aid him in the diagnosis and management of his patient. 
The great expansion in medical investigation has also utilized the tech- 
nology of the clinical chemist. In  countries all over the world these 
factors have been reflected in the increasing number and variety of 
determinations that the biochemical laboratory or department is asked 
to perform. 

The preface to the first volume of this publication (1958) stated its 
aims to be dual in nature: the description of reliable, accurate diagnostic 
and prognostic procedures as well as the elucidation of the fundamental 
biochemical abnormalities which underlie disease. The acceptance of 
this work has led us to  believe that these aims have been realized in 
the volumes that followed. 

The editors have attempted to make the current volume responsive 
to these aims, as modified by the needs of the day. Methodological ad- 
vances are represented chiefly by the chapters on Automated Techniques 
in Lipid Chemistry and on Hydroxyproline Measurement in Man. Several 
of the other articles emphasize the biochemical aspects of disease. It is 
hoped that such contributions will also stimulate the development of 
feasible laboratory techniques that will be performed by the clinical 
laboratory of tomorrow. In  their article on Quality Control in Routine 
Clinical Chemistry, Professor Whitby and his associates have treated 
in a detailed and definitive manner a subject that is of much concern 
to many laboratories. 

As in the past, i t  is a great pleasure to  thank our contributors and 
publisher for their excellent cooperation in making this volume possible. 

OSCAR BODANSKY 
C. P. STEWART 

November, 1967 
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1. Introduction 

1.1. THE STABILITY OF PLASMA CALCIUM LEVELS 

The regulation of the concentration of calcium in body fluids in health 
has been thought until quite recently to be almost entirely a function 
of the parathyroid glands, and so well did the parathyroids appear to 
perform this task that McLean and Hastings (M7) described the plasma 
calcium level as “one of Nature’s physiological constants.” Certainly 
there is convincing evidence to support the view that changes in the con- 
centration of calcium in the blood supplying the parathyroids determine 
the output of parathormone. In  1942, Pat t  and Luckhardt (P3) per- 
fused the isolated parathyroid (and thyroid) glands of a dog with de- 
calcified blood and collected the venous effluent from the glands. 
Subsequent injection of the plasma from this blood into a second animal 
produced a sustained rise in its plasma calcium concentration, similar 
to that found after administration of parathyroid extracts. Perfusion 
of the glands with blood of normal calcium content, however, yielded a 
venous effluent that produced no significant alterations in the plasma 
calcium levels in recipient animals. McLean (M6) has proposed a nega- 
tive feedback mechanism for the control of blood calcium, whereby a 
fall in the calcium content of the blood reaching the parathyroids stim- 
ulates increased secretion of parathormone. The resulting rise in calcium 
concentration then acts to suppress further parathormone secretion. 
Further evidence for this humoral control of parathormone secretion as 
the prime factor in the maintenance of calcium homeostasis came from 
the experiments of Copp et al. (C17), who demonstrated that perfusion 
of the thyroid-parathyroid system in dogs with blood of low-calcium 
content led to rises in the systemic plasma calcium concentration, while 
perfusion with high-calcium blood had the opposite effect. 

In  1961, however, Rasmussen (R l )  had pointed out that, since para- 
thormone has a somewhat prolonged action on bone, a simple feedback 
system, such as that suggested by McLean, might be expected to  lead to 
wide fluctuations in plasma calcium concentration rather than to the 
physiological constancy referred to above. He  postulated a second regu- 
lating system, more rapid in action but with a more limited range of 
control, and indicated that this might be found in the action of para- 
thormone on the kidney. Although this secondary renal regulation may 
well be important, an impressive mass of evidence has accumulated in 
the past 5 years that points to the existence of a dual mechanism of a 
different sort, namely, that the action of the parathyroid hormone in 
raising the plasma calcium level is opposed by one or more faster-acting 
hormones, secreted in response to hypercalcemia, and acting to lower 
the plasma calcium concentration. 



CALCITONIN AND THYROCALCITONIN 3 

This review is concerned with the nature of such hypocalcemic agents, 
factors controlling their secretion, mode of action, and possible clinical 
significance. 

1.2. EVIDENCE SUGGESTING A DUAL REGULATING MECHANISM 
FOR PLASMA CALCIUM CONCENTRATIONS 

Although the classical view of the plasma calcium level being main- 
tained by adjustment of the level of parathormone secretion provided a 
satisfactory explanation for most of the known facts of calcium homeo- 
stasis, some uncertainty persisted whether this was the whole story. In  
1960, however, there came a clear indication that there must be a dual 
mechanism for the control of plasma calcium concentration. In  an  ex- 
perimental study of calcium homeostasis in dogs, Sanderson et  al. (Sl) 
noted that hypercalcemia resulting from calcium infusions persisted 
longer in thyroparathyroidectomiaed animals than in intact ones. It was 
also noted (Cl ,  G2) that hypercalcemia resulting from administration 
of parathyroid extracts persisted longer in parathyroidectomiaed rats 
than in normal animals. Copp (C14) observed that during calcium 
infusion in the intact dog the plasma calcium level ceased to  rise after a 
few hours, but that removal of the parathyroids a t  this point, leaving the 
thyroid intact, resulted in an immediate further rise in the systemic 
plasma calcium level. Direct perfusion experiments (C17) had earlier 
indicated that the thyroid-parathyroid system releases a hypocalcemic 
factor in response to hypercalcemia. Since this agent did not appear to 
be released when the thyroid gland alone was perfused with hyper- 
calcemic blood, Copp et al. (C17) deduced that there must be a second 
parathyroid hormone, which was named “calcitonin.” However, the 
parathyroid origin of calcitonin was subsequently challenged by Foster 
e t  al. (F4) on the basis of separate perfusions of goat thyroid and para- 
thyroid glands, the results of which clearly indicated a thyroid origin 
for the hypocalcemic agent. The question whether or not two distinct 
hypocalcemic hormones exist will be considered in more detail below, 
but we propose to follow Hirsch et  al. (H3) in describing the principle 
obtained from thyroid as “thyrocalcitonin,” while reserving the term 
“calcitonin” for use in the context of a possible second parathyroid 
hormone. 

2. Sites of Production of Calcium-lowering Hormones 

2.1. THE PARATHYROID GLANDS 

The concept that the parathyroid glands are involved in the control of 
hypercalcemia through the production of calcitonin is supported by three 
main lines of experimental evidence. The first involves high-calcium 
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perfusion of the isolated parathyroid or thyroparathyroid glands in 
experimental animals, and the measurement of the effects of the venous 
effluent on the calcium level in the same animal or in recipient animals. 
The second is the demonstration of hypocalcemic activity in parathyroid 
extracts, both crude and relatively pure. I n  the third type of experi- 
ment, parathyroidectomized animals have been shown to control hyper- 
calcemia, produced by calcium loading and parathormone administration, 
less effectively than intact animals. 

2.1 .l. Evidence from Perfusion Experiments 
The earliest perfusion experiments pointing to a hypocalcemic agent 

of parathyroid origin were performed by Copp et al. (C17) in the dog. 
Because of the close anatomical relationship between the parathyroids 
and the thyroid in the dog, i t  is virtually impossible to perfuse para- 
thyroid tissue without simultaneously perfusing the thyroid. I n  view of 
later experiments, which have established that the thyroid gland produces 
a hypocalcemic agent, experiments involving perfusion of the thyro- 
parathyroid complex only cannot be regarded as satisfactory evidence 
that the parathyroid glands play a part in the control of hypercalcemia. 
Copp et al. (C17) also compared hypocalcemic perfusion of dog thyro- 
parathyroid glands with a similar perfusion through isolated thyroid 
that had been carefully freed from parathyroid tissue. When the para- 
thyroids were present, the venous blood from the perfused glands elicited 
a significant hypocalcemic response ; blood from the perfused thyroid 
alone caused no change in the systemic blood calcium. Copp’s original 
findings in the dog were confirmed by Kumar et al. (K5) , but subsequent 
experiments in the goat (F4) indicated that the parathyroids were not 
the source of the hypocalcemic factor. In  the goat and the sheep the 
superior pair of parathyroids is anatomically distinct from the thyroid, 
in which the inferior parathyroids are usually found. Foster et al. (F4) 
perfused the superior parathyroid in the goat with hypercalcemic blood, 
but did not observe a fall in the systemic blood calcium. When the thyro- 
parathyroid glands were similarly perfused, a significant hypocalcemia 
was observed. Similar experiments were performed in lambs and in 
mature sheep by Copp (C16), but with quite different results. Hyper- 
calcemic perfusion of the sheep thyroid, together with its inferior para- 
thyroid, produced no change in the blood calcium, whereas superior 
parathyroid perfusion in the same animals produced significant hypo- 
calcemic responses. Care and Keynes (C4), in an attempt to explain the 
differing results of parathyroid perfusion in the goat and the sheep, 
perfused the superior parathyroid of a conscious sheep with hyper- 
calcemic blood and collected the venous effluent from the perfused gland. 
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They obtained a prompt systemic hypocalcemic response, while cross- 
transfusion of the parathyroid venous plasma to another sheep was fol- 
lowed by a sharp fall in its systemic blood calcium also. These authors 
considered that the negative results obtained by Copp and Henze (C16) 
and by Foster et al. (F4) in their parathyroid perfusions might have 
arisen because there was insufficient functional parathyroid tissue to  give 
a measurable response, perhaps from effects of anesthesia and of surgical 
trauma. 

Recently, Care e t  al. (C6) have completed a more extensive investi- 
gation into the possible parathyroid origin of calcitonin. Hypercalcemic 
perfusion of one superior parathyroid gland in seven conscious sheep 

FIQ. 1. The effect on the systemic plasma calcium concentration of hypercal- 
cemic perfusion of a parathyroid gland in a conscious, thyroidectomized sheep, 
followed by drainage (D) of the perfused parathyroid venous blood from the 
animal. The vertical lines represent the standard error. [From Care et al. (C61.1 

preparations resulted in hypocalcemic responses, in excess of what would 
have occurred had the perfusions simply resulted in “functional para- 
thyroidectomy.” Removal of the parathyroid venous drainage during 
high-calcium perfusion in a conscious thyroidectomized sheep resulted in 
a rebound in the falling plasma calcium level (Fig. 1). It was considered 
that, if the hypocalcemic response to the hypercalcemic perfusion of the 
parathyroid simply owed to inhibition of parathormone secretion, col- 
lection of the parathyroid venous drainage might have been expected 
to intensify the decrease in the systemic blood calcium level, rather 
than t80 reverse it. This rebound effect could not be demonstrated in 
acute experiments involving perfusion of the parathyroids in anes- 
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thetized sheep. The same authors' experiments in goats yielded equivocal 
results. I n  one, hypercalcemic perfusion of the superior parathyroid 
caused no significant change in the systemic blood calcium level, whereas 
in a second experiment a hypocalcemic effect was obtained. 

2.1.2. Evidence from Parathyroid Extracts 

In  1961 Copp and Cameron (C15) found a definite hypocalcemic 
response to the injection of 1000 IU of parathyroid extract in the dog; 
the maximum fall in calcium was reached after 20 minutes, but was fol- 
lowed by the expected hypercalcemia typical of potent parathyroid 
extracts (Fig. 2). A more detailed study of this phenomenon by Copp 
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FIQ. 2. Change in plasma calcium following intravenous injection of 1000 IU 
of parathyroid extract in the dog. [Redrawn from Copp and Cameron (C151.1 

et al. (C17) revealed that, whereas some parathyroid extracts gave this 
dual response, others yielded a hypercalcemic response only; some ex- 
tracts, on the other hand, gave a hypocalcemic reaction without hyper- 
calcemia. This clearly suggested the existence of two distinct hormones, 
rather than a dual action of the same hormone. 

Care et a2. (C6) tested parathyroid extracts from four sources for their 
effects on plasma calcium in the sheep, goat, and pig. All four produced 
hypocalcemia in the sheep, the goat responded to  a somewhat lesser 
degree, and extracts that produced a definite lowering of plasma calcium 
in the sheep were without effect in the pig. 
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Tashjian and Munson (T3) were unable to obtain a hypocalcemic 
response to parathyroid extracts in the rat, a finding also confirmed by 
Copp a t  that time (C13, quoted in T3). Subsequently, however, Copp 
(C14) reported that extracts of beef parathyroids, injected intravenously, 
consistently produced falls in the plasma calcium within 20-30 minutes 
in dogs, rats, and sheep. MacIntyre et  al. (M3) tested crude extracts of 
bovine parathyroids prepared with acid, alkali, or organic solvents, and 
could show no hypocalcemic activity of these extracts either in the rat 
or in the dog. Purified bovine parathyroid extract was similarly shown 
to be without calcium-lowering activity in the rat. 

2.1.3. The Control of Hypercalcemia after Parathyroidectomy 

Although the importance of the parathyroids in controlling hypocal- 
cemia is well recognized, there is some evidence that these glands can 
also exert a regulating action on hypercalcemia. Some earlier investi- 
gations into the control of induced hypercalcemia after parathyroid- 
ectomy are not helpful, since both thyroid and parathyroid glands were 
removed (C14, S l ) .  Tweedy and Chandler (T6), however, observed that 
the hypercalcemia resulting from parathyroid extract administration was 
greater in parathyroidectomized rats (with thyroids intact) than in 
controls. This was confirmed by Cameron and Copp (Cl ) ,  who found 
that a similar degree of hypercalcemia was induced by parathormone in 
parathyroidectomized rats, whether or not the thyroid was present. A 
smaller elevation of the plasma calcium level occurred in intact rats, and 
was attributed to the controlling effect of calcitonin. Gittes and Irvin 
(G2) , using thyroparathyroidectomized, parathyroidectomized, and intact 
rats, found the greatest response to  exogenous parathyroid hormone in 
the thyroparathyroidectomized animals, an intermediate response in 
those deprived of parathyroids only, and the least response in intact 
animals. This finding was not confirmed by Hirsch and Munson (H2) 
(see Section 2.2.3 below), and Foster (Fl) could detect no difference in 
the ability of intact and parathyroidectomized rats to deal with a 
calcium challenge. 

2.2. THE THYROID GLAND 
The first indication that the thyroid gland was involved in the control 

of hypercalcemia arose during parathyroidectomy studies in the rat  by 
Hirsch et al. (H3). The mean plasma calcium level of groups of rats 
parathyroidectomized by hot-wire cautery was much lower 5 hours after 
operation than was the case in similar animals parathyroidectomized by 
surgical excision (5.7 and 8.1 mg/100 ml, respectively.) Further, the 
plasma calcium level of rats parathyroidectomized by excision could be 
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further depressed by cautery applied a t  the lower pole of the thyroid 
gland; the effect was greater after bilateral cautery. Cautery of the lower 
lobes of the thyroid without parathyroidectomy caused a transient fall 
in plasma calcium, whereas the fall consequent on parathyroidectomy by 
cautery was more persistent. Since these results suggested the release 
of a hypocalcemic factor from the thyroid as a consequence of cautery, 
relatively crude acid extracts of rat thyroid gland were prepared and 
found to lower the plasma calcium level both in intact and in para- 
thyroidectomized rats. The responsible agent was named “thyrocal- 
citonin” to differentiate it from “calcitonin,” which Copp (C14) had 
described as being of parathyroid origin. 

The evidence for the existence of a hypocalcemic agent in the thyroid 
gland will be summarized under headings similar to those used above in 
the case of the parathyroids. 

2.2.1. Evidence from Perfusion Experiments 

Whereas hypercalcemic perfusion of the thyroparathyroid gland system 
in the dog had led Copp et al. (C17) to the conclusion that parathyroid 
produces a hypocalcemic agent, similar experiments convinced MacIntyre 
e t  al. (M3) that the thyroid must be at  least partly responsible for the 
production of the hypocalcemic agent. As was mentioned earlier, hyper- 
calcemic perfusion of the thyroid in the sheep gave negative results, but, 
in the goat (in which the anatomical relationship between thyroid and 
parathyroids is similar to that in the sheep), the results clearly indicated 
that the thyroid was the source of the hypocalcemic substance. In  the 
pig, where the two parathyroid glands are anatomically distinct from the 
thyroid and have a separate blood supply, hypercalcemic perfusion of 
the thyroid in situ was shown by Care (C2) to  bring about a 30% re- 
duction in the systemic plasma calcium level. He also showed that cross- 
transfusion of venous plasma from the perfused gland resulted in a small 
but significant hypocalcemic effect in a second pig (Fig. 3) .  Subsequent 
experiments by Care et al. (C5) confirmed that the maximum hypo- 
calcemic response occurred in the pig after 2 hours of thyroid perfusion, 
and persisted for as long as the stimulus was applied (Fig. 4). It was 
also shown that the hypocalcemic response occurred in parathyroid- 
ectomized pigs, provided the initial plasma calcium level was held within 
normal limits by the provision of calcium supplements. 

2.2.2. Evidence from Thyroid Extracts 

There are now numerous reports confirming that thyroid extracts from 
many animal species are effective in lowering plasma calcium levels. 
Foster et al. (F4) prepared a simple acid extract of goat thyroid, which, 
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FIQ. 3. Effect of hypercalcemic perfusion of pig thyroid on systemic plasma 
calcium level in donor (upper figure) and recipient (lower figure) animals: (A) 
collection of donor animal’s thyroid venous blood ; (B) perfusion calcium concen- 
tration, 10 mEq/liter; ( C )  perfusion calcium concentration, 7 mEq/liter; (D) 
transfusion of 48 ml of thyroid venous plasma from donor into recipient pig. [Re- 
drawn from Care (C21.1 

when injected into the donor animal, produced a definite hypocalcemia. 
Pig thyroids have been used for the preparation of more highly purified 
material, which, when injected in amounts corresponding to about 0.2- 
0.5 pg of protein nitrogen, consistently produced significant hypocalcemic 
effects in the rat (Bl, H4, T5). Calcium-lowering activity has also been 
demonstrated in extracts from the thyroid of dog, rabbit, ox, monkey, 
sheep, and deer. Early attempts to show hypocalcemic activity in human 
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thyroid tissue were not altogether successful, only one sample out of 
seven tested having significant activity (H4) ; subsequent studies have 
shown that human thyroid tissue, whether obtained during surgery or 
postmortem, yields an extract containing hypocalcemic activity when 
tested in the rat (A4) , monkey (M12), mouse (S2), and pig (C7). Since 
the pig thyroid contains no parathyroid tissue (C2) , this gland has been 
widely used for the preparation of highly purified thyrocalcitonin prepa- 
rations free from parathormone and other polypeptides of parathyroid 
origin. 

2.2.3. The Control of Hypercalcemia after Thyroidectomy 

Talmage et al. (Tl) studied the effect of calcium loading in rats 
subjected to parathyroidectomy, thyroparathyroidectomy, and thyroid- 
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FIO. 4. Relationship between the period of hypercalcemic perfusion of the 
thyroid in silu in 16 anesthetized pigs and the maximum percentage systemic 
hypocalcemic response. [From Care e t  al. ((251.1 

ectomy with parathyroid replacement by transplants. They concluded 
that the thyroid gland must release the hypocalcemic principle, and 
found nothing to suggest the existence of a similar principle of para- 
thyroid origin. Gittes and Irvin (G2) obtained evidence in the rat that 
both the thyroid and parathyroid glands play a role in preventing hyper- 
calcemia. They postulated the existence of a thyrocalcitonin-releasing 
factor, secreted by the parathyroids in response to hypercalcemia. More 
recently, Hirsch and Munson (H2) have repeated the earlier work of 
Cameron and Copp (Cl) ,  but with results that indicate that only the 
thyroid releases a hypocalcemic agent in response to hypercalcemia. 
Neither these workers nor Foster (Fl) could find evidence for the exist- 
ence of the “thyrocalcitonin-releasing factor” of Gittes and Irvin. In 
pigs, Care e t  al. (C5) found that hypercalcemia resulting from an intra- 
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venous calcium infusion was of longer duration and greater extent after 
thyroidectomy than in the intact animal. They also showed that very 
rapid isolation and removal of the thyroid gland in the pig, during the 
intravenous infusion of calcium gluconate, resulted in a marked steepen- 
ing of the rate of increase in plasma calcium, despite maintenance of the 
calcium infusion a t  a constant rate (Fig. 5 ) .  Similar infusions without 
thyroidectomy produced only a very gradual rise in plasma calcium. 

5.4 mg Ca2 */ kg / hour, iv J I 3 Hours 5 7 

FIQ. 5. M: Effect on plasma calcium concentration of thyroidectomy dur- 
ing a constant intravenous infusion of calcium gluconate a t  the rate of 5.4 mg of 
Ca'+/kg/hour. Mean results from two anesthetized pigs. .----a: Effect of the 
same rate of iv infusion of Ca" on plasma calcium concentration in  another pig 
with thyroid intact. [From Care et al. (C51.1 

2.3. OTHER TISSTJE~ 
The extraction procedures used for thyrocalcitonin preparation have 

been applied to many other tissues, in a search for further hypocalcemic 
agents. Hirsch et al. (H4) were unable to demonstrate hypocalcemic 
activity in extracts of ox thymus, rat pituitary, or rat parathyroid. Rat 
liver, kidney, and salivary gland likewise yielded inactive extracts on 
assay in the rat. Gudmundsson et al. (G4) found no significant activity 
in pig liver, bovine parathyroid, or kidney. Extracts of dog lung, kidney, 
myocardium, skeletal muscle, spleen, brain, liver, and pancreas, when 
prepared by methods that yield potent extracts from the thyroid, failed 
to demonstrate hypocalcemic activity (C10). Extracts of sheep liver and 
of gluteal muscle showed no activity in the sheep, and high-calcium 
perfusion of the thymus, isolated from parathyroid tissue, produced no 
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hypocalcemic response ((26). Significant hypocalcemic activity, however, 
has been found in crude pituitary extracts, but only in the rabbit (N2). 
The same principle was found in purified ACTH preparations, but there 
seemed to be no correlation between the ACTH activity and the degree 
of hypocalcemia produced. This pituitary principle was also found to  
raise the serum citrate (N3) and free fatty acid levels (F6) ; its action 
was potentiated by fasting. Extracts of human and pig pituitary, active 
in the fasted rabbit, were without effect in normal human subjects, rats, 
and dogs (Nl)  , Although the hypocalcemic response to pituitary extracts 
is dramatic (up to a 50% fall has been reported) (N2), its high specific- 
ity to the rabbit suggests that only in the light of further evidence of its 
potency in other species, preferably accompanied by evidence that i t  is 
secreted in response to hypercalcemia, could i t  be considered a factor of 
general significance in calcium homcostasis. 

2.4. SUMMARY 

It seems to be fully established that the thyroid gland in many animal 
species contains a substance or substances (thyrocalcitonin) able to 
lower the plasma calcium concentration, and secreted in response to the 
passage of hypercalcemic blood through the gland. Potent extracts can 
be prepared, and are active when injected or infused into normal and 
parathyroidectomized animals. This substance is quite distinct from 
thyroid hormone. 

The earlier evidence for a second parathyroid hormone (calcitonin) 
cannot be said to have been either satisfactorily established or finally 
disproved. Conflicting reports on the systemic effects of separate per- 
fusions of thyroid and of parathyroid glands, and on the presence or 
otherwise of consistent biphasic effects on plasma calcium when extracts 
of the parathyroid gland are injected, have contributed to the atmosphere 
of uncertainty. There are, however, some observations that cannot be 
readily explained solely on the basis of a thyroid origin for the hypo- 
calcemic principle, notably the effects of cross-transfusion of parathyroid 
venous plasma in the sheep and the impaired tolerance to infused 
calcium that follows parathyroidectomy without thyroidectomy. 

With the possible exception of the effects of pituitary extracts in the 
rabbit, there is no evidence that tissues other than the thyroid and 
parathyroid glands can store or secrete calcium-regulating hormones. 

3. Factors Affecting the Rate of Secretion of Thyrocalcitonin 

3.1. PLASMA CALCIUM LEVEL 

Perfusion of the thyroid gland with blood containing a raised level of 
calcium, and the entry of the venous blood from the gland into the 
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general circulation, result in a fall in the systemic plasma calcium level. 
This is attributable to  the release of thyrocalcitonin into the blood, 
which in turn exerts an action on one or more target organs, causing 
the removal of calcium from the circulation. It has been shown (G3) 
that the plasma calcium concentration in rats prior to thyroidectomy 
influences the thyrocalcitonin content of the excised gland. After 6 hours 
of hypercalcemia the amount of thyrocalcitonin that  could be extracted 
from the thyroid was approximately one third of that from the glands of 
control animals, and after a 5-week period of hypocalcemia following 
parathyroidectomy the thyrocalcitonin content of the thyroid was nearly 
3 times that in control animals. These results clearly suggest that during 
hypercalcemia the rate of release of thyrocalcitonin exceeds its rate of 
biosynthesis, and, conversely, that during hypocalcemia the release of 
thyrocalcitonin is sufficiently slow to result in accumulation of the hor- 
mone in the gland. 

During hypercalcemic perfusion of the pig thyroid, Care et al. (C5) 
could detect no variation in the magnitude of the hypocalcemic response 
produced when the calcium content of the perfusing blood varied between 
6.4 and 7.8 mEq/l (12.8-15.6 mg/100 ml) . At this level of hypercalcemia, 
the response of the thyroid appeared to be “all-or-none.” Perfusion of 
the gland with normocalcemic blood, and cross-transfusion of the venous 
drainage blood to a recipient pig, were not associated with a change in 
the systemic blood calcium level in either animal. However, hypocal- 
cemic perfusion of the pig thyroid in situ was associated with a slight 
rise in the systemic plasma calcium concentration, suggesting an inhibi- 
tion of thyrocalcitonin secretion. This evidence is consistent with the 
view that the secretion of thyrocalcitonin is controlled by a negative 
feedback system operating through the plasma calcium concentration. 
Until such time as the concentration of hormone in thyroid venous 
plasma can be readily measured and the hormone production rate as- 
sessed, quantitative information on the nature of the thyroid response 
to hypercalcemia must of necessity be lacking. The amount of hormone 
released by hypercalcemia, although sufficient to produce a demonstrable 
rise in plasma calcium in a recipient animal, is insufficient to  permit its 
accurate measurement by present bioassay procedures. 

3.2. OTHER PLASMA CONSTITUENTS 

Care et al. (C9) have demonstrated that perfusion of the isolated goat 
parathyroid gland with blood containing an elevated magnesium con- 
centration suppresses the secretion of parathormone in a manner similar 
to perfusion with hypercalcemic blood. Extension of these studies to the 
perfusion of pig thyroid with hypermagnesemic blood, however, did not 
affect the systemic plasma calcium level. It was also shown that per- 
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fusion of the thyroid with blood rich both in calcium and in magnesium 
produced a hypocalcemic response similar to that found when high- 
calcium blood alone was used. Magnesium concentrations in blood, there- 
fore, do not appear to have a direct effect on thyrocalcitonin secretion. 

The effects of plasma constituents other than magnesium on the 
secretion of thyrocalcitonin, either as stimulants of secretion or as 
modifiers of the response of the gland to hypercalcemia, do not appear 
to have received much attention as yet. 

3.3. EVIDENCE FOR A RESTING LEVEL OF SECRETION 
Hypocalcemic perfusion of the pig thyroid in situ results in a slight 

rise in the systemic blood calcium level, which might be caused by a 
shutting-off of thyrocalcitonin secretion (C5). The normal level of thyro- 
calcitonin output might depend on the prevailing level of secretion of 
parathyroid hormone ; this possibility is supported by the observation 
that hypocalcemic perfusion of the thyroid in parathyroidectomized pigs 
was unaccompanied by the rise in systemic plasma calcium observed in 
intact animals. Until sensitive immunoassay procedures become more 
widely available, however, i t  is difficult to  be sure whether or not thyro- 
calcitonin is secreted under resting conditions in the intact animal. A 
preliminary report of a radioimmunoassay technique for thyrocalcitonin, 
by Arnaud and Littledyke (A5),  indicates that all plasma samples ex- 
amined contained detectable thyrocalcitonin, and that thyroidectomy 
resulted in a decrease in thyrocalcitonin levels below those found in 
normal animals. 

It is an attractive concept that the uniformity of the plasma calcium 
concentration in health is attained through balanced low levels of 
secretion of both parathormone and thyrocalcitonin, and that disturb- 
ances of calcium homeostasis may result both in a reduction of the rest- 
ing level of secretion of one hormone, and in a raised output of the 
other. Until both hormones can be assayed with precision, the possibility 
of such a dual mechanism, operating a t  physiological levels of plasma 
calcium variation, must remain somewhat speculative. 

3.4. SPECIES DIFFERENCES 
Apart from variations in the response of different animal species to 

thyrocalcitonin injections or infusions, already described, different species 
might vary widely in the degree of hypercalcemia necessary to stimulate 
secretion of thyrocalcitonin. Care e t  al. (C6) reported that hypercal- 
cemic perfusion of the sheep thyroid produced a hypocalcemic response 
similar in magnitude to that obtained by Foster et al. (F4) during hyper- 
calcemic perfusion of the thyroid and superior parathyroid in a goat of 
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similar weight. A smaller response was obtained in the dog by MacIntyre 
e t  al. (M3) during high-calcium perfusion of thyroid alone and of thyroid 
plus parathyroids. 

Care e t  al. (C7) have compared hypercalcernic perfusion of the 
isolated thyroid in situ in pig, sheep, goat, and calf, and found the per- 
centage fall in the systemic plasma calcium concentration, over the first 
hour, to be 17%, 276, 776, and 0, respectively. 

Significant differences in the apparent secretion of thyrocalcitonin 
might of course result from differences in the rate of destruction of the 
hormone, rather than from differences in its rate of secretion. A heat- 
labile factor that inactivates thyrocalcitonin has been found in plasma 
(T4), but its part in controlling the action of the hormone is as yet un- 
certain. 

3.5. EFFECT OF THYROID ABLATION BY DRUGS 

The question of whether the secretion of thyrocalcitonin can be 
influenced by experimental hypothyroidism, produced by feeding anti- 
thyroid drugs, has been studied by a number of workers. Morii and 
Talmage (M14) compared the hypercalcemia produced by intravenous 
infusion of calcium chloride in normal rats with that in rats fed an 
iodine-deficient diet, and also in rats treated with thiouracil. Although 
the iodine-depleted rats demonstrated considerable impairment of the 
ability to deal with hypercalcemia, the thiouracil-treated animals re- 
sponded in a manner similar to that of the control animals. In  rats fed 
propylthiouracil for 10 days, the thyroid glands were 4 times as large as 
in control animals, but the amount of thyrocalcitonin which could be 
extracted from them was not significantly different from that obtained 
from the smaller control glands (Al)  . Duncan and Care ( D l )  have com- 
pared the hypocalcemic response to high-calcium perfusion of the thyroid 
in situ in normal and methylthiouracil-treated pigs. The average fall in 
plasma calcium was 23 r+ 3% for normal animals, and 7 r+l% for the 
methylthiouracil-treated animals. The thyroids of the latter were 5 times 
larger than normal and histologically showed typical hyperplasia. This 
considerably reduced output of thyrocalcitonin, in response to hyper- 
calcemic perfusion in the treated animals, could nonetheless be over- 
come by intravenous administration of exogenous porcine thyrocalcitonin 
material (Fig. 6). In  addition, other methylthiouracil-treated pigs showed 
a normal hypocalcemic response to exogenous thyrocalcitonin, implying 
that, although secretion of thyrocalcitonin was diminished, the response 
of the target organ to  the hormone was normal. There was little dif- 
ference in the reduced ability to deal with hypercalcemia in the methyl- 
thiouracil-treated animals before and after thyroidectomy ; both re- 
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sponses were remarkably similar to the impaired response typical of 
thyroidectomized animals (Fig. 7). 

25 mg TC 
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FIG. 6. The effect of exogenous thyrocalcitonin (TC) on the systemic plasma 
calcium level during hypercalcemic perfusion of the thyroid in a methylthiouracil- 
treated pig. [Redrawn from Duncan and Care (D11.1 

0 

4. Mode of Action of Thyrocalcitonin 

4.1. EFFECTS OF EXOGENOUS HORMONE ON PLASMA COMPOSITION 

Hirsch et  al. (H3) first showed that acid extracts of rat thyroid 
produce hypocalcemia in recipient animals, and several groups of workers 
have since confirmed that the injection or infusion of thyrocalcitonin 
preparations consistently produces significant falls in both the systemic 
plasma calcium and inorganic phosphate concentrations (C10, G4, H4, 
Kl ) .  The rate of onset of the fall in plasma calcium, and the duration of 
hypocalcemia, have both been shown to be dose-dependent (Al)  . Large 
doses of thyrocalcitonin usually produce a sharp fall in 15-30 minutes, 
maximal after about 1 hour, and hypocalcemia may persist for up to 4 
hours (Fig. 8).  There are, however, appreciable species differences in 
response time, and the route of administration also modifies the time 
sequence (see Section 5.1 below). With much smaller amounts of hor- 
mone, the plasma calcium may fall within 30-60 minutes, and return to 
normal by 2-3 hours. Changes in the plasma inorganic phosphate level 
closely parallel the calcium changes, but are less reliable as an index of 
hormone activity because of the greater variability of control levels of 
inorganic phosphate. 

Little or no change has been observed in the plasma magnesium con- 
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centration following thyrocalcitonin injections in rats (G4) , dogs (C10) , 
and pigs ((2.5). 

Gudmundsson et al. (G4) found that thyrocalcitonin produced no fall 
in calcium in parathyroidectomized rats, although the hypophosphatemic 
response was still present. If, however, the parathyroidectomized rats 
were previously fed a diet high in calcium and low in phosphate, so that 

Normal pig Methylthiourocil-treated pig 

FIQ. 7. The effect on systemic plasma calcium concentration of a 1-hour iv in- 
fusion of calcium gluconate, before and after thyroidectomy, in  normal and methyl- 
thiouracil-treated pigs of similar age and weight. The shaded areas represent the 
periods of infusion (14 mg of Ca/kg of body weight/hour). [Redrawn from 
Duncan and Care (Dl1.l 

the plasma calcium levels were brought within normal limits, thyro- 
cnlcitonin was found to  be as effective in these as in normal animals. 
Aliapoulios e t  al .  (A3) found that the low plasma calcium level conse- 
quent on parathyroidectomy in the rat could be further reduced by 
thyrocalcitonin, and that the effect was more persistent than in intact 
animals. This finding has been confirmed by Tashjian (T2) (Fig. 9).  
Discrepancies between reports on the action of thyrocalcitonin in para- 
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thyroidectomized animals may be related to differences in the initial 
plasma calcium concentration. It has been noted that even in intact 
animals large doses of thyrocalcitoiiin do not reduce the plasma calcium 
level much below 7 mg/100 ml (A3). The effectiveness of thyrocalcitonin 
in producing a further fall in plasma calcium in parathyroidectomixed 
animals implies that its mode of action does not involve direct inhibition 
of the effects of parathormone. 

Stahl et al. (S3) have recently reported that injection of thyrocal- 
citonin after thyroparathyroidectomy results in a fall in the plasma 

2 0 m g  of pig 
TCA-Thyrocolcitonin 

I 

FIG. 8. Effect on plasma calcium concentration of a single injection of porcine 
thyrocalcitonin into an intact pig. 

calcium only ; the hypophosphatemic and hyperphosphaturic effects of 
thyrocalcitonin in the intact animal did not occur. This is in sharp 
contrast with the finding of Milhaud and Moukhtar (M9) that, in thyro- 
parathyroidectomized rats, thyrocalcitonin and parathormone act antag- 
onistically with respect to plasma calcium levels, but synergistically 
with respect to  plasma phosphate levels. The injection of thyrocalcitonin 
alone into these thyroparathyroidectomized rats resulted in highly 
significant falls, both in plasma calcium and in plasma inorganic phos- 
phate levels. 
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FIQ. 9. Effect of parathyroidectomy on the duration of thyrocalcitonin-induced 
hypocalcemia in the rat. [Redrawn from Tashjian (T21.1 

4.2. EFFECTS ON THE KIDNEY 

The kidney is obviously a possible site of action of thyrocalcitonin ; 
increased output of calcium in the urine might well account for the 
rapid fall in plasma calcium levels. Kenny and Heiskell (Kl) ,  however, 
found that thyrocalcitonin produced an increased excretion of phosphate 
in the rat, but no significant effect on urinary calcium or creatinine 
output. Milhaud and Moukhtar (M9) obtained similar results in thyro- 
parathyroidectomized rats, although Stahl et al. (53) found that the 
increased ratio of phosphate to creatinine in the urine of intact animals 
treated with thyrocalcitonin did not occur if there had been prior thyro- 
parathyroidectomy . 

Kenny and Heiskell (Kl)  regard the phosphaturic effect of thyro- 
calcitonin as possibly due to secondary stimulation of parathormone 
release by hypocalcemia; this is not, however, supported by the findings 
of Robinson et  al. (R4) and Milhaud and Moukhtar (M9) that the 
phosphaturic effect of thyrocalcitonin was present in parathyroid- 
ectomized and thyroparathyroidectomized rats, respectively. It has been 
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pointed out that the phosphaturic effect of thyrocalcitonin necessitates 
considerable caution in the interpretation of phosphate excretion tests, 
such as may be used in the clinical assessment of parathyroid function 
(M9, R4). Although the kidney does not apparently alter its output of 
calcium in response to administered thyrocalcitonin, the calcium content 
of the kidney itself has been found to be significantly reduced. This, 
however, may simply reflect a general fall in the calcium content of 
extracellular fluid (Kl )  . Although the phosphaturic effect of thyrocal- 
citonin is well established, this cannot be a determining factor in the 
production of hypocalcemia, since the effect of administered thyrocal- 
citonin in reducing plasma calcium levels is uninfluenced by nephrec- 
tomy (A3, G4, H4, W2). 

4.3. EFFECTS ON BONE 
The generally accepted role of bone as the major target organ for 

parathormone activity clearly indicated the desirability of investigating 
whether it played an equally central part in the action of thyrocalcitonin, 
the more so since hypocalcemia could be produced by the hormone fol- 
lowing parathyroidectomy (H3), nephrectomy (G4) , or removal of tlie 
gastrointestinal tract (Al) .  The parallelism of the falls in plasma calcium 
and phosphorus levels (H4) also suggests simultaneous removal of both 
elements from the extracellular fluid. Chausmer et  al. ( C l l ) ,  using 45Ca 
as tracer, found no evidence of increased soft tissue uptake of calcium 
following thyrocalcitonin, nor were they able to demonstrate an increased 
uptake of calcium by bone. They did, however, regard their findings as 
compatible with an acute inhibition of bone resorption, which would not 
necessarily show an effect on short-term bone uptake of the isotope. Wase 
et  al. (W2) , however, found that thyrocalcitonin administration to 
intact rats caused increased uptake of 45Ca both in tibia and in femur. 
The discrepancy between these two reports has not yet been resolved. 
The latter workers also demonstrated a markedly positive calcium 
balance in both young and old rats receiving repeated injections of 
thyrocalcitonin. On the basis of Kenny and Heiskell’s failure to find an 
appreciable increase in the calcium content of soft tissues ( K l ) ,  Wase 
et al. feel that the retention of calcium occurs in the skeletal system. 

Milhaud et al. (M10) studied the turnover of calcium in the plasma 
pool both in control and in thyrocalcitonin-treated animals. I n  fasted 
controls, the release of unlabeled calcium into the pool as a result of 
bone catabolism caused a fall in plasma calcium specific activity; fol- 
lowing thyrocalcitonin treatment, however, the specific activity remained 
unaltered despite the hypocalcemia, implying a suppression of bone 
resorption. They claimed good agreement between the experimental find- 
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ings and those calculated on the basis of an assumed inhibition of bone 
resorption. Other workers (M11) have found that in prolonged hypo- 
calcemia, produced by repeated injections of thyrocalcitonin into 
normally fed rats, bone catabolism was markedly depressed, bone 
anabolism was slightly depressed, and absorption and retention of dietary 
calcium were greatly enhanced. The influence of thyrocalcitonin on bone 
resorption in vitro has also been studied (A2, F5, Gl). Friedman and 
Raisz (F5), using isotopically labeled bone from rat embryos, showed 
that thyrocalcitonin in vitro inhibited release of 45Ca both from the 
control bones and from those treated with exogenous parathormone, the 
latter effect being more pronounced than in the controls. I n  similar ex- 
periments, Aliapoulios et al.  (A2) assessed bone resorption by micro- 
scopic examination of stained preparations, and showed that thyro- 
calcitonin inhibited parathormone-stimulated bone resorption in mouse 
bone in vitro. 

MacIntyre and Parsons (M2) found a small uptake of calcium by cat 
tibia perfused with thyrocalcitonin, but insufficient to account for the 
magnitude of the systemic change in calcium level induced by the 
same concentration of thyrocalcitonin throughout the rest of the body. 
They postulated a greater uptake of calcium by cancellous bone than by 
compact bone, and Parsons (P2) suggested that the smaller uptakes 
observed might be largely explained by a blood shunt through the 
marrow of the perfused tibia. 

Johnston and Deiss (Jl) injected rats with 45Ca a few hours before 
thyrocalcitonin administration. They found the expected reduction in the 
plasma calcium concentration, although its specific activity was higher 
in the thyrocalcitonin-treated group than in the controls; this is con- 
sistent with an inhibition of release of unlabeled calcium from bone, 
but could not be explained on the basis of an increased outflow of la- 
beled calcium into tissue from the plasma. When tracer calcium was 
administered 10-14 days prior to thyrocalcitonin injection, the hormone 
produced a decrease in both stable and tracer calcium in the blood 
plasma, indicating an inhibition of calcium release from bone. In  these 
animals having labeled bone calcium, increases in stable and radioactive 
plasma calcium resulted from the administration of parathyroid extract 
alone, although the simultaneous administration of parathyroid extract 
and thyrocalcitonin resulted in no net change in either stable or radio- 
active calcium. It was concluded that both hormones probably act on a 
similar metabolic compartment in bone. 

Kohler and Pechet (K4) studied the changes in the urinary excretion 
of calcium, phosphorus, magnesium, Y3r, and hydroxyproline in intact 
and thyroparathyroidectomiaed rats in which the bones had previously 
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been labeled by the injection of oDSr. Constant infusions of thyrocalci- 
tonin over periods of 6-18 hours caused in each case a decreased excre- 
tion of calcium, phosphorus, magnesium, strontium, and hydroxyproline ; 
similar perfusions of parathormone caused increased excretion in each 
case, which could be negated by concomitant infusion of thyrocalcitonin. 
It was concluded that thyrocalcitonin inhibits the action of parathor- 
mone on bone resorption, but that it also inhibits bone resorption in the 
absence of parathormone. Martin e t  al. (M4) also found significant re- 
duction in urinary hydroxyproline output after thyrocalcitonin adminis- 
tration, which they attributed to the direct inhibition of bone resorption. 

In  studies of the effect of thyrocalcitonin on the removal of calcium, 
phosphorus, and certain radioisotopes from bone by peritoneal lavage, 
Klein et al. (K3) found a reduction in the rate of removal of calcium, 
phosphorus, and s6Sr (recently deposited) as well as 45Ca and szP 
deposited 3 weeks previously. In  intact animals the effect of the hor- 
mone was brief, and the reduced rate of removal had returned to normal 
within 3 hours of the injection ; in parathyroidectomized rats the response 
to the hormone was much slower, of smaller extent, but of longer dura- 
tion. These authors concludcd that thyrocalcitonin inhibits removal both 
of recently deposited and of longer-standing bone salts, and that its mode 
of action is not directly antagonistic to parathormone. 

In summary, therefore, thyrocalcitonin action on bone appears to  be 
more in the nature of an inhibition of the uptake of bone calcium and 
phosphorus into the extracellular fluid, rather than an accelerated deposi- 
tion of these elements. Further careful in vitro and in vivo studies will 
probably be necessary before the nature of the relationship between 
thyrocalcitonin action and parathormone action is clarified. 

4.4. EFFECTS ON THE ALIMENTARY TRACT 

The actions of thyrocalcitonin on the alimentary tract do not appear 
to be of major significance. Aliapoulios and Munson (Al)  found that 
administration of the hormone to rats produced the expected hypocal- 
cemia, even when the entire gastrointestinal tract had been removed. 
Clearly, changes in calcium absorption or fecal loss cannot be relevant 
to the immediate drop in plasma calcium level. However, previous fast- 
ing, or the administration of a low-calcium diet for some days, appears 
to sensitize the rat  to the effects of thyrocalcitonin (H4, K l ) .  

Milhaud et  al. ( M l l ) ,  using intact rats, found that the prolonged 
hypocalcemia induced by repeated injections of thyrocalcitonin resulted 
in significantly increased absorption and retention of dietary calcium; 
they also noted a reduction in the endogenous and total fecal calcium. 
These findings have largely been confirmed by Wase et al. (W2), who 
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found that repeated injections of thyrocalcitonin resulted in significantly 
more positive calcium balances in both young and old rats. During the 
period of induced hypocalcemia, there was a reduction in the endogenous 
fecal calcium excretion. These workers, however, noted that there was 
no effect on the intestinal absorption of calcium. 

4.5. RELATIONSHIP TO OTHER HORMONES 

The effects of thyrocalcitonin in reducing the serum levels of calcium 
and phosphate, and in increasing the output of phosphate in the urine, 
have not a t  present been shown to be significantly influenced by any 
hormone other than parathormone. Milhaud et  al. (M8) found that 
neither the thyrocalcitonin content of the thyroid gland nor the hypo- 
calcemic activity brought about by administration of thyrocalcitonin 
was significantly altered by hypophysectomy. The presence or absence 
of the thyroid gland, and therefore of thyroid hormone, does not appear 
to influence the sensitivity of an animal to  thyrocalcitonin administra- 
tion, while the interrelationship, if any, to suprarenal cortical activity 
does not appear to have been studied as yet. 

Concomitant administration of large doses of thyrocalcitonin and of 
parathoimone can result in little or no change from normal serum cal- 
cium values (M9). However, since administration of thyrocalcitonin to 
parathyroidectomized rats results in a more prolonged hypocalcemic re- 
sponse than is found in intact animals, thyrocalcitonin apparently does 
not act by reducing the output of parathormone (see Section 4.1 above). 
Tashjian (T2) considers that  the relatively short duration of hypo- 
calcemia produced in response to a single injection of thyrocalcitonin 
owes, in part a t  least, to increased activity of the parathyroid gland. 
Parathyroidectomized rats and animals rendered unresponsive to  the 
calcium-mobilizing action of parathormone by treatment with actino- 
mycin suffered more prolonged hypocalcemia in response to  thyrocalci- 
tonin than did control animals. Tissue culture studies of bone resorption 
indicate that the action of parathormone is not directly antagonistic to 
thyrocalcitonin; the net response is dependent only on the relative con- 
centrations of the two hormones present in the medium (A2, F5). 
Similar conclusions can be drawn from in vivo studies in rats previously 
injected with 45Ca (Jl) . Thyrocalcitonin administration resulted in re- 
ductions in both stable and radioactive calcium in the plasma, para- 
thormone produced an increase in both forms, and concomitant adminis- 
tration of both hormones to the same animals resulted in no net change 
from controls in either form of calcium. Besides confirming the negating 
effect of parathormone on the hypocalcemic response to thyrocalcitonin, 
Milhaud and Moukhtar (M9) show an  enhanced hypophosphatemic and 
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phosphaturic effect when both hormones are administered to  the same 
thyroparathyroidectomized rats. 

5. Detection and Measurement of Calcium-Lowering Hormones 

5.1. BIOASSAY PROCEDURES 

Several animal species have been used in the biological assay of 
calcium-lowering hormones. For reasons of size, the rat is most commonly 
used, although mice have been claimed to be more responsive to  human 
thyrocalcitonin preparations (S2). For studies of the course of thyro- 
calcitonin action in which serial blood samples were required, both pigs 
(C5) and goats (F4) have been used. For assessment of the potency of 
hoi mone preparations, bioassay in rats is in general satisfactory. 

The method described by Hirsch et  al. (H4) uses intact male rats 
previously maintained on a low-calcium diet for 4 days. Standard and 
unknown preparations are injected subcutaneously into parallel groups of 
test animals, and after 1 hour blood samples are collected by cardiac 
puncture under ether anesthesia. The plasma calcium levels are meas- 
ured, and the relative potencies of the preparations are calculated by 
standard statistical procedures. The mean index of precision of ten 
consecutive assays was reported as  0.23 f 0.025. 

A similar procedure was used by Kumar et a2. (K6) in investigations 
of the differences in response when a standard thyrocalcitonin preparation 
was injected by different routes. It was found that subcutaneous and 
intraperitoneal injection resulted in much smaller hypocalcemic re- 
sponses than were obtained from intravenous administration of the same 
amount of hormone. An intravenous infusion gave a slightly greater 
response than a single intravenous injection, although in both cases the 
maximum response occurred after 30-60 minutes (Fig. 10). It was 
therefore recommended that blood samples be taken a t  50 minutes from 
the start. Logarithmic dose-response curves, over a 100-fold dose range, 
were studied for both of these intravenous techniques, and linear re- 
sponses were obtained. The slopes were similar and statistically highly 
significant. Bioassay of two thyrocalcitonin preparations by the single 
intravenous and infusion techniques gave similarly significant log dose- 
response curves; the potency ratios were comparable although the infu- 
sion method was more precise. (The index of precision was 0.26 for the 
infusion, and 0.42 for the single intravenous injection technique, although 
later experiments showed a higher degree of precision for the single- 
injection method, and the authors now recommend the latter for general 
use.) The full assay procedure requires the use of two standard thyro- 
calcitonin preparations and two different dose levels of the unknown. 
The ratio of higher to lower dose for both standard and unknown 
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FIQ. 10. Effects of administration of the same dose of thyrocalcitonin by dif- 
ferent routes in the rat: (a) subcutaneous injection, (b) intraperitoneal injection, 
(c) single intravenous injection, (d) intravenous infusions over 30, 60, 90, 120, 
150, and 180 minutes [From Kumar et al. (K61.1 

5.1.1. Strain and Species Variation in  Sensitivity 
As was mentioned earlier, there appears to be considerable species 

variation in the secretion of thyrocalcitonin, and likewise there are 
reports of species variations in sensitivity to  exogenous thyrocalcitonin 
preparations. Care et al. (C8) found sheep to be considerably less re- 
sponsive to exogenous sheep thyrocalcitonin than pigs to porcine thyro- 
calcitonin. Smith et al. (52) were unable to demonstrate hypocalcemic 
activity in human thyroid extracts injected into monkeys or rats, but 
found the mouse to be responsive. On the other hand, Milhaud et al. 
(M12) demonstrated hypocalcemic activity in human thyroid extracts in 
the rat and monkey, although these responses were obtained only after 
injecting much larger doses than would have been required had porcine 
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thyrocalcitonin been used. Chausmer et al. (C10) found the dog to  be 
less responsive than the rat to thyrocalcitonin preparations from pig, 
lamb, dog, or deer. They also noted that the responsiveness of the dog 
to porcine thyrocalcitonin was decreased after repeated injections; this 
fall in response was not observed in dogs after repeated injections of 
thyroid extract from other animal species. Tashjian and Munson (T4) 
found that normal human, rat, and rabbit serum contained a factor that 
when incubated with porcine thyrocalcitonin destroys its activity. They 
have also shown that an antiserum to pig thyrocalcitonin, produced in 
the rabbit, is effective in neutralizing the hypocalcemic activity of pig 
and calf thyroid extracts, but is ineffective against rat and monkey thyro- 
calcitonin preparations. Implicit in these findings is the possibility that 
species variation in sensitivity to exogenous hormone might result from 
different rates of inactivation of heterologous thyrocalcitonin, as well as 
from possible structural differences between thyrocalcitonin preparations 
obtained from different animal species. The variable responsiveness to 
homologous thyrocalcitonin in sheep and in pigs suggests a possible 
variation in end-organ sensitivity in these species. 

In  addition to species variations, there can be definitely variable 
responses between different strains of rat, and even within the same 
strain. A strain of hooded Lister rats showed no significant hypocalcemic 
response to either pig or sheep thyrocalcitonin (W3). Sprague-Dawley 
rats, by contrast, gave good responses to sheep, bovine, and pig thyroid 
extracts, and more recently we have found high sensitivity to pig thyro- 
calcitonin in rats of the Wistar strain. Chausmer et al. (C10) found 
differences in the responsiveness to pig thyrocalcitonin between Wistar 
and Holtzman rats, the latter being more sensitive. No differences were 
observed between the responsiveness of these two strains to thyrocalci- 
tonin from dog, lamb, and deer. These authors also record that certain 
batches of Wistar rats did not respond to pig thyroid extracts, despite 
the fact that other rats from the same source proved to have a sensitivity 
to the same thyroid extracts comparable to that displayed by the Holtz- 
man rats. We agree with Chausmer et al. that environmental factors 
alone are not responsible for such variable responsiveness of strains or 
batches of rats to the same thyroid extracts. Such a resistance might 
owe to the presence of inhibitory substances, described by Tashjian and 
Munson (T4), but might also result from a failure of target organ 
responsiveness to certain thyrocalcitonin preparations. 

5.1.2. Eflects of Age and Diet 

Although few details have been published on the effects of age and 
diet on sensitivity in bioassay6 of thyrocalcitonin, most workers appear 
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to consider that the use of young rats that have been fasted or subjected 
to a low-calcium diet for a few days is necessary for satisfactory results. 
Hirsch e t  al. (H4) found that rats on a stock diet reacted in a similar 
manner to those previously on a low-calcium diet for 4 days, but that 
their responses were more variable; Wase et al. (W2) found that 
fasted rats were consistently more sensitive to, and gave a more uniform 
response to, thyrocalcitonin than nonfasted animals. Recently Morey 
(M13) has studied the effects of parathyr0:dectomy and of cautery 
of the thyroid in both fed and fasted rats, and from the results con- 
cluded that fasted animals, when used in such acute experiments, are sub- 
ject to less variation and are more sensitive to changes in serum calcium 
than are fed animals. The consensus of opinion in recent publications in 
which thyrocalcitonin was assayed in the rat favors the use of male rats, 
aged 7-8 weeks, weighing around 150g, and having been fed a low- 
calcium diet for 4 days prior to use in the bioassay. 

5.2. RADIOIMMUNOASSAY PROCEDURES 

The investigation of possible clinical disturbances of thyrocalcitonin 
secretion is likely to require measurement of the amount of the hormone 
present in body fluids. Since thyrocalcitonin is a peptide of as yet un- 
certain structure (see Section 7 below), and since the amounts present 
in blood are likely to  be minute, its direct chemical determination may 
prove to be impracticable. Other peptide hormones, however, have been 
successfully measured in blood plasma by radioimmunoassay methods, 
and similar measurements of thyrocalcitonin have already been attempted 

The method is straightforward in principle. A potent antiserum to 
the protein or peptide hormone is prepared, and a known slight excess 
of antibody is made to react for a few days with an aliquot of the 
plasma to be assayed. The mixture is then incubated, usually for about 
18 hours, with a known quantity of 1311-labeled hormone of high specific 
activity (again an excess is necessary). When the reaction is complete, 
the unreacted labeled hormone is separated from the hormone-antibody 
complex by electrophoresis. Isotope counting in the two labeled fractions 
then permits the amount of hormone originally present in the plasma to 
be calculated, the procedure being calibrated by parallel runs using known 
amounts of unlabeled hormone in place of the plasma sample. 

Although techniques of this kind have been successfully applied to 
several peptide hormones in blood plasma, considerable problems must be 
overcome before a radioimmunoassay for thyrocalcitonin can be estab- 
lished as of adequate specificity and sensitivity for routine use. The 
relatively small molecular size of purified thyrocalcitonin peptide (see 

(A51 - 
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Section 7.2 below) might be expected to cause Eome difficulty in exciting 
the intense immunological response necessary for the production of anti- 
serum of high potency. At a time when the purification and characteriza- 
tion of the active hormone are still in progress, it might seem premature 
to hope for the easy production of an antiserum which would be both 
highly potent and completely specific. However, several workers have 
produced antisera that appear to be satisfactory for preliminary work a t  
least. Tashjian and Munson (T4), using relatively crude porcine thyro- 
calcitonin as antigen together with complete Freund’s adjuvant, have 
obtained a rabbit antiserum that specifically inactivated porcine thyro- 
calcitonin, but not those derived from rat or monkey. However, it showed 
considerable activity against bovine hormone. 

Arnaud and Littledyke (A5) and Hargis et al. ( H l )  overcame the 
problem of antigenicity by conjugating relatively pure porcine thyro- 
calcitonin to rabbit albumin before injection, and claim that the anti- 
sera obtained were specific to thyrocalcitonin, judged by gel diffusion 
and immunoelectrophoresis results. The former workers have briefly de- 
scribed the use of this antiserum in a radioimmunoassay procedure sim- 
ilar to that devised by Berson et  al. for parathormone (B4). They claim 
that the technique will detect 0.5 ng of thyrocalcitonin/ml of serum. 
These workers found no difference in the immunological behavior of 
human and porcine hormone, and quote a normal range of 30-85 ng/ml 
in human plasma. In  animal studies, elevated values were found in older 
animals and in response to hypercalcemia. 

Although other workers have prepared and used antisera in immuno- 
fluorescence studies, confirmatory reports of the practicability of pre- 
paring antisera suitable for radioimmunoassays have not yet appeared. 
A considerable degree of cross-reactivity between species, both in the 
effects of administered hormone and in hormone-antibody interactions, 
appears to be a feature of most thyrocalcitonin preparations so far 
studied. Although this partial lack of species specificity should facilitate 
the development of antisera and of isotopically labeled hormone pre- 
parations from animals for use in immunoassays in man, i t  must also 
leave some doubt with respect to the specificity of such assays when 
applied to so complex a mixture as blood plasma. 

5.3. DETECTION AND LOCALIZATION OF THYROCALCITONIN WITHIN 

THE THYROID GLAND 

5.3.1. Histochemical Studies 

Although extraction, purification, and biological assay of calcium- 
lowering hormones have shown the thyroid gland to  be the site where 
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thyrocalcitonin is stored, and presumably also synthesized, the lack of 
correlation between abnormal thyroid ho: mone production and disturb- 
ances of calcium metabolism implies that the production and release of 
the two classes of hormone are separate functions of the gland. That 
the thyroid contains a type of cell (the C cell or parafollicular cell) 
that is histologically and histochemically different from the thyroxin- 
producing cells is well known (N4, P4), and enzyme-histochemical studies 
of the thyroid before and after perfusion with high-calcium blood (F2) 
suggest that these cells may indeed be the site of thyrocalcitonin produc- 
tion. The main changes found following hypercalcemic perfusion were 
an increase in acid phosphatase activity, a rise in the cell content of 
glycerophosphate, and a reduction in nonspecific esterase activity. 
Whether these changes are related to  the release of stored hormone or to 
the synthesis of new thyrocalcitonin is uncertain. 

5.3.2. Immunofluorescent Localization 

Specific antisera to  proteins or peptides, when coupled to suitable 
fluorescent dyes and observed under ultraviolet light, can be used to 
identify the sites of these substances within individual cells. Hargis 
et al. (Hl) applied, to sections of pig thyroid, conjugated rabbit anti- 
serum to porcine thyrocalcitonin, and found fluorescence in all thyroid 
epithelial cells, although not in colloid. They concluded that thyrocalci- 
tonin is produced or stored in the same cells that produce thyroglob- 
ulin, and thought from the granular appearance of the fluorescent 
material that thyrocalcitonin might be stored within some intracellular 
organelle. Bussolati and Pearse (B5), however, using guinea pig anti- 
serum to pig thyrocalcitonin, reached an entirely different conclusion, 
that the C cells (which are epifollicular in the pig) are the site of 
thyrocalcitonin production and storage both in pigs and in dogs. In studies 
of this kind, a valid result will not be obtained unless the thyrocalcitonin 
used for inducing antibody production is totally free from other thyroid 
gland antigens, and although it is not impossible that two or more 
thyrocalcitonin peptides may exist that have different parent cell types, 
it seems more likely that inadequate purity of antigen is responsible 
for the discrepancy between these two reports. Fluorescence confined to 
one type of cell is more likely to be specific than that found in all 
types of epithelial cells within the thyroid. 

5.3.3. Cell Fractionation Studies 

Although the bulk separation of different thyroid cell types and the 
separate extraction of any thyrocalcitonin which they contain are not 
feasible a t  present, information about the intracellular localization 
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of the hormone can be obtained by fractionation of all types of thyroid 
cells by homogenization and differential centrifugation. The resulting 
particulate and soluble fractions of rat  thyroid have been assayed for 
hypocalcemic activity by Cooper and Tashjian (C12). Activity was 
maximal in the supernatant fraction after centrifugation a t  8000 g, but 
was concentrated in the sediment a t  100,003 g, implying that microeomes 
rather than mitochondria are the intracellular site of thyrocalcitonin 
storage. Bauer and Teitelbaum (B2),  in studies involving fractionation 
of pig thyroid coupled with ultrasonic disintegration of subcellular par- 
ticles, have obtained evidence suggesting that the hormone is concentrated 
within secretory granules ; they have pointed out the resemblance be- 
tween these granules, seen in electron micrographs, and the characteristic 
electron-dense particles seen in parafollicular pig thyroid cells. 

6. Isolation and Purification of Thyrocalcitonin 

Most thyrocalcitonin preparations so far described have been ob- 
tained from thyroid tissue by one of three procedures. The method of 
Rasmussen e t  al. (R3) for extraction of parathyroid polypeptides was 
shown by Tenenhouse e t  al. (T5) to be also capable of producing an 
active hypocalcemic agent when applied to pig thyroid gland. Baghdiante 
et al. (B l )  extracted defatted pig thyroid tissue with hot acid, and ob- 
tained an initial partial purification of this extract by salt fractionation. 
In the third procedure, Hirsch e t  al. (H4) used cold acid extraction of 
pig thyroid; the bulk of the inactive material was removed by cen- 
trifugation, and they achieved a considerable degree of purification by 
further high-speed Centrifugation. These procedures are outlined below 
under the designations “Method 1,” “Method 2,” and “Method 3,” 
respectively. 

Method 1 (R3).  The procedure originally described for isolation of 
parathyroid polypeptides, parathormone in particular, requires the in- 
clusion of cysteine as a reducing agent a t  two steps in the extraction 
procedure, since parathormone is sensitive to oxidation. Although there 
is no evidence that the hypocalcemic activity of thyrocalcitonin is af- 
fected by mild oxidation, cysteine has been retained in the thyrocalcitonin 
extraction procedure also. 

Dried, defatted thyroid powder is extracted with 8 M urea-0.1 M 
cysteine in 0.2 N HC1 in the cold. Glacial acetic acid and acetone are 
then added, and the precipitate is filtered off and discarded. Diethyl ether 
is added to the filtrate, and the resulting precipitate is allowed to settle, 
After washing, the precipitate is dissolved in 207% acetic acid containing 
0.01 M aysteine, and solid sodium chloride is added to give a concentra- 
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tion of 5%. Any precipitate that forms is removed by centrifugation, and 
45% trichloroacetic acid (TCA) is added to the supernatant to give a 
final concentration of 7.5% TCA. The precipitate contains thyrocalcitonin 
activity, and is collected by centrifugation and washed first with 5% TCA 
and then with diethyl ether. The washed precipitate is dissolved in 0.02 N 
HCl, the solution is extracted 3 times with peroxide-free ether, and the last 
traces of ether are removed on a rotary evaporator. Chloride is then ex- 
changed for acetate on an ion-exchange column, and the effluent is 
lyophilized. The resulting powder, termed “TCA material,” is light 
brown, and the usual yield is about 1.2-1.6g from 200g of defatted 
thyroid powder (equivalent to  approximately 1 kg of fresh gland). Ex- 
traction to this stage requires about 5 days. Although Rasmussen recom- 
mended that this procedure be carried out a t  4”C, we have consistently 
obtained active preparations when the entire process is carried out a t  
room temperature. We have also encountered some difficulty in obtaining 
a solid precipitate a t  the ether precipitation stage, but this can be over- 
come by reducing to half the volume of ether added. 

Further purification of this TCA material can be achieved by gel 
filtration, using 0.2M ammonium acetate (pH 4.6) as the developing 
buffer. The method as originally described for parathyroid polypeptides 
utilized a Sephadex G-100 column, but Tenenhouse e t  al. (T5) obtained 
better resolution of thyroid TCA material by using Sephadex G-75. 
These authors claimed to have obtained a homogeneous product, indi- 
cated by starch gel electrophoresis, after only one passage of the rela- 
tively crude TCA material through a Sephadex G-75 column; this was 
on bioassay 5-15 times more active, weight for weight, than the TCA 
powder. The main hypocalcemic activity in the eluates from Sephadex 
columns was located in a small protein-containing peak, well separated 
from and following after the main protein peaks. When applying Ras- 
mussen’s method to pig, sheep, bovine, and human thyroid, we have 
had some difficulty in dissolving the TCA material in the ammonium ace- 
tate buffer, so that the gel filtration step described above could not be 
applied. With columns of Sephadex G-100 in 0.02N HC1, however, we 
have found the hypocalcemic activity to be associated with the de- 
scending limb of the last protein peak, although the degree of purifica- 
tion that we have achieved is less than that claimed by Tenenhouse 
e t  al. 

Method 2 ( B l ) .  This procedure, like that of Rasmussen, utilizes defat- 
ted thyroid powder obtained by repeated acetone washing of fresh pig 
thyroid tissue. This powder is then extracted with 0.2N HC1 a t  60°C 
for 5 minutes, followed by 1 hour a t  room temperature. After filtering 
through cheesecloth, the filtrate is dialyzed for 24 hours against acetake 
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buffer (pH 4.6) a t  4OC; 3 M  NaCl is added to give a final concentra- 
tion of 1 M ;  the protein that then precipitates is mostly inactive. When 
the NaCl concentration is increased to 2 M ,  a further precipitate forms 
that contains most of the hypocalcemic activity. This precipitate is col- 
lected and freeze-dried. The preparation to this stage requires approxi- 
mately 6-7 days. 

Further purification of the salt-precipitated extract is achieved by 
passage through Sephadex G-100 in 0.1 M acetate buffer (pH 4.6) con- 
taining 0.2 M NaCl. The main hypocalcemic activity is associated with 
the descending limb of the last main protein peak. A later communica- 
tion from the same laboratory (G4) describes the use of 0.1 M formic 
acid in place of the acetate buffer for the Sephadex G-100 stage. A 
further gel filtration step on Sephadex G-100 in 0.1 M formic acid-1 M 
urea-0.2M NaCl is then used, and salt and other contaminants are re- 
moved by two or more runs on polyacrylamide beads. The active mate- 
rial is finally eluted as a single symmetrical peak. 

Electrophoresis on starch gel, in formate buffer (pH 2.9) in 8 M  
urea, followed by nigrosin staining, indicates that the thyrocalcitonin ob- 
tained from the polyacrylamide bead stage runs as a fast-moving diffuse 
band. Other highly purified preparations yield two bands on electro- 
phoresis, both active, with the slower band predominating in most 
preparations. Genetic polymorphism was suggested as a possible explana- 
tion for the occurrence of these two active fractions, although i t  seems 
more probable that some degree of molecular fragmentation could 
occur during the hot acid extraction without necessarily destroying all 
bio!ogical activity in the fragments. In  this context it may be noted 
that, in the case of parathyroid hormone, the initial extraction pro- 
cedure influences the approximate molecular weight as well as the spe- 
cific bio!ogical activity of the product, hot HCl extraction giving rise to 
smaller molecules than either an acetic acid or a phenolic extraction 
procedure (R2). 

Method S (H4). This procedure, unlike the others, does not require 
the somewhat tedious defatting and drying of thyroid tissue, but has the 
disadvantage that smaller quantities of tissue can be processed during a 
single run, since a preparative ultracentrifuge is required. Fresh pig 
thyroid is homogenized with cold 0.1 N HCl, and a supernatant fraction 
is obtained by centrifuging the homogenate a t  6009 at  4°C. This frac- 
tion is then centrifuged a t  100,OOOg for 24 hours. The supernatant is 
lyophilized prior to further purification. Because of the limited capacity 
of ultracentrifuge rotors, only some 10-15 g of thyroid gland can usually 
be extracted per run. The method, however, has considerable advantages 
in simplicity and speed. 
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Additional purification of this relatively crude extract can be achieved 
by gel filtration on Sephadex G-50 equilibrated with 0.05 M sodium 
acetate buffer (pH 3.8). Elution with the same buffer produces a large 
inactive protein fraction, followed by a smaller protein peak, and 
finally a “nucleotide” fraction. The hypocalcemic activity is associated 
with the descending limb of the second protein peak and the ascending 
limb of the “nucleotide” peak. The most active fractions are further 
purified by gradient elution with sodium acetate buffer on a carboxy- 
methyl-Sephadex G-25 column. Removal of the protein from the column 
is effected by gradient elution with sodium chloride in sodium acetate 
buffer. The hypocalcemic activity is associated with the descending limb 
of the protein peak. The authors claim that a 500-fold purification of 
thyrocalcitonin from the initial acid extract can be achieved. 

7.  Physical and Chemical Properties of Thyrocalcitonin 

7.1. PURITY AND POTENCY 
As was indicated above, purification of thyrocalcitonin has been 

achieved almost exclusively by gel filtration procedures, accompanied by 
electrophoresis as a means of monitoring progress. The use of Sephadex 
in various grades (B l ,  H4, T5) and polyacrylamide beads (G4) has 
allowed the production of highly purified preparations, but i t  is still un- 
certain whether such procedures are capable of carrying the purification 
to the stage from which a completely homogeneous product results. 
Tenenhouse et al. (T5) claimed to have produced a homogeneous prod- 
uct, adjudged by starch gel electrophoresis, after only one gel filtration 
step; our own experience has been quite otherwise. Tenenhouse et al. do 
not appear to have confirmed that the single protein band demonstrated 
on starch gel did in fact possess thyrocalcitonin activity. Our own 
experiments, in which highly active Sephadex fractions were submitted to 
acrylamide disc electrophoresis, in many instances revealed single pro- 
tein bands. Elution of these areas of gel and of unstained areas, how- 
ever, revealed that hypocalcemic activity was absent from the zones 
that gave a positive staining reaction for protein, whereas virtually all 
the applied activity was recovered from unstained areas. Gudmundsson 
et  al. (G4) found that several gel filtration steps were necessary before 
a preparation homogeneous on starch gel electrophoresis could be ob- 
tained, and Hirsch et al. (H4) achieved a 50-fold improvement in spe- 
cific activity after the gel filtration stage by a single ion-exchange step. 

While the purification procedures so far described undoubtedly achieve 
substantial increases in the specific activity of the material, until such 
time as products of consistent specific activity, homogeneous with re- 
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spect to molecular size and of reproducible amino acid composition, are 
obtained, it is premature to talk of “pure” thyrocalcitonin. 

Comparison of the potencies of different thyrocalcitonin preparations 
has been complicated by the use of intravenous or subcutaneous injec- 
tion or of infusion techniques during biological assays. Subcutaneous in- 
jections of hormone have been shown to produce a smaller hypocalcemic 
response than the same amount of material administered by the intra- 
venous route (K6).  Using subcutaneous injection of the supernatant 
liquid from an ultracentrifuged pig thyroid extract, Hirsch et al. (H4) 
obtained a 10% fall in the plasma calcium in the rat  from their stand- 
ard preparation, containing 10 pg of protein nitrogen. This quantity of the 
standard preparation was therefore adopted as an arbitrary unit of ac- 
tivity. Their most highly purified preparation was 50 times more 
potent, i.e., an amount equivalent to 0.2 pg of protein nitrogen was 
capable of producing a 10% fall in serum calcium in the rat. Tenen- 
house et al. (T5) do not specify whether subcutaneous or intravenous 
injection was used in their assays and express the dose in terms of 
weight of material only. Assuming that their preparations contained 
protein or peptide material only, we calculate that, to produce a 10% 
fall of plasma calcium in the rat, their crude and purified materials 
might contain approximately 3 and 0.5 pg of protein nitrogen, respec- 
tively. These values are comparable with our own for similarly pre- 
pared material ; with relatively crude TCA material, and intravenous 
injection of an amount containing 1-2 pg of protein nitrogen, we 
ordinarily find a 10% fall in plasma calcium in the rat. With Sephadex- 
purified products we have obtained a similar response from amounts 
equivalent to 0.15-0.2 pg of protein nitrogen. 

Using intravenous infusions, Baghdiantz et al. (B l )  obtained a 10% 
fall in plasma calcium in the rat  with relatively crude salt-fractionated 
pig thyroid extract containing 8 pg of protein nitrogen. The purest 
preparation reported by these workers appears to have been about 20 
times more potent, i.e., 0.4 pg of protein nitrogen produced an approxi- 
mately 10% fall. 

A standard preparation of thyrocalcitonin, prepared to  the salt- 
fractionation stage by Method 2 above, is available from the Medical 
Research Council, Department of Biological Standards, National Insti- 
tute for Medical Research, Mill Hill, London, and is distributed in 
ampules containing 0.25 MRC unit. When 0.01 MRC unit is injected 
intravenously into a 150-g rat, it produces a fall of approximately 10% 
in the plasma calcium after 50 minutes, i.e., this new unit is approxi- 
mately 100 times larger than that described by Hirsch et al. (H4) and 
1000 times larger than that of Baghdiantz e t  al. (Bl ) .  From the in- 
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formation given by Kumar e t  al. (K6), we calculate that 0.01 unit of 
the MRC standard preparation contains approximately 16 pg of protein 
nitrogen. 

7.2. MOLECULAR SIZE 
Estimates of molecular weight of thyrocalcitonin have so far been 

published from only two sources. Tenenhouse e t  al. (T5) calculated 
from the amino acid composition of their most highly purified thyro- 
calcitonin preparation that its molecular weight is of the order of 8600, 
and equilibrium centrifugation studies with and without mercapto- 
ethanol gave figures of 8700 and 9700. MacIntyre et al. (M3) esti- 
mated the molecular weight by a gel filtration technique, and obtained 
a value of less than 3000 for their highly purified product. The same 
workers ( M l )  find that ultracentrifugation studies indicate a molecular 
weight of the order of 2000-6000, i.e., much smaller than was found by 
Tenenhouse et al. while O’Riordan e t  al. (01), using sucrose density 
gradient ultracentrifugation and biological assay of the fractions ob- 
tained, estimated that there most active preparation of porcine thyro- 
calcitonin had a molecular weight in the range 5000-6000. It is perhaps 
not unreasonable to deduce that “pure” thyrocalcitonin has yet to  
be prepared, and, although the product obtained by Tenenhouse 
et al. may be capable of further purification, that of Gudmundsson 
e t  al. (G4) might well contain a number of active peptides arising 
from molecular fragmentation during the rather severe extrac- 
tion procedure used. The single gel-filtration stage carried out by 
Tenenhouse e t  al. is unlikely to produce a strictly homogeneous prod- 
uct, and the experience of Rasmussen and Craig (R2) with hot acid 
extraction in the preparation of parathormone seems relevant to the 
latter possibility. Ideally, a “pure” hormone should be either in the 
form in which it is present in the gland that produces it, or in the 
form in which i t  is passed from that gland into the circulation. On 
the other hand, a more practicable molecule for study or for synthesis 
might be the smallest fragment that possesses the characteristic bio- 
logical activity. This latter is perhaps a more attainable ideal in the 
field of protein or peptide hormones. 

7.3. AMINO ACID COMPOSITION 

Very little information is available regarding the amino acid compo- 
sition of thyrocalcitonin. Tenenhouse e t  al. (T5) analyzed their most 
highly purified preparations, and calculated the following tentative em- 
pirical formula: Lys 8, His, Arg 4, Thr 4, Ser 4, Glu 10, Pro 4, Gly 5, 
Ala 8, Val 4, Meth, Cys %, Ileu 3, Leu 9, Tyr 2, Phe 2, Try, and 
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(-CONH2) 7; i t  was also reported that there was a single N-terminal 
threonine molecule. Although no detailed amino acid composition has 
been reported for the purified thyrocalcitonin prepared by Gudmunds- 
son e t  al. (G4), i t  differs considerably from the formula given above in 
that no cystine or isoleucine has been detected ( M l ) .  

Quite apart from the feasibility or otherwise of synthesizing peptides 
possessing thyrocalcitonin-like activity, the amino acid composition of 
the molecule is of interest in that the preparation of iodinated hormone 
of high specific activity is necessary if radioimmunoassay is to be at- 
tempted. 

7.4. STABILITY OF PURIFIED PREPARATIONS 

As has been indicated, we found thyrocalcitonin to be sufficiently 
stable to allow its extraction from thyroid tissue and its subsequent 
purification through several gel filtration steps to be carried out a t  
room temperature. Thyrocalcitonin has been shown to be capable of 
surviving fairly vigorous conditions without serious loss of biological 
activity. Baghdiantz e t  al. (Bl )  report that boiling in 0.1M acetate 
buffer (pH 4.6) for 15, 30, and 120 minutes resulted in losses of activity 
of 12, 46, and 72%, respectively. Boiling in 1 N HC1 and 1 N NaOH for 
1 hour resulted in complete loss of activity. Bauer and Teitelbaum (B3) 
found no loss of activity on heating to 90°C for 15 minutes, and Tash- 
jian and Munson (T4) found that heating a t  60°C for 15 minutes in 
0.1N HCl was without effect on the hypocalcemic activity. Incubation 
with pepsin or with trypsin, a t  pH 3 or 7, respectively, resulted in com- 
plete loss of activity after 6 hours (B l ) ,  confirming the protein or pep- 
tide nature of thyrocalcitonin. MacIntyre e t  al. (M3) found con- 
siderable loss of activity of crude thyroid extracts during storage a t  4OC 
with increasing pH of the solution. Thus storage below pH 6 resulted in 
little change in activity in 14 days, whereas similar storage a t  pH 8-9 
resulted in almost complete loss of activity. Chausmer e t  al. (C10) 
report that the adjustment of the pH of acid extracts of pig thyroid from 
pH 1.2 to 7.4 did not result in loss of hypocalcemic activity, while 
reducing the protein content of the extracts by half. 

Hirsch e t  al. (H4) found that their crude acid extract of pig thyroid 
could be stored frozen for a t  least 6 months without loss of activity. 
Our own experience is that both the dry TCA material, as prepared by 
Method 1, and purified Sephadex fractions stored in 0.02N HCl, retain 
their potency almost unchanged when stored a t  4°C for 6 months. 

8. The Clinical Significance of Thyrocalcitonin 

Classically, the evidence for the existence of a hormone includes, in 
addition to the characteristic effects of its administration in normal sub- 
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jects and of its withdrawal through removal of the secreting organ, the 
occurrence of clinical syndromes caused by oversecretion or by under- 
secretion. The former ought to be curable by total or partial removal 
of the hyperactive gland, and the latter by administration of the de- 
ficient hormone. In  the case of thyrocalcitonin, therefore, one might ex- 
pect not only that a state of hypercalcemia would follow surgical ablation 
of the thyroid gland, but that hypercalcemia might on occasion be attrib- 
utable to spontaneous hyposecretion of thyrocalcitonin. Hypocalcemia, 
on the other hand, might arise through hyperplasia or tumor of the cells 
in the thyroid gland responsible for thyrocalcitonin production. At the 
time of discovery of thyrocalcitonin, none of these situations had been 
recognized as  a clinical entity. Evidence is gradually accumulating, how- 
ever, which suggests that thyrocalcitonin may nonetheless have a signifi- 
cant role in human disorders of calcium metabolism. 

8.1. RELATIONSHIP TO THYROIDECTOMY AND TO THYROID 
HORMONE SECRETION 

Total or partial thyroidectomy, so far from being associated with 
sustained hypercalcemia, is frequently followed by transient or prolonged 
hypocalccmia, often with tetany (Pl, Wl ) .  Although this might con- 
ceivably be the result of release of thyrocalcitonin into the circulation 
from the injured gland, the quick onset and short duration of the action 
of injected thyrocalcitonin (Al)  contrast with the delayed appearance of 
post-thyroidectomy tetany and its occasional persistence for several 
years after operation. In  any case, sustained release of thyrocalcitonin 
from the damaged gland could hardly be expected to follow total thyroid- 
ectomy. The more usual explanation, that hypocalcemia following thyroid 
surgery results from injury to the parathyroid glands or to their vascular 
connections, seems unlikely to be revised in consequence of the discovery 
of thyrocalcitonin. The question should be finally resolved when it 
becomes possible to make serial measurements of both parathormone 
and thyrocalcitonin in the blood of thyroidectomy patients. Further 
studies of the tolerance of human subjects to calcium infusions, before 
and after thyroidectomy, such as those already carried out by Williams 
et al. (W5), will also help to clarify the position. 

Disturbances of calcium homeostasis have often been reported in 
diseases involving abnormal secretion of thyroid hormone. In thyrotoxi- 
cosis (G5, K2) the disturbance, if present, usually manifests itself as 
hypercalcemia of moderate degree, with loss of calcium from the bones 
and increased urinary output of calcium, thus suggesting a possible defi- 
ciency of thyrocalcitonin output in this type of thyroid disease. Most 
such observations antedate the discovery of thyrocalcitonin, and there 
is not yet much information on the response of such patients to  an 
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injected calcium load or on the thyrocalcitonin content of abnormal 
human thyroid tissue. Aliapoulios e t  al. (A4) found abnormally low 
activity in extracts of colloid goitrous gland, but none in two cases of 
thyroid adenoma or in one hyperplastic gland, and Milhaud e t  al. 
(M12) found activity in extracts of goitrous glands comparable to that 
found in normal thyroid. Williams et al. (W5), in studying totally 
thyroidectomized patients maintained on exogenous thyroid, found nor- 
mal resting calcium levels but markedly impaired ability to deal with 
an infused load of calcium gluconate. If this response reflects the 
physiological role of thyrocalcitonin, it implies that it plays a part in the 
control of hypercalcemia rather than in the maintenance of normal 
levels of calcium. 

8.2. RELATIONSHIP TO PARATHYROID HYPERSECRETION 
AND HYPOSECRETION 

If hypercalcemia is the normal stimulus to thyrocalcitonin release, 
the sustained mobilization of bone calcium occurring in parathyroid 
adenoma should lead initially to  increased output of thyrocalcitonin, and 
only when this fails to counterbalance the effects of excess parathormone 
will recognizable hypercalcemia and hypercalcuria occur. One might ex- 
pect, therefore, that the patient having hypercalcemia of parathyroid 
origin (or indeed having prolonged hypercalcemia for any reason) will 
have already exhausted his capacity to secrete additional thyrocalcitonin. 
In  these circumstances the thyrocalcitonin content of the thyroid gland 
should be abnormally low. One sample of thyroid tissue, obtained post- 
mortem from a patient with hypercalcemia (8.0 mEq of Ca/liter) 
owing to multiple parathyroid adenomata, yielded only one fifth of the 
normal amount of thyrocalcitonin (W4). 

Where parathyroid secretion is deficient and the serum calcium level 
is low, inhibition of thyrocalcitonin secretion would also be expected, 
Gittes e t  al. (G3)  found an increasing thyroid content of thyrocalcitonin 
in rats after parathyroidectomy, and Aliapoulios e t  al. (A4), in one 
patient diagnosed as suffering from pseudohypoparathyroidism, reported 
a thyrocalcitonin concentration in the thyroid more than 100 times 
higher than was found in normal glands. They suggest that abnormal 
thyrocalcitonin metabolism might be a factor in persistent hypocalcemia 
without demonstrated hypoparathyroidism. Again, the ability to measure 
the circulating levels of thyrocalcitonin and of parathormone might 
greatly help in defining the role of thyrocalcitonin in such clinical dis- 
orders of calcium metabolism. 
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8.3. THYROCALCITONIN-EXCESS SYNDROME 

To date, only one case appears to  have been reported in which the 
findings were consistent with hypersecretion of thyrocalcitonin owing to 
hyperplasia of interfollicular thyroid cells (M5). The signs and symptoms 
were of tetany and long-standing diffuse nontoxic goiter. The serum cal- 
cium level was 8.1 mg/100 ml, and there was no evidence of metabolic 
bone disease. Biopsy of the thyroid gland revealed an increase in inter- 
follicular cells, and extraction of the tissue yielded approximately 14 
times more thyrocalcitonin than was obtained from normal thyroid 
tissue. Following total thyroidectomy the serum calcium levels rose, 
although not to normal values. The authors suggest that this may be 
attributable to persistence of some remnants of thyroid tissue, and pos- 
sibly also to some damage to  the parathyroid glands a t  operation. 

8.4. THERAPEUTIC POSSIBILITIES 

Apart from the possibility that hypocalcemia and tetany might on 
occasion result from hypersecretion of thyrocalcitonin, clinical interest 
in the hormone is a t  present largely limited to two fields, namely, the 
possible treatment of hypercalcemia and the promotion of calcium de- 
position in bone. Foster et  al. (F3), using purified pig thyrocalcitonin, 
achieved useful reductions in serum calcium levels in two cases of hyper- 
calcemia occurring in association with bony metastases from breast 
cancer. A reduction was also achieved in one patient having hyper- 
calcemia associated with metastases and with calcium and vitamin D 
therapy. Control of hypercalcemia was attained for 6-18 hours after a 
single injection. The intractable nature of the underlying diseases in most 
cases of hypercalcemia (other than those of parathyroid origin) ob- 
viously limits the therapeutic possibilities of the hormone, but the pos- 
sibility of obtaining a preoperative reduction in the circulating calcium 
level in severe hyperparathyroidism deserves further study. 

Since thyrocalcitonin appears to act mainly by promoting calcium 
deposition in bone (see Section 4.3 above), remineralization of bone is 
an obvious field for study of the hormone’s therapeutic usefulness, as 
Foster and his colleagues have suggested (F3). The large amounts of 
calcium required for redeposition in, for example, osteoporosis suggest 
that prolonged treatment will be necessary. For this reason, the peptide 
nature of the hormone, necessitating parenteral administration, is an 
obvious drawback, and the evidence from Care and Duncan (C3), that 
in some species a t  least the hormone is relatively ineffective in older 
animals, suggests that only qualified optimism is a t  present justified. 
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It is perhaps not unduly speculative to think of the possibility of syn- 
thetic peptides being produced with greater potency than the natural 
hormone, and these might well revolutionize the treatment of patients 
whose bones require replenishment with calcium. 
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1.  Infroduction 

In the past 10 years there has been an increasing emphasis on the 
relationship of various lipids to atherosclerotic heart disease. The 
clinical laboratory is performing a greater number of lipid determinations 
as well as a larger variety of procedures. In order to meet these demands, 
laboratories are increasingly turning to automated instrumentation and 
methodology. This review will discuss one automated instrumental 
system, and the lipid techniques that have been adapted to it. 

2. Instrumental Approach 

Manual analytical techniques are carried out on a step-by-step or batch 
basis. Sample handling and presentation, delivery of reagent volumes in 
proper sequence, removal of interfering materials, heating or incubating 
reaction mixtures, and measurement and recording of data are performed 
as discrete functions. Each stage must be completed before proceeding to 
the next, since reactions are continued until equilibrium is reached. In 
1957 Skeggs (Sl) introduced an automated system of analysis, capable 
of analyeing constituents on continuously flowing atreams, whereby 
samples automatically pass from one stage to another. Specimens are 
compared to standards that are similarly treated, and exposed to the 
same conditions, although the reactions themselves do not necessarily 
reach equilibrium. Consequently, measurements are made on a ratio 
basis, i.e., comparison of standard to unknown. A brief description of 
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the instrumentation, commercially available (from the Technicon 
Instruments Corp.) under the trade name “AutoAnalyzer,” is presented. 
[More detailed information is given by Marsh ( M l ) ,  Kessler (K5), and 
Skeggs (52) .] 

2.1. AUTOANALYZER 

2.1.1. Sampler 

This introduces samples, standards, or a wash interval to the analytical 
system in a preset sequence, and a t  a controlled rate. An unmeasured 
volume of specimen is added to a polystyrene cup and placed in the 
sampler tray. Sampling occurs via a polyethylene catheter connected to 
the manifold of the analytical system. The catheter dips into the cup a t  
preselected sampling rates, usually 20, 40, or 60 times per hour, and 
between samples a wash fluid or air is aspirated. Both sampling speed 
and wash cycle are controlled by a timing cam and can be varied. 

2.1 -2. Proportioning Pump 

This continuously delivers reagents or gases, and intermittently 
samples, on a volume per time basis. The continuously flowing reagents 
constitute the analytical system for a given procedure. The function 
of the proportioning pump is analogous to pipeting, measuring, reagent 
additions, etc., for manual methods. 

The pump, which can meter up to 15 separate volumes of fluid or gas, 
consists of a constant-speed gear motor connected to a hinged roller 
head. This is raised or lowered against a plate on which the manifolds 
are placed. The roller head compresses the manifold tubing, pushing 
fluids or gases forward, while a t  the rear fluids are drawn into the tubes. 
The fluid volume, on a per time basis, is proportional to the inside 
diameter of the tube. 

Air is continuously introduced as a component of the analytical train. 
These air segments exert a continuous wiping action on the tubing, and 
prevent contamination from one sample to another. They also divide a 
sample into many aliquots, each being treated as an individual specimen. 
The final reading of a sample constitutes an averaging effect of all these 
aliquots. 

The constant-speed pump assures the continuous proportioning of all 
reagents that enter into the performance of a given technic. Precise and 
reproducible determinations are dependent on maintaining this constant 
speed of operation. Samples or standards are treated exactly alike, 
exposed to the same conditions for the same time intervals, and directly 
compared to each other. 
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Each methodology has its own manifold that makes up its analytical 
system. The manifold consists of various types of tubing for delivering 
solvents and reagents. It has glass parts for proportioning the sample, 
reagents, and gas in a prescribed sequence, Delivery of different volumes 
is determined by the bore of the tubing; e.g., the smaller the inside 
diameter, the less the volume of reagent metered into the system. 

2.1.3. Dialyzer 

Manual techniques employ precipitation, filtration, distillation, 
dialysis, etc., for separating and isolating interfering material from the 
substance to be analyzed. This system employs dialysis under a constant 
set of conditions, with samples and standard exposed to exactly the same 
conditions. 

Factors affecting dialysis rates are time, temperature, area, and con- 
centration. For the automated system the area of the dialyzing plates 
is constant, exposure time of the reaction streams to the semipermeable 
membrane is the same for a given volume, and temperature is carefully 
controlled. Thus the only variable is the concentration of the sample. 
The dialysis rate of a substance under a given set of conditions is 
constant, but the absolute amount dialyzed will vary since i t  is dependent 
on the original sample concentration. 

2.1.4. Heating Bath 

Many methods require a heating step for color development, or an 
incubation stage for enzyme reactions. In  the AutoAnalyzer, this is 
achieved as the reaction mixture flows through a glass helix (usually 40 
feet in length) kept at the desired temperature. 

2.1.5. Detector-Recorder Systems 

Many analytical procedures produce a colored reaction mixture as  the 
end point. The colorimeter detects and measures changes in absorbance of 
the continuously flowing reaction stream, giving a permanent record on 
the strip chart of the recorder. The photometer-recorder forms a null- 
balancing ratio system whereby factors of light-intensity changes, tem- 
perature fluctuations, drift of the photocells, etc., produce negligible 
drift or noise on the record. Other detector systems that  have been 
adapted for measurements on continuously flowing streams are the 
fluorometer, spectrophotometer, and flame photometer. 

3. Techniques 

Many analytical procedures have been adapted to  the AutoAnalyzer. 
This review will cover various automated or semiautomated lipid method- 
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ologies that have currently been published, as well as some unpublished 
modifications presently employed in our laboratory. The determinations 
under discussion are those on cholesterol, phospholipid, triglycerides, and 
free and esterified fatty acids. The present state of lipid technology does 
not allow for their complete automation. Most procedures require a 
manual extraction utilining a variety of solvents, although several direct 
cholesterol technics have been published. 

3.1. CHOLESTEROL 

The quantitative determination of total cholesterol is the most widely 
requested lipid procedure in the clinical laboratory, since i t  is implicated 
in atherosclerotic heart disease. 

The first automated lipid technique was described in 1959 (K4), based 
on the reaction discovered by Zlatkis et al. (Z2), in which a mixture of 
ferric chlorideglacial acetic acid and concentrated sulfuric acid is 
employed. This automated procedure is directly applicable to serum or 
isopropanolic extracts of serum. Samples or standards are automatically 
diluted with glacial acetic acid (aldehyde-free) containing acetic anhy- 
dride and mixed, and an aliquot of diluted sample is continuously re- 
moved for carrying out the colorimetric analysis. An additional quantity 
of acetic acid-acetic anhydride mixture is added to the diluted sample 
and mixed. Sulfuric acid color reagent, containing ferric chloride in con- 
centrated acetic acid, is then added to the reaction mixture. It was 
observed that the rate of color development is temperature-dependent ; 
therefore, the procedure is carried out a t  an elevated temperature as the 
reaction mixture flows through glass coils placed in a hot air chamber a t  
100 2°C. When analyzing sera directly, protein precipitation occurs 
on addition of the highly acid color reagent. Dissolution of the precipi- 
tate is aided by using a continuous flow-through magnetic mixer. The 
ratio of molar absorbance of cholesterol esters to free cholesterol is 
similar for these reaction conditions. The color developed is measured at  
550 mp, using a flow cuvette with a lO-mm light path. 

Other direct serum cholesterol techniques have been modified for the 
AutoAnalyzer. Several investigators have adapted the procedure of 
Pearson et al. (Pl, P2), which is based on the use of glacial acetic, p -  
toluenesulfonic, and sulfuric acids. The several advantages cited by 
proponents of this technique include simplicity and speed of operation 
compared to extraction methods, which are timc-consuming and require 
considerable manipulative skill; greater specificity of the Pearson vs. 
Zlatkis techniques; stability of the final color; and similarity of absorb- 
ances of both free and esterified cholesterol. A disadvantage of the 
direct methods is that standards in organic solvents do not exhibit the 
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same absorbances as sera for equivalent amounts of cholesterol, thus 
control sera must be substituted for standards if direct comparisons are 
to be made. Another problem results from interfering materials that 
can be present in sera in elevated amounts, namely, hemoglobin and 
bilirubin. 

In  1960 Boy et  al. (B6) employed a modified Pearson technique, 
whereby the sample is added to an air-segmented stream of p-toluene- 
sulfonic acid in glacial acetic acid, followed by acetic anhydride. The 
reaction mixture passes through a series of three mixing coils for mixing 
and dissipating the heat of reaction. The second coil is jacketed, and 
has cold water circulating through i t  for cooling the reaction mixture. 
Concentrated sulfuric acid is then added, and the reaction is carried out 
in an air bath a t  60°C. Protein precipitation is minimized by incorporat- 
ing a flow-through magnetic mixer as  part of the coils in the air bath. 
The absorbance is measured a t  630 mp, using a flow cuvette with a 6-mm 
light path. 

The procedure was further modified by Boy in 1963 (B5) with 
the advent of better tubing for delivering concentrated acids. The p- 
toluenesulfonic acid is made up in a mixture of glacial acetic acid- 
acetic anhydride. This reagent is heated to 65"C, then serum is added 
and mixed, while remaining a t  65°C for a short period. The reaction 
mixture is cooled by passing through a jacketed mixing coil through 
which water circulates a t  15°C. Concentrated sulfuric acid is added and 
mixed, and the reaction mixture temperature is once more raised to 65°C. 
The color is then read a t  630 mp. Boy recommends the use of commercial 
sera as a means of standardizing this procedure. 

Another modified Pearson technique was published in 1963 and 1964 
by Kenny and Jamieson (Jl, K2, K3). The procedure differs from that of 
Boy in respect to composition and volume of reagents, as well as tem- 
perature and time for the reaction to take place. Kenny uses a reaction 
temperature of 45"C, but employs a greater time for color development. 
Kenny et al. found differences between the automated results and those 
obtained by an extraction procedure ( K l )  utilizing the Liebermann- 
Burchard reaction. They feel that the differences result from the presence 
of water in serum causing a decrease in absorbance, which is not en- 
countered in the water-free acetic acid-cholesterol standard solution. 
Therefore, these authors have adjusted the cholesterol standards to 
compensate for the color depression, thus allowing direct reading of 
results. 

Another automated direct cholesterol technique for sera utilizes a 
modified Liebermann-Burchard reaction, employing a moderately stable 
reagent consisting of acetic acid-acetic anhydride and concentrated 
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sulfuric acid. Our experience with this reagent shows it to be usable for 
a period of 2 weeks, This technique is utilized for the AutoAnalyzer 
multiple analysis instrument, An aliquot of serum is added to the modi- 
fied Liebermann-Burchard reagent, mixed, and then kept a t  37°C for 
color development. The absorbance is read a t  630 mp, using a flow cell 
with a 15-mm light path. Control sera of known cholesterol concen- 
tration are used for standardization of this method. 

Several investigators have modified the automated Zlatkis method 
previously discussed (K4). This technique is the basis for the Technicon 
procedure released in 1960 (C3), using manually prepared isopropanolic 
extracts and the automated color reaction. In  1963 Bensa (B2) evaluated 
this technique for the determination of total cholesterol, and adapted 
the procedure for the colorimetry of free cholesterol after a preliminary 
digitonide separation. Levine and Zak (L3) have utilized a combined 
color reagent consisting of ferric chloride in glacial acetic acid plus con- 
centrated sulfuric acid. In  this technique, isopropanolic extracts of serum 
are added to  the combined color reagent and mixed. The reaction mixture 
now passes through a 95°C heating bath for color development. The 
absorbance is read a t  520 mk in a flow cell of 15-mm light path. Levine 
and Zak have also automated the preparation of isopropanolic extracts 
of serum. This is accomplished by adding serum to isopropanol that is 
being vigorously mixed by a stirrer paddle connected to a motor. The 
mixture, consisting of solvent and precipitated protein, is deposited on a 
moving belt of filter paper. It then passes over a filter block (Teflon 
block with a hole in the middle) that is connected to the pump manifold 
tubing. An area of negative pressure is created over the hole because of 
the action of the proportioning pump. Filtrate is aspirated through the 
paper while the precipitated protein remains behind on the moving 
strip of filter paper. The extract is then treated as previously described 
for the manually prepared material. Two approaches are used for 
calibration of the continuous filtration technic. Standard solutions of 
cholesterol are analyzed and a correction factor applied to the values, 
or a serum pool, whose cholesterol value is predetermined, is analyzed 
along with the samples and used as a standard. A correction factor can 
be used, since the calibration is always linear. The correction factor is 
necessary, since the reaction characteristics of serum and standards 
differ. Serum yields a greater absorbance than standard solutions for the 
2-minute sampling period. 

Cooper et al. (C7) have evaluated the use of the premixed color 
reagent technique and compared it with a modified Abell-Kendall 
method (Al)  . These investigators found that variations in results can 
arise from sampling, mixing of reagents, failing to control the temper- 
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ature of the color reaction and failing to protect the chromogen from 
light, and from reaction of reagents with tubing. The AutoAnalyzer 
premixed reagent technique used in their laboratory compares favorably 
with the modified Abell-Kendall procedure for normal and abnormal 
sera. 

In  1966 Block et al. (B3, B4) published a modification of the Zlatkis 
et al. and Levine and Zak technics. Manually prepared serum extracts 
are added to a stream of preheated color reagent, and the mixture is 
then passed through three mixing coils connected in series. The absorb- 
ance is determined a t  550 mp, using a 15-mm tubular flow cell. This 
technique is currently recommended as  the total cholesterol procedure by 
the Technicon Instruments Corp. (C4, C5). 

A fluorometric technique has been proposed by Antonis (A3) for 
measuring cholesterol concentration a t  levels corresponding to 20-100 
mg/100 ml present in the original sample. The same technique can be 
used for concentrations corresponding to cholesterol levels up to 500 
mg/100 ml of serum. A phospholipid-free extract is prepared as follows. 
Silicic acid (4 g) is slurried with 25 ml of diisopropyl ether, followed by 1 
ml of serum. The mixture is well shaken until free from lumps. The silicic 
acid is separated by centrifugation, and the supernatant extract taken 
off into a separate tube. An aliquot (usually 5 ml) is taken to dryness 
and then reconstituted with the same volume of cholorform or 1,1,2- 
trichloroethane. This represents :t 1 :25 serum dilution. The automated 
fluorometric technique is carried out as follows. Aliquots of extract in 
either chloroform or l,l,2-tricliloroethane (the latter solvent is preferred 
because it is less volatile) are placed in glass cups on the sampling tray. 
Working standards of the appropriate range ( 0 . 8 4  or 4-20 mg/100 ml) 
are prepared in the same solvent and also placed on the sampler. Ap- 
proximately 0.4 ml is aspirated and added to 3 ml of color reagent and 
mixed. The color reagent consists of 100 volumes of 1,1,2-trichloroethane 
and 20 volumes of acetic anhydride. This is cooled to -15°C and then 
5 volumes of concentrated sulfuric acid are added. The reagent is pre- 
pared just before it is required and stored in a container fitted with a 
drying tube (anhydrous CaS04). This reaction mixture then passes 
through a 40-foot glass time-delay coil a t  25"C, and the fluorescence is 
measured. The fluorometer is adjusted to 100% transmission with the 
appropriate standard, using a primary filter combination of Corning 
4010 +5120 filters and a secondary filter Corning 2424. 

The many variations and modifications for measuring total cholesterol 
attest t o  the difficulty that this determination apparently presents for 
both manual and automated techniques. In  the author's experience, a 
reliable and simple automated procedure is obtained by modifying the 
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technique originally proposed by employing isopropanolic serum extracts 
that can be related to pure standards. The procedure is carried out as 
follows : 

Reagents 

(1) Isopropanol (A.C.S. reagent grade) 
(2) Sulfuric acid (concentrated A.C.S. reagent grade) 
( 3 )  Stock ferric chloride: 12.5 g of FeC1,*6H20/liter of concentrated 

phosphoric acid (85%) 
( 4 )  Working ferric chloride: 50 ml stock ferric chloride plus 950 ml 

glacial acetic acid 
( 5 )  Standards: cholesterol is recrystallized twice from acetone and 

dried in a vacuum desiccator; standards are prepared in isopropanol a t  
concentrations of 100, 200, 300, and 400 mg/100 ml 

Preparation of Extracts. Leffler (L2) and others have previously used 
isopropanol as a lipid solvent for determining cholesterol. Connerty et al. 
(C6) and Lofland (L4) also showed that triglycerides and phospholipids 
are extracted quantitatively. Under our extraction conditions, complete 
recovery of these lipid fractions is obtained a t  a serum-to-solvent ratio 
of 1 : 10 through 1 :25. We routinely use 1 : 20 dilution (0.5 ml of sera + 
9.5 ml of isopropanol). We find that the addition of Lloyd’s reagent 
removes bilirubin and other chromogenic material present in serum, as 
well as approximately 80% of the phospholipids present. 

Screw-capped culture tubes (16 X 150 mm) with Teflon-lined caps 
are used for carrying out the extractions. All tubes contain approximately 
200 mg of Lloyd’s reagent. Isopropanol (9.5 ml) is placed in tubes for 
sera, while tubes for standards contain 9.0 ml of isopropanol plus 0.5 ml 
of 0.9% NaCl. The contents of the tubes are mixed on a Vortex mixer, 
while adding 0.5 ml of serum or standard. Mixing is continued for 15 
seconds. Tubes are capped and centrifuged, and the supernatant is de- 
canted into another tube that is kept capped until used. 

Analytical System. The manifold schematic is illustrated in Fig. 1. An 
unmeasured aliquot of extract is added to the working ferric chloride 
reagent that has been preheated by passing through a 95°C heating 
bath. After mixing, concentrated sulfuric acid is added and the reaction 
mixture again mixed. The absorbance is then measured a t  550 mp, using 
a tubular flow cell with a 15-mm light. path. The sampling rate is 40 
determinations per hour. 

Results. Values obtained with this technique correlate well with those 
of both the Sperry-Webb (S3) and Abell-Kendall (Al)  procedures. 
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3.2. PHOSPHOLIPIDS 

At present all automated techniques for the determination of phos- 
pholipids require the manual preparation of extracts. Some investigators 
carry out the destruction of organic material manually; others have 
automated this step. The colorimetric analysis for phosphorus is per- 
formed on an automated basis. 

Whitley and Alburn (Wl )  have adapted the procedure of Zilversmit 
and Davis ( Z l )  for the complete automation of the digestion and color- 
imetry steps of the phospholipid analysis. The trichloroacetic acid (TCA) 
precipitation method is carried out by adding 0.2 ml of serum or plasma 
to 3 ml of 10% trichloroacetic acid, centrifuging, and then discarding the 
supernatant. The precipitate is dissolved in 6 ml 1 M NaOH and trans- 
ferred to the plastic sample cups for assaying. The digestion medium is 
a perchloric-sulfuric acid mixture containing vanadium pentoxide as a 
catalyst (90% H2S04-0.05% V,O,-lO% HClO,) . Oxidation is quite 
rapid, occurring in a minute or two. The samples or standards are added 
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to a stream of the hot digestion mixture that has previously passed 
through a 95°C heating bath. After mixing, the reaction mixture is 
dropped into the middle of the first heated section of the Technicon 
helical digestor that is rotated a t  4.5 rpm. Following digestion, the acid 
stream is cooled by an air blower and diluted with water a t  the exit end 
of the helix. The mixture is aspirated from the helix into a mixer, and a 
continuous sample is withdrawn from the mixer by a second pump. Re- 
sampling of the diluted digest by use of a debubbler T is essential to 
prevent air from being pumped through the color assay system. NaOH 
is added to the acid digest to neutralize the acidity partially, The digest 
is mixed, cooled, and resampled through a debubbler T. Acid molybdate 
and hydrazine sulfate are then added and mixed. Color is developed by 
pumping the solution through a glass coil (2-mm ID X 40 feet long) 
that is held at  95°C. The colored solution goes through a cooling coil, 
then into a 15-mm tubular flow cell colorimeter, using 815-mp filters 
and silicon photocells. The rate of analysis is 2 0 4 0  samples/hour with a 
wash between samples, giving a net rate of 10-20 determinations/hour. 
These investigators have found that the most satisfactory standard is 
one employing serum TCA precipitates that approximate the composition 
of the unknown samples. The response to phosphate concentration is 
linear, although when inorganic phosphate is used as a standard the 
organic phosphate values must be increased approximately 6% to allow 
for differences in response. 

Antonis (A3) has estimated phospholipids by a procedure for determin- 
ing fatty acids. This technique requires a total serum extract and a 
phospholipid-free extract for the measurement of both total and free fatty 
acids, the difference between them being a measure of the phospholipid 
content. Free fatty acids (A4) are determined on a phospholipid-free 
extract by a procedure based on partitioning the fatty acids as copper 
soaps into chloroform, and subsequent photometric determination of the 
copper with diethyldithiocarbamate. Phospholipids, as well as the free 
fatty acids present in the total lipid-extract, are measured by the same 
method, since they also form a complex with copper that is soluble in 
chloroform. A criticism of this technique is that equal response is not 
given by dipalmitoyl lecithin, dipalmitoyl cephalin, or beef brain 
sphingomyelin. 

In 1966 Krarnl (K7) published a procedure for determining phos- 
pholipids on perchloric acid digests of the lipid extract. This investigator 
uses the extraction procedure of Bloor or the trichloroacetie acid precipi- 
tation technic of Zilversmit and Davis ( Z l ) .  Digestions are carried out 
on a hot plate for 15 minutes a t  2OO0-225"C in the presence of 1.2 ml of 
70% HC10,. After cooling, the volume is made up to 5.0 ml. The final 
perchloric acid concentration is 14%, based on the assumption that 
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approximately 0.2 ml of perchloric acid is lost during the digestion. The 
colorimetric measurement of phosphate is adapted from a method 
reported by Hurst (Hl) , employing molybdic acid with stannous 
chloride-hydrazine as the reducing agent. Color development is rapid a t  
room temperature, and the sensitivity is equal to that obtained after 
prolonged heating when using other reducing agents. This procedure is 
carried out as follows. The sample in 14% perchloric acid is diluted by 
addition of 14% HClO,, segmented with air, and mixed. Ammonium 
molybdate (7.576, 2 ml) in 3 N  H,SO, is added and mixed, followed by 
addition of an equal volume of 0.3% hydrazine sulfate4.03% stannous 
chloride in 1 N H,SO,. The reaction stream is mixed and passed through 
a 15-mm tubular flow cell, and the absorbance is determined a t  660 mp. 
The range of phosphate measured is varied by using one of two sample 
lines, 0.3 ml/minute for a range of 1-15 pg of P/ml or 1.2 ml/minute for 
n range of 0.25-5 pg of P/ml. The sampling rate is 40 determinations/ 
hour. This semiautomated technique shows excellent reproducibility and 
recoveries, as well as simplicity and speed of operation. 

Our laboratory has been using a similar procedure for the past 2 years. 
Digestions are carried out on isopropanolic extracts with sulfuric acid- 
peroxide, after the procedure of Youngburg and Youngburg (Yl) .  The 
colorimetric portion of the analysis is automated, utilizing the molybdic 
acid-stannous chloride technic of Kutter and Cohen (K8). The procedure 
is performed as follows. 

Reagents 

(1) Isopropanol (A.C.S. reagent grade) 
(2) Sulfuric acid 2.5N 
(3) Hydrogen peroxide 30% (phosphate-free) 
(4) Molybdic acid reagent: 15 g of (NH,),Mo,0z4-4H,0 is dissolved 

in approximately 600 ml of water; add, with mixing, 55 ml of concen- 
trated H,SO, and dilute to 1 liter 

( 5 )  Stannous chloride reagent. Stock: 10 g of SnC1,/25 ml of concen- 
trated HCI. Working: dilute 1 ml stock to 1 liter with distilled water; 
prepare fresh each day 

(6) Blank acid reagent: to 1000 ml of water add 70 ml of concentrated 

(7) Standards. Stock: (A) 10.0 mg of P/ml; dissolve 4.393 g of KH,P04 
in 100 ml water. (B) 50 pg of P/ml; dilute (A) 1:200. Working: from 
(B) prepare standards ranging from 2.5 to 7.5 pg of P/100 ml, and then 
add 7.0 ml of concentrated H,SO, to each standard. These standards are 
equivalent to 5-15 mg of P/100 ml or 125-375 mg of phospholipids/100 
ml, expressed as lecithin, when based on a 1:20 serum extract 

HzSO, 
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Preparation of Extracts. Screw-capped culture tubes (16 X 150 mm) 
with Teflon-lined caps are used for carrying out the extractions. For 
sera or blank, use tubes containing 9.5 ml of isopropanol. While mixing 
the contents of the tubes on a Vortex mixer, add 0.5 ml of serum or 0.5 
ml of 0.9% NaC1. Cap tubes, centrifuge, and transfer to a clean tube 
if extracts are to  be stored, or sample directly if digestions are to be 
done a t  once. 

Phospholipid Digestions. Transfer 1.0-ml aliquots of the isopropanolic 
lipid extract to chemical combustion tubes. Add 1.0 mi of 2.5N HzS04 
and mix. Place the tubes in a block heater preheated to  100°-1250C. The 
isopropanol will immediately volatilize without bumping, and oxidation 
of the organic material occurs immediately. Continue heating until 
temperature reaches 250°-275"C. The digestion mixture will have now 
charred, and the tubes are removed from the heating block. Carefully add 
3 drops of 30% H,Oz a t  the side of the tube near the bottom, mix, and 
replace tubes in heating blocks. Continue heating for 5 minutes a t  250'- 
275°C. Remove tubes from block and cool. If the destruction of organic 
material is not complete, add additional HzO,, reheat, and cool. The 
analysis can be stopped a t  this point if necessary. Prior to  the color- 
imetry, add 1.0 ml of water and mix contents of the tube well. 

AnaZyticd System. The manifold schematic is illustrated in Fig. 2. 
An unmeasured aliquot is transferred to  the sample cups. Samples are 
aspirated a t  a rate of 60 specimens/hour and added to an air-segmented 
stream of molybdic acid reagent followed by mixing. The stannous 
chloride reagent is then added to the reaction mixture. After mixing and 
a 34-minute time delay, the absorbance is measured a t  660 mp, using 
a tubular flow cell with a 15-mm light path. 

3.3. TRIGLYCERIDES 
Current interest in lipid metabolism and the relationship of serum 

triglycerides to atherosclerotic heart disease has also created a need for 
an automated direct triglyceride procedure. Manual techniques can be 
divided into three stages: extraction of serum lipids and removal of 
phospholipids, saponification of triglycerides to glycerol and its oxida- 
tion to formaldehyde, and the colorimetric measurement of formalde- 
hyde. For the present, the first step has not lent itself to automation. 
Currently, two semiautomated triglyceride procedures, which pertain to 
the last two stages of the manual technique, have been published. 

In  1964 Lofland (L4, L5) automated the chromotropic acid technique 
of Lambert and Neish (Ll )  for the colorimetric measurement of form- 
aldehyde. The extract preparation, evaporation, saponification, and dilu- 
tion steps are performed manually. This extract can also be used for the 
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determination of cholesterol and phospholipid. Oxidation of glycerol to 
formaldehyde and its subsequent measurement by the chromotropic acid 
reaction are carried out automatically. The saponified sample, which 
has been dissolved in 0.2N H,SO,, is placed in the sample cups, and an 
aliquot is added to an air-segmented sodium metaperiodate solution for 
oxidation of glycerol to  formaldehyde. The excess periodate reagent is 
destroyed by addition of sodium arsenite. After mixing, chromotropic 
acid reagent is added to the reaction mixture and subjected to additional 
mixing. The reagent stream then passes through a 95°C heating bath 
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FIQ. 2. Analytical system: manifold schematic for phosphorus from phospho- 
lipid digests. 

containing two @foot glass coils. The absorbance is measured a t  570 
mp, using a flow cell with a 15-mm light path. The net rate of analysis 
is 40 determinations/hour. 

A semiautomated fluorometric procedure for quantitating triglycerides 
was presented by Kessler and Lederer in 1965 (K6). This is based on the 
Hantzsch condensation reaction between an amine, P-diketone, and an 
aldehyde (B l ,  Nl) .  Isopropanolic extracts of serum are prepared man- 
ually, and a t  this point can also be used for the determination of 
cholesterol and phospholipids. Triglycerides can be determined after 
treatment with Zeolite, as employed by Van Handel and Zilversmit 
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(Vl, V2), for removal of phospholipids. The extracts are then introduced 
into the automated analytical system for carrying out saponification of 
triglycerides to glycerol, oxidation to formaldehyde, followed by con- 
densation with diacetylacetone and ammonia to give a fluorescent prod- 
uct, 3,5-diacetyl-l,4-dihydrolutidine. 

Reagents 

(1) Isopropanol (aldehyde-free, A.C.S. reagent grade) 
(2) Zeolite mixture: consists of 20Og of Zeolite (obtainable from W. 

A. Taylor Co., Baltimore, Md.) that has been finely ground in a Waring 
Blendor and dried overnight a t  llO"C, 20 g of Lloyd reagent (obtainable 
from Hartman-Leddon Co.) 10 g of CuSO,. lOH,O, and 20 g of Ca (0H)z; 
the components are mixed well 

(3) Triolein standards: triolein (obtainable from Applied Science 
Laboratories, State College, Pa.) is prepared in isopropanol a t  concen- 
trations of 50-300 mg/100 ml; these standards are carried through both 
the extraction and analytical procedures 

(4) Base reagent: 250 ml of 2% KOH plus 750 ml of isopropanol 
(5) Sodium periodate 0.025 M in 2 M acetic acid: 5.35 g of sodium 

metaperiodate is dissolved in 120 ml glacial acetic acid and then diluted 
to 1 liter with distilled water 

(6) Ammonium acetate 2 M (pH 6.0) : dissolve 155 g of ammonium 
acetate in approximately 900 ml of water; adjust to pH 6.0 & 0.1 with 
glacial acetic acid (approximately 7 ml) and then dilute to 1 liter 

(7) Acetylacetone reagent: 7.5 ml acetylacetone (2,4-pentanedione) is 
added to 25 ml of isopropanol and mixed; then 1 liter of 2 M ammonium 
acetate (pH 6.0) is added and mixed well; prepare fresh daily 

Eztractions. For carrying out the extractions, screw-capped culture 
tubes (16 X 150 mm) with Teflon-lined caps are used. For sera and 
blank, 9.5 ml of isopropanol is placed in the tubes. Standards contain 
9.0 ml of isopropanol plus 0.5 ml of water. While mixing the contents of 
the tube on a Vortex mixer, 0.5 ml of serum, water, or standard is added, 
and the mixing continued for 15 seconds. Tubes are capped and allowed 
to stand for 15 minutes. If phospholipids are to be determined, tubes are 
centrifuged. An aliquot is removed for hot acid digestion, followed by 
color development and measurement of inorganic phosphate. Cholesterol 
can also be determined on the extracts a t  this point. Zeolite mixture 
(2 g) is added to the extraction tubes, which are recapped, mixed vigor- 
ously, and allowed to stand for 30 minutes with occasional mixing. Tubes 
are centrifuged and supernatants decanted into clean tubes. The extracts 
are now usable for determining triglycerides. If desired, cholesterol can 
also be measured in these treated extracts. 
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Analytical System. Figure 3 illustrates the flow diagram of the tri- 
glyceride method. The isopropanolic phospholipid-free extract is added 
to an air-segmented base reagent, and saponification of triglycerides to  
glycerol occurs while going through the 50°C heating bath. After sapon- 
ification, periodic acid is added to the reaction mixture for carrying out 
the oxidation of glycerol to formaldehyde. Acetylacetone reagent is 
also added for condensation with formaldehyde to give the fluorescent 
product. The oxidation and condensation steps are carried out simul- 
taneously during passage through the 50°C heating bath. After heating, 
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FIG. 3. Analytical system: flow diagram for triglyceridcs (25-300 mg/100 ml, iso- 
propanolic extracts). * Solvaflex. t Acidflex. 

the reaction mixture enters the fluorometer where air is removed and 
the fluorescence activated, using a Bausch & Lomb 405-mp interference 
filter as the primary filter and a Corning 3-71 as the secondary filter. 

A blank determination is carried out on the isopropanolic extracts by 
eliminating the saponification step. The sample-base mixture bypasses 
the first 50°C heating bath, and is immediately acidified to pH 6.0 by 
addition of both the periodic and acetylacetone reagents. Sampling 
speed for both blank and assay runs is 40/hour, giving a net rate of 20 
samples/hour. 
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Results. Under these reagent conditions, the glycerol content of various 
triglycerides is 92-100% of that present. The recovery of triglycerides 
added to  extracts or serum is 95-104%. An interday precision for a 
serum pool with a mean value of 119.5 mg/lOO ml gives a standard 
deviation of e2.9. This technique compares well with the manual proce- 
dure of Carlson and Wadstrom (Cl ,  C2). 

3.4. FREE FATTY ACIDS 
A semiautomated procedure for the estimation of plasma free fatty 

acids has been developed by Antonis (A3, A4). The technique requires 
the preparation of a phospholipid-free plasma lipid extract. The auto- 
mated colorimetric procedure is based on the methods of Duncombe 
(Dl ,  D2), and depends on the solubility of copper soaps in chloroform 
with subsequent complexing of the copper with diethyldithiocarbamate. 

Reagents 

(1) Diisopropyl ether (reagent grade) 
(2) Copper reagent: 9 volumes of aqueous 2 M triethanolamine, 1 

volume of 2 N acetic acid, and 10 volumes of 10% (w/v) C U ( N O ~ ) ~  
(3) Diethyldithiocarbamate reagent: 0.2% (wJv) of sodium di- 

ethyldithiocarbamate in butanol 
(4) Standards: palmitic acid working standards (15-90 pEq/liter) 

are prepared in chloroform, and correspond to a 1 : 25 plasma extract a t  a 
range of 375-2250 pEq of palmitic acid/liter 

Phospholipid-Free Extracts. The preliminary extraction of plasma with 
diisopropyl ether and silicic acid is based on the procedure of Mendel- 
sohn and Antonis (M2) (described previously under the section for the 
fluorometric measurement of cholesterol). These phospholipid-free 
chloroform extracts are stable indefinitely if stored a t  4°C. 

Analytical System. Glass sample cups are used for the chloroform 
extracts, while Acidflex pump tubing is necessary for all lines in contact 
with chloroform. The Sampler I1 is operated a t  a rate of 30 samples/ 
hour with a 1:2 cam. This corresponds to a 40-second sampling period 
followed by an 80-second chloroform wash time. 

Extracts, air, and copper reagent are pumped and passed through a 
special mixing coil filled with glass beads to  give a large surface extrac- 
tion area. The two phases then separate on entering a glass trap. The 
aqueous copper phase together with a portion of the chloroform phase 
passes to waste and the remainder of the chloroform phase is redrawn 
through the pump. This stream is segmented with air; then diethyldithio- 
carbamate reagent is added, followed by mixing. The extinction is 
measured a t  440 mp in a tubular flow cell with a 15-mm light path. 
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Results. The responses of the major serum fatty acids are approxi- 
mately equal, giving extinction responses of 0.396-0.41 1. It is necessary 
to remove phospholipids completely since they will react significantly in 
this system. The mean difference between duplicate pairs was 12 pEq/ 
liter, with a standard error of a single determination of k10.5 pEq/liter 
for the range 220-1300 pEq/liter of plasma free fatty acids. 

3.5. ACYL ESTERS 
Antonis (A3, A5) has presented an automated colorimetric procedure 

for the determination of acyl esters in serum lipid extracts, based on his 
manual method (A2). The ester groups are subjected to alkaline hy- 
droxylaminolysis to form hydroxamic acids, which react with ferric ion 
to form highly colored chelates. 

Reagents 

(1) Isopropanol (reagent grade) 
(2) NaOH 10% (w/v) in absolute methanol 
(3) Hydroxylamine hydrochloride 10% (w/v) in absolute ethanol 
(4) Alkaline hydroxylamine reagent: mix equal parts of reagents (2) 

and (3) ; allow to stand 10-15 minutes and filter; prepare fresh daily 
(5) Ferric perchlorate reagent. Stock: 8.5 g of ferric perchlorate is 

dissolved in 20 ml of water and then made up to 250 ml with 72-73% 
perchloric acid. Working: 45 ml of stock solution is added to 755 ml of 
absolute methanol; prepare just before use 

(6) Standards. Stock: (25 mEq/liter) 0.7878 g triolein is dissolved in 
isopropanol and diluted to 100 ml. Working: (0.5-2.5 mEq/liter) 2-10- 
ml aliquots of the stock solution are diluted with approximately 80 ml 
of isopropanol, then 10 ml of water is added and diluted to 100 ml with 
isopropanol. Standards are equivalent to 5-25 mEq/liter of total ester 
based on a 1:lO isopropanolic extract 

Extractions. A simple isopropanolic extract is prepared by blowing a 
fine stream of serum (1.0 ml) with swirling into 9 ml of isopropanol. 
The mixture is well shaken and allowed to stand for 30 minutes with 
intermittent shaking. After centrifugation the supernatant is decanted. 
Extracts can be stored a t  4°C. 

Analytical System. The sampling rate is 30 samples/hour with a 1:2 
cam, which corresponds to a 40-second aspiration of specimen followed 
by an 80-second blank solution. The specimen is segmented by air, joined 
by the alkaline hydroxylamine reagent, and mixed. The reaction mixture 
then passes through two 40-foot time-delay coils kept a t  room temper- 
ature. After reacting for approximately 20 minutes, ferric perchlorate 
reagent is added and mixed by passing through three glass mixing coils. 
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The absorbance is measured at 520 my in a flow cell with a 15-mm light 
path. 

Results. Similar absorbances are found for triolein, cholesterol oleate, 
dipalmitoyl lecithin, and dipalmitoyl cephalin. Sphingomyelin, which has 
an amide fatty acid linkage, does not undergo hydroxylaminolysis. The 
standard error of the method is 0.36 mEq for an acyl ester concentra- 
tion of 7-20 mEq/liter serum. 

4. Summary 

A brief description of various automated techniques for total cho- 
lesterol, phospholipids, triglycerides, free fatty acids, and acyl esters has 
been presented. The reagent and analytical systems for a few techniques 
are given in greater detail. These procedures, in the opinion and experi- 
ence of the writer, appear to be the simplest to perform, and produce 
reliable results. 
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1.  Introduction 

1.1. GENERAL 

The diagnosis and investigation of disease by means of chemical 
analyses of the blood and other body fluids have become an indispensable 
part of the practice of medicine. Some measure of the value to the 
clinician of chemical data may be derived from the increase in the 
number of calls on the services of chemical laboratories attached to large 
hospitals; in the United Kingdom the average annual rate of increase 
from 1958 to 1963 was 18% per annum (Ll, W2), and in many countries 
a similar growth rate is being experienced. It has long been clear that 
certain diseases are susceptible to chemical investigation ; the diagnosis 
and management of diabetes mellitus, for example, have depended on 
chemical investigations for nearly 50 years. Other diseases, or categories 
of disease, have become delineated primarily as a result of developments 
in analytical techniques; in the last 20 years the ready availability of 
plasma sodium and potassium analyses, using the flame photometer, has 
made possible the much better assessment and management of conditions 
in which there is a disturbance of fluid and electrolyte balance. 

With the growth in the number of investigations carried out by clinical 
chemistry laboratories, there has also come a widening of their scope. A 
large laboratory may today be able to perform over 100 different 
analytical procedures, compared with about 20-30 in 1939. Some of these 
analyses, notably blood glucose, plasma urea, electrolytes, and the assess- 
ment of acid-base balance, are of great importance in the management 
of acutely ill patients, and for such investigations results are usually 
required on the same day, often within the minimum period set by the 
time needed for transport of specimens and performance of analyses. 
Other investigations are less urgent: tests for the investigation of chronic 
endocrine dysfunction, for instance, come within this category, and the 
absence of urgency reaches its most marked stage in the biochemical 
screening of apparently healthy populations. These different categories 
of work allow different arrangements to be considered for the organiza- 
tion of laboratories, and correspondingly different quality control pro- 
grams may be appropriate. It must never be felt, however, that the need 
to provide a result as quickly as possible ever releases the analyst from 
his obligations to provide data that are reliable and, particularly in 
urgent situations, when immediate and irreversible decisions may be 
taken by clinical staff in the light of information supplied by the labora- 
tory, his duty in this respect can be held to be even more demanding 
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than in nonurgent situations, where there may well be an opportunity to 
repeat an investigation if this appears necessary. 

A further consequence of the greater use of chemical investigations in 
following the natural history of disease has been the recognition that 
subtle variation in the levels of certain constituents in the blood may be 
of significance in revealing the presence of occult disease, or in differ- 
entiating one population of individuals from another. If this extra 
information is to be obtained from the results of chemical analyses, it is 
essential that the accuracy and precision of the estimations should be 
such that these small but significant changes can be detected, instead of 
being lost against a background of experimental error. The time-honored 
method of carrying out all analyses in duplicate, which was apparently 
practiced in the more leisurely days of clinical chemistry, besides being 
impracticable under today’s conditions of vast workloads, often results 
only in the arbitrary selection of one of two values by the application of 
criteria that a t  best can be called intelligent guesses. The modern clinical 
chemist deserves credit for appreciating that he is faced with a quality 
control problem, and for being prepared to state the accuracy and pre- 
cision claimed for his results. The purpose of this review is to consider 
the sources of analytical and associated errors in the clinical chemistry 
laboratory, and the ways in which these errors may be detected, evalu- 
ated, reduced, and subsequently controlled. 

Most of the methods in use in clinical chemistry laboratories involve 
colorimetric analysis ; in fewer instances volumetric or gravimetric pro- 
cedures are still retained. It is not the purpose of this review to enter 
into a discussion of the errors inherent in colorimetric, volumetric, and 
gravimetric analysis as  such; for a treatment of this subject the reader 
is referred to standard works on chemical analysis (e.g., V3). Instead, 
the review will be confined to those sources of error that are particularly 
likely to  affect the work of a clinical laboratory. These errors arise 
mainly from the need to perform many analyses on large numbers of 
samples with a variable degree of urgency, and from the fact that most 
of these analyses have to be conducted on plasma or serum, which are 
viscous protein-rich fluids available only in restricted quantities (M12) . 

Although the proper functioning of clinical chemical laboratories is as 
dependent as that of other departments on the provision of properly 
designed premises of an adequate size, in which due attention has been 
paid to the standards of lighting, heating, ventilation, and amenities for 
use by staff, this important subject will not be considered further in the 
review, since laboratory design and furnishing have been fully discussed 
in a number of recent publications (e.g., R3, R4). Likewise, the shortage 
of trained graduate and technical staff, the difficulties of organizing and 
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implementing training programs for junior graduate staff and for student 
technicians, and more purely administrative matters such as financial 
restrictions on laboratory budgeting will not receive further specific 
mention, even though they also affect the reliability of laboratory work 
directly or indirectly. 

1.2. THE PRESENT POSITION AS INDICATED BY SURVEYS 

Belk and Sunderman (Bl )  in 1947 reported the results of a survey of 
the accuracy of chemical analyses in clinical laboratories in Pennsylvania, 
U.S.A. This pioneer survey depended mostly on the use of aqueous solu- 
tions (glucose, urea, calcium, and chloride), but also included a more 
limited assessment of serum protein and of hemoglobin methods. The 
findings were very disquieting, since they all revealed wide variations 
between the laboratories when reporting results for the analysis of 
identical specimens, and this pattern of interlaboratory disagreement has 
since been shown to be a problem in many different countries. Further 
descriptions of interlaboratory surveys include the findings from an inter- 
national trial (W10) and reports from single countries, including 
Australia (H2-€15), Britain (B8, G4, W15), Canada (T4), New Zealand 
( D l ) ,  Norway (R7), and the United States (B2, F2, S10). It is all too 
clear from a study of these publications that, although improvements 
have occurred (e.g., H5) ,  the quality of analytical performance in 
clinical chemistry laboratories still falls far below the levels which might 
reasonably be required. 

Some surveys (e.g., F2, G4, W10) included an assessment of the preci- 
sion of each laboratory’s work by distributing specimens with interrelated 
compositions or else duplicate samples, and the results of these compari- 
sons showed that individual laboratories could compare the content of 
two solutions for the substances under evaluation more accurately than 
they could determine the absolute value of the particular constituent. 
This led Wootton (W10) to  state the very important conclusion that 
estimations in clinical chemistry laboratories should whenever possible 
be made by comparing an unknown with a standard solution, since such 
comparisons would reveal some errors which could otherwise pass un- 
detected for a long time. This need to incorporate both standards and 
controls into routine use will be reconsidered later (Section 3.1.1). 

Another important general finding has been that the introduction of 
work-simplified techniques and of automatic methods of analysis has not 
improved the results of interlaboratory surveys as much as might have 
been forecast. Some of the main differences between the analytical prac- 
tice a t  the time of the earlier trials (Bl, W10, W15) and the most recent 
studies (e.g., G4, H5, T4) have been the simplification of manual methods 
and the introduction of the AutoAnalyeer (Technicon Instruments Corp., 
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Ardsley, New York) into routine laboratory use. Some surveys (B8, 
G4) included a comparison between the quality of results obtained by 
laboratories that had adopted AutoAnalyzer methods and results re- 
ported from other laboratories that were still using manual techniques. It 
might have been expected that AutoAnalyzers, because of their funda- 
mental property of a high standard of repeatability in prolonged opera- 
tion, would have collectively yielded much more accurate and reproduci- 
ble results than the manual findings, and to some extent this was true 
(B8), but the results of the latest survey (G4) still show the need for 
much further improvement in both classes of method. 

In  some quarters a feeling has grown up that the greatly increased 
work loads carried by clinical chemistry laboratories have resulted in a 
deterioration in the reliability of the results reported by them, and there 
is a considerable amount of evidence that repetition of large numbers of 
analyses by manual methods leads to a progressive decline in the quality 
of the results (e.g., R6, R6a). On the other hand, data presented later in 
this review will show how work simplification of manual methods and 
of automatic methods of analysis can greatly reduce the deterioration in 
performance brought about by boredom and fatigue. 

It is perhaps disappointing that standards of accuracy and precision 
have not increased more in the 20 years since publication of the first 
interlaboratory survey in clinical chemistry. On the other hand, although 
the limited extent of general improvement must give rise to concern, 
there appears to be little support for the suggestion that the reliability 
of work has in fact fallen. There are many reasons which could account 
for the failure as yet of work simplification and AutoAnalyzers to  have 
produced a general rise in standards of analytical performance in clinical 
chemistry laboratories, and these will be discussed in this review. At  this 
point, all that need be stressed is that the purchase of expensive auto- 
matic analytical equipment does not by itself necessarily render chemical 
investigations on biological material less liable to errors, although the 
emphasis on the different sources of error may alter from those en- 
countered in manual methods. In  the whole of clinical chemistry, there- 
fore, it is essential always to include controls to check the reliability of 
methods, and i t  will be disastrous if the main long-term outcome of the 
introduction of automatic methods of analysis is merely to enable 
laboratories to carry out more work without a t  the same time contribut- 
ing to improved standards of accuracy and precision. 

1.3. THE DANGER OF OVERSIMPLIFYING THE PROBLEMS OF 

QUALITY CONTROL IN CLINICAL CHEMISTRY 

In  recent years a plethora of ways has become available for monitoring 
the performance of clinical chemistry laboratories, and for simplifying 
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the performance of some of the more complex techniques, such as  enzyme 
determinations. Commercial control sera have been marketed with manu- 
facturers, accompanying literature that claims that they can serve as 
primary standards, true controls, reference standards, etc., and sometimes 
that they can fulfill combinations of these functions a t  one and the same 
time. Details about the method of preparation have to be withheld for 
commercial reasons, but i t  is clear in some cases from first biochemical 
principles that the products cannot begin to fulfill the claims made for 
them. Some of these obvious shortcomings have been reviewed by 
Radin (Rl) .  

For many difficult quantitative methods, kits are now available. These 
are as a rule too expensive for large-scale use, and have proved particu- 
larly popular for “one-off” determinations. This is potentially a very 
dangerous situation from the point of view of quality control, since the 
stability of kit reagents cannot necessarily be taken for granted, and 
lack of familiarity with these determinations because they are only 
occasionally performed may mean that proper controls are not under- 
taken. Variability between kits obtained from different manufacturers 
for performing the same investigation also gives rise to confusion (C9). 

There is in fact no shortcut to the regular reporting of reliable results 
from a clinical chemistry laboratory. The various features that make 
the methods of clinical chemistry particularly difficult to  control will be 
emphasized in this review, but i t  will not be concerned in great detail 
with the problems of suitable chemical and biological standards. This 
latter aspect of the subject has been extensively considered recently (Rl)  , 
and all that need be said here is that i t  will be many years before the 
problems of supply of satisfactory standards of properly defined purity 
and acceptable stability for all methods are solved. The shortcomings of 
standards previously available seriously aggravate the difficulty of 
quality control programs. Nevertheless, the operation of a quality control 
program is essential to the practice of clinical chemistry. Such a program 
includes the following stages: 

(i) The appreciation and assessment of the sources of error inherent 
in the collection, transport, and reception of specimens for analysis and 
any initial processing steps, such as separation of plasma. 

(ii) The validation of new procedures introduced into the analytical 
repertoire of the laboratory with respect to accuracy, repeatability, and 
sensitivity by appropriate comparison and recovery experiments. 

(iii) The establishment of the reproducibility for the analytical 
methods in regular use, and the definition of acceptable limits of varia- 
tion for control samples. 

(iv) The calculation of means and standard deviations and the prepa- 
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ration of quality control charts for displaying the constancy or varia- 
bility of control data. 
(v) The continuous independent monitoring of analytical performance 

by means of appropriate fictitious patient controls, carry-over samples, 
etc. 

(vi) When the program has been established, its value will be lost 
completely if the need for action indicated by its results is ignored. 

These various stages in the establishment and maintenance of a quality 
control program will be discussed. Examples will also be given of ways 
in which work simplification and automatic methods of analysis can lead 
to improvements in the reliability of chemical investigations. 

The provision of a routine service of chemical analyses on biological 
material by no means defines the whole scope of clinical chemistry. The 
analytical service is founded on the application of the results of con- 
tinuing research and development in this area of science, but, if these 
advances are to be effectively exploited, the criteria adopted for assessing 
the performance of the service must be appropriately rigorous. 

2. Nomenclature and Definitions 

The results of most investigations performed in clinical chemistry 
laboratories are expressed in quantitative terms, and the characteristics 
of the methods adopted by different laboratories can therefore be 
assessed according to the standard criteria of quantitative chemical 
analysis. I n  such an assessment, definitions of terminology are important, 
and this section defines and discusses the following terms used frequently 
in this review: 

Accuracy (Section 2.1) Reliability (Section 2.4) 
Specificity (Section 2.1) Error (Section 2.5) 
Precision (Section 2.2) Standard (Section 2.6) 
Sensitivity (Section 2.3) Control (Section 2.6) 

2.1. ACCURACY AND SPECIFICITY 
It is difficult to separate these two concepts entirely. The accuracy of 

a determination is defined as the concordance bet.ween it and the true or 
most probable value of the quantity measured (V3), and the specificity 
of a determination may be defined as the ability of the method to deter- 
mine solely the compound it purports to measure. Since the definition of 
accuracy includes the concept of the true or most probable value, this 
introduces the need for reference values against which to  assess the 
accuracy of the determination. 

The different categories of reference values have been discussed by 
Mandel (M2), and for clinical chemistry the relevant category is the 
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assigned reference value, arrived a t  by agreement among experts. This 
choice is dictated by practical consideration of the limitations imposed 
on chemical measurements, particularly in biological specimens; the 
reference value in a preparation which may be used for standardizing or 
comparing the performance of assay methods in different laboratories,, 
especially in the case of serum or urine standards, has its composition 
agreed as a result of estimations carried out in a number of laboratories 
selected for their apparent ability to undertake the necessary work with 
high standards of technical performance. This does not mean that the 
reference values for such preparations are necessarily absolutely correct, 
but i t  implies that the values should be taken to represent the most 
probably correct figures available until evidence is provided (e.g., as a 
result of methodological developments) to prove that this assumption has 
been unfounded. One advantage of the assigned reference value, for 
purposes of investigating accuracy, is that it allows a meaningful state- 
ment to be made of the errors of a particular measurement (M2), and we 
shall return to  a consideration of accuracy as part of the discussion on 
errors. 

It is more difficult to secure conclusive evidence of the specificity of a 
chemical method, when applied to a biological system (B7).  Since the 
constituent will almost certainly have to be determined as one component 
in a mixture, the possible interfering effects of some (ideally all) of these 
other substances need to be determined, each over the range of concen- 
trations liable to be met with in practice. Whereas the accuracy of a 
method can best be determined by recovery experiments, which depend 
on the availability of a pure sample of the compound under investiga- 
tion, the specificity of a technique and the effects of possible interfering 
factors can be more readily investigated by experiments involving radio- 
active isotopes; these isotopic assessments of specificity have so far not 
been widely applied in clinical chemistry. 

The established specificity of a method may have to be reassessed 
when, for instance, a new drug is introduced into therapeutics, if this 
introduction is followed by the observation of unexpected results for the 
method under discussion; drug interference may arise for many reasons, 
e.g., from the properties of the drug itself or of one of its metabolites. 

Two examples of the interrelation between accuracy and specificity 
will be briefly considered. Determinations of blood glucose using a 
glucose oxidase procedure are potentially more accurate since they are 
more specific than techniques such as the Folin-Wu method, which also 
measures a number of nonglucose reducing substances in blood; the 
introduction of glucose oxidase into routine use meant a reappraisal of 
the hitherto accepted criteria for normal fasting blood glucose values and 
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for the pattern of response of blood glucose in various provocative tests 
of carbohydrate metabolism. Similarly, the introduction of an adsorption 
step onto Lloyd’s reagent in the determination of serum and urine crea- 
tinine by the Jaff6 reaction improved the accuracy of the procedure, 
since certain noncreatinine chromogenic substances did not adsorb onto 
Lloyd’s reagent and these had therefore been included in previous less 
specific determinations of creatinine that omitted the adsorption step 
(01). 

To establish the accuracy of a particular method, results obtained by 
the repeated application of the method under test are compared with 
results obtained on identical specimens by the best available reference 
procedure. The accuracy of the new method should be assessed over the 
range of concentrations to which the method will be applied, and the 
values for the reference method either can be obtained in the laboratory 
or can be based on observations made in accepted reference laboratories. 
The difference between these two sets of determinations will serve to 
show whether the new method under test closely parallels the reference 
method, thereby indicating that its accuracy is comparable, or whether 
it systematically overestimates or underestimates the compound being 
measured, or whether there is no demonstrable correlation between the 
results for the two methods. 

2.2. PRECISION 

The precision of a determination is defined as the concordance of a 
series of measurements of the same quantity (V3).  The definition of 
precision includes the terms repeatability and reproducibility (H11). 
Repeatability is a measure of the deviation of test results from their 
mean value, all determinations being carried out by one operator and 
without change of apparatus, where apparatus can be significant (H11). 
For reproducibility in clinical chemistry the definition provided by 
Hughes (H11) is not entirely satisfactory, and an alternative is proposed 
as follows: reproducibility of a method is a measure of deviation of test 
results from their mean value, the determinations being carried out over 
a period of weeks or months, perhaps by different operators, the operators 
in no case knowing the identity of the analytical specimens that are being 
used to assess the continued quality of performance of the technique. 

The precision of a determination is often expressed in terms of the 
standard deviation (SD), obtained by analyzing the same specimen a t  
least 20 times. Both repeatability and reproducibility can be determined 
in this way. The repeatability of the procedure should be investigated 
first, employing for this purpose a worker who is fully conversant with 
the technical details for the performance of the analysis, who knows the 
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purpose of the assessment that is being performed, and who is sac i en t ly  
responsible not to introduce observer bias (Section 2.5) when recording 
the results of his work. If the repeatability of the technique is satisfactory 
in terms of the clinical requirements for the assay (Section 3.2.3), as 
expressed by the SD for the replicate analyses, the reproducibility is then 
determined for the everyday performance of the method under normal 
working conditions. In general, the SD of the results of the reproduci- 
bility assessment will exceed the figure obtained in the trial of the 
method’s repeatability. 

Alternatively, precision can be estimated from the results of duplicate 
determinations (S6), using the formula 

SD = (Zd2/2N)1/2 

where d is the difference between duplicates, and N the number of dupli- 
cate determinations performed ; this method of assessing precision is less 
liable to introduce observer bias, and has the additional advantage that 
i t  can be used to estimate the precision for a particular method over a 
wide range of concentrations. 

Both repeatability and reproducibility are fundamentally statistical 
assessments obtained from study of the performance of a method, and 
the SD for these two sets of measurements can perhaps be better thought 
of as defining the lack of precision of a method rather than its precision 
(M2). This distinction between repeatability and reproducibility has not 
always been drawn by other authors, some of whom regard the terms as 
interchangeable (e.g., B7a), but we regard the distinction as an important 
one relating to the different stages of establishing and then maintaining a 
technique in operation. 

This review will be more concerned with the determination and main- 
tenance of standards of precision, particularly of reproducibility, than 
with the assessment of accuracy and specificity of methods in clinical 
chemistry. This is because accuracy and specificity can be determined in 
a laboratory in advance of introducing a method, and the limitations of 
each method in these respects defined and allowed for, whereas the 
precision obtained for the same method may differ markedly from time 
to time in one laboratory and from one laboratory to another. The trials 
of interlaboratory accuracy (Section 1.2) have not so far been able to 
distinguish fully between inaccuracy and imprecision in the performance 
of individual laboratories for the chemical determinations under evalua- 
tion. Imprecision, however, has probably been the main factor underlying 
the disturbing findings revealed by these trials, and the emphasis placed 
in this review upon the search for improved precision and its subsequent 
maintenance is justified by the fact that most of the work in clinical 
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chemistry has a comparative element. If a method is inaccurate or lacks 
specificity, e.g., the Kramer and Tisdall (K2) modification of the Clark 
and Collip (C6)  method for estimating serum and urine calcium (Ml ) ,  
this fact will have been allowed for in the normal range of values ob- 
tained by the laboratory when using this technique; on the other hand, if 
the determinations subsequently performed on patients are imprecise, 
these cannot be evaluated with the necessary degree of certainty in rela- 
tion to the normal range for the determination, and changes observed in 
serial determinations performed on specimens from the same patient, if 
due mainly to laboratory imprecision, can seriously interfere with the 
clinical management of the patient. 

From these definitions i t  will be seen that a method can have good 
precision but a t  the same time be inaccurate, whereas a method in- 
herently accurate necessarily demands some degree of precision in its 
performance. Worked examples of these statements have been presented 
in detail elsewhere (V3). 

Although i t  is useful to define accuracy and precision and initially to 
consider these two important facets of laboratory work separately when 
evaluating a method, i t  must be emphasized that precision of operation 
affects the day-to-day accuracy of a method, not least with respect to 
results obtained on individual specimens from patients, and errors can 
render a determination both inaccurate and imprecise. With individual 
specimens routine analyses are performed singly or, a t  most, in duplicate; 
any operational error affecting the analysis of a single specimen (e.g., 
faulty operation of a pipet) could render the result of that particular 
analysis grossly inaccurate, or with duplicate analyses could in addition 
suggest severe falling off in standards of precision, although the ac- 
curacy and precision of the method revealed by the analysis of quality 
control materials included with the batch had failed to demonstrate any 
fall in the standards set for its performance. 

2.3. SENSITIVITY 
This has been defined (B5) as “the smallest single result which, with 

some assurance, can be distinguished from zero, or, in statistical terms, 
the smallest single result whose fiducial limits for, say, P = 0.05 do not 
include zero.” This review will be primarily concerned with clinical 
chemical methods that have acceptable levels of sensitivity, and to which 
therefore statistical methods of quality control can be applied through- 
out the range of concentrations which may be encountered in physiologi- 
cal and pathological conditions. To take an extreme example, therefore, 
the statistical methods of quality control discussed in this review would 
not be fully applicable to determinations of plasma epinephrine or 
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norepinephrine, since the range of normal values for these two catechol- 
amines, by present methods, appears t o  include zero. Although sensi- 
tivity is important, therefore, i t  will be assumed that in the initial valida- 
tion of a technique the required degree of sensitivity has been established, 
and that any fall-off in sensitivity will be detected as part of the regular 
program of quality control. 

2.4. RELIA~ILITY 
The reliability of a method is a comprehensive term, expressing the 

ability to maintain its accuracy, specificity, sensitivity, and reproduci- 
bility during prolonged use. It will be used, therefore, in the sense 
adopted by Loraine and Bell (L6), i.e., incorporating these various com- 
ponents inherent in the concept of reliability. Reliability of a method 
can be assessed only over long periods, and needs to be kept constantly 
under review since i t  may change, for instance, with a change in the 
staff performing the method. 

2.5. ERROR 
The error of a method may be defined as the difference between the 

value obtained and the assigned value (M2), a definition that underlines 
the close interrelationship between the concept of accuracy and the errors 
of a determination. Many different classifications of errors have been 
produced, and these basically subdivide into (1) errors resulting from 
inaccuracy, alternatively called the error of bias or systematic error of a 
method, and (2) errors associated with lack of precision. 

The error of bias for a new technique is established as part of its 
initial validation, and thereafter remains unchanged unless the conditions 
of performance of the determination are altered; when the error of bias 
is small, the accuracy is high. The special term “observer bias’’ refers to 
avoidable factors which may influence an analyst into recording a result 
different from the one he has observed in the belief that it is the correct 
or required result; determinations of accuracy and precision of a method 
should be designed to avoid this possibility. The major concern of the 
clinical chemist in monitoring the routine performance of a method is to 
know how closely the result obtained on a certain sample by the method 
he is using approaches to the “correct” result given by an accepted 
reference method; since he should have defined the method’s accuracy 
before adopting i t  for use in his laboratory, this necessarily implies that 
the clinical chemist’s program of quality control is directed thereafter 
a t  the regular assessment of precision. 

Henry (H7) subdivides the component errors that together combine 
to make the total error owing to lack of precision of an observation into 
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(1) the variation between duplicated analyses carried out in the same 
batch of determinations ( P )  , (2) the variation between days for the same 
worker analyzing the same sample in one laboratory, i.e., the between- 
batch variation (D),  (3) the variation between workers in the same 
laboratory when performing the same analysis on identical samples ( A ) ,  
(4) the variation between laboratories, e.g., as revealed by interlabora- 
tory surveys ( L ) .  If these subdivisions correctly include all the possible 
sources of error, and if each category is independent of the others, then 
the total error for the method is expressed by the formula: 

Total error = (Pz + D2 + A2 + 
Berry (B2a) has attempted the difficult task of separately assessing the 
individual contributions of the first three components ( P ,  D,  and A )  
making up the total error in this equation. 

Another subdivision of errors, given by Grant (G5),  is into (1) avoida- 
ble, and (2) unavoidable errors. As avoidable errors, he lists (a) those 
which can affect whole batches (e.g., faulty preparation of reagents or 
poor technical performance) , and (b) errors which can affect individual 
specimens without vitiating the results for the batch as a whole; these 
latter errors, which do not necessarily arise in the laboratory and are 
some of the most difficult to detect, will be discussed (particularly in 
Section 3.4.3). As unavoidable errors, he lists (i) the precision, and (ii) 
the accuracy of the method. It is difficult to  accept this subdivision of 
errors as applied to clinical chemistry, since lack of precision, a so-called 
unavoidable error, is included in any comprehensive assessment of 
quality control which should of necessity attempt to check for avoidable 
errors, particularly errors capable of affecting whole batches of results. 
Imprecision is to a considerable degree avoidable and, for this reason, 
Henry’s (H7) subdivision of errors contributing to lack of precision in 
clinical chemistry is preferred, although i t  is accepted that a component 
of imprecision in the performance of every technique is unavoidable 
even under ideal conditions of analysis-this is the indeterminate or 
accidental error of a method in Vogel’s (V3) classification. Vogel also 
presents a useful alternative breakdown of “determinate errors” into (a)  
operational and personal errors (from poor technical performance), (b) 
instrumental and reagent errors, (c) errors of the method itself, and (d) 
additive and proportional errors; some or all of these factors may con- 
tribute to lack of precision in the routine performance of a method, and 
each possibility will have to be eliminated when investigating a set of 
unsatisfactory results for quality control samples. 

To summarize, therefore, the word error will be used without qualifica- 
tion in this review to represent the total error of the method owing to 
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lack of precision, and “error of bias” will be used if errors specifically 
resulting from inaccuracy are being considered. Sometimes individual 
components of the total error may be particularly relevant to the 
subject under discussion, e.g., when the use of -duplicate analyses for 
samples within the same batch or for samples analyzed in different 
batches are being considered. 

2.6. STANDARDS AND CONTROLS 

Section 3 discusses quality control techniques, together with criteria 
for selecting satisfactory standards for the evaluation of a method and 
the subsequent use of standard materials as part of a control program. 
The tendency to use the word “standard” in several different contexts is 
potentially confusing, and has given rise to the misconception that control 
sera can be used a t  one and the same time both as standard materials 
and as an objective means of checking the quality of results. Because of 
the dangers inseparable from such potential confusion, i t  has been con- 
sidered advisable to discuss some of the differences between standards 
and controls in this section on definitions. 

Standard substances in clinical chemistry include primary standards, 
which can be obtained sufficiently pure to be used for the preparation of 
solutions by weighing or by reference to other definable physical charac- 
teristics (e.g., constant-boiling hydrochloric acid). Primary standard 
chemicals are available for acid-base reactions, precipitation reactions, 
oxidation-reduction reactions, etc. (V3),  and are used in these various 
categories of analytical determination to validate the preparation of 
solutions of other chemical substances which cannot be obtained in a 
form suitable to meet the criteria demanded for a primary standard. 
Following their calibration in terms of a primary standard, these other 
chemicals can act as secondary standards. 

Standards should be used regularly in all clinical chemistry procedures 
to check the performance of reagents, the calibration of photometers, etc., 
and all quantitative results in clinical chemistry are calculated with 
respect to the performance of a standard (primary or secondary) prepa- 
ration of the material under test, or of a closely similar material (e.g., 
dehydroepiandrosterone for group steroid assays) if the exactly corre- 
sponding standard material cannot be made available as a pure compound. 

A control preparation is a material of established composition (or 
activity in the case of enzyme determinations), and one that is used to 
monitor the performance of some, but preferably all, of the stages of a 
laboratory method. The composition of these control preparations will 
have been previously established by frequent determination of their 
constituents (Section 2.2, “Repeatability”), and the values subsequently 
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obtained during their use as control materials are calculated in terms of 
the performance of the standard solutions carried through as part of the 
batch of analyses. 

It will be seen from these definitions that, although the analyst neces- 
sarily must believe the correctness of the values previously established 
for the control solution (unless subsequently these are shown to be 
incorrect), he cannot use the same preparation in a batch of analyses 
both as a standard and as a control; if he does this, the most that he 
achieves is an assessment of agreement between duplicate determinations 
performed as  part of one batch of analyses. 

3. Quality Control Techniques 

3.1. STANDARDS AND CONTROLS AND THEIR USE 
The criteria which a primary standard chemical substance should 

satisfy are fully stated in many textbooks (e.g., V3) , and few compounds 
satisfactorily meet all these exacting requirements. Furthermore, the 
primary standards of quantitative inorganic analysis are, for the most 
part, made to take part in reactions occurring in aqueous protein-free 
solution during the calibration of secondary standards ; the conditions 
under which these secondary standardizations are performed are as nearly 
ideal as possible, and solutions are kept free from contaminants which 
might interfere with the stoichiometry of the reactions. 

In  clinical chemistry, the closely controlled reaction conditions of 
quantitative inorganic and organic chemistry cannot always be obtained, 
since estimations have to be performed on complex mixtures. This means 
that both simple aqueous and protein-containing standards have to  be 
considered, and the criteria adopted when choosing a standard for use in 
clinical chemistry may be unable to meet the criteria of primary stand- 
ards used in other branches of quantitative chemistry. For some deter- 
minations, the accuracy of a method cannot be established a t  present 
since pure materials for standardization are not yet available; the best 
examples of such methods are provided by determinations of enzyme 
activity in serum, but suitable control preparations exist for monitoring 
the precision of these assays (e.g., H8). 

The inability always to define accuracy of clinical chemical procedures 
does not necessarily render such analyses any less valuable, as long as 
the method of performance is adequately validated and criteria of 
reproducibility are established. Such nonstandardized data can be used 
in the application of the procedure to the investigation of different disease 
states, by comparison with findings obtained in normal individuals, and 
the standards of technique required for the quantitative performance of 
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these procedures may then be as exacting as in other branches of chem- 
istry. In  all chemical work, the fundamental requirements for satisfactory 
technical performance remain the same, and include the need for reagents 
of established purity, the use of accurately calibrated balances, the 
correct grades of glassware, distilled water, etc., by trained operators. 

With the introduction of physical methods of analysis into clinical 
chemistry as alternatives to some of the earlier volumetric or colorimetric 
techniques, the difficulties inherent in attempting to analyze small 
quantities of inorganic compounds in the presence of complex protein- 
containing fluids have in some cases been greatly reduced, although in 
others new sets of factors that interfere with initial validation and subse- 
quent day-to-day operation have been revealed. Cotlove (C8), for 
instance, reviewed the difficulties involved in the determination of 
chloride in biological materials and discussed the advantages offered by 
electrometric procedures. Similarly, MacIntyre et al. (Al )  considered 
critically various methods used for the measurement of magnesium, as 
well as the shortcomings of some of the standards previously adopted, 
when describing the flame spectrophotometric method of estimation 
which they advocated as an alternative to  previously existing techniques. 

Standards should be included with every batch of determinations, and 
most laboratories base the calculations of concentration for patients’ 
specimens included in each batch of analyses on the readings obtained 
with the standards that have been processed as part of that batch. Henry 
and Segalove (H7a), however, have suggested that the standard value 
which ought to  be used for these calculations shouId be the mean of a 
previously determined series (say 20) of values for that reference stand- 
ard. The authors have no experience of this method of calculation, which 
in 8ome ways is tantamount to using a calibration curve (Bla) ,  and 
prefer to base their calculations on the performance of standards ana- 
lyzed as part of the batch of specimens under investigation. 

3.1.1. 

Although primary or secondary standards are not yet available for all 
clinical chemical procedures, within the limitations imposed by the 
properties of biological specimens attempts have been made a t  various 
levels (e.g., by government agencies, commercial firms, or individual 
departments) to develop preparations that can be used regularly by 
laboratories to monitor the performance of their analytical methods (Rl) . 
Some progress has been achieved toward the goal of securing direct com- 
parability of analytical findings between different laboratories in the 
same country, and comparisons between laboratories in different countries 
have also been undertaken ; these comparisons have depended ultimately 

Types of Standard and Control Material 
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on the provision of standardizing materials that have allowed the 
acccptability of analytical findings to be defined in terms of their 
accuracy and precision. 

Standard materials used in clinical chemistry include the following: 
(1) Primary standards and secondary standards, especially for in- 

organic constituents 
(2) “Pure” chemical compounds, which may not meet the criteria 

required for a primary standard, and may not be able to be characterized 
by reference to  a primary standard, but for which other criteria of 
purity have been established (e.g., physical properties; C, H, N, etc., 
elementary analysis; group analysis; bioassay, etc.) 

(3) Radioactive tracer substances 
(4) “Standard sera” (Section 3.1.1.1) 
These standard materials are mostly used in protein-free aqueous solu- 

tion, either to monitor the total performance of the series of steps that 
often together comprise a clinical chemical method, or to provide a 
standard solely for the final measurement (e.g., in a process that finishes 
with a colorimetric reaction), or their principal use may be found during 
the initial stages of validation of a method, as internal standards, when 
assessing the specificity, accuracy, recovery factors, and precision of the 
technique that is under evaluation. If these standards are to  be carried 
through all the steps of a procedure as part of the regular technique for 
performing that test, they should be prepared in a solution that mimics 
as closely as possible the specimens to be analyzed: this means that, for 
many methods, the standards should ideally be dissolved in blood, 
plasma, or serum or a closely similar protein-containing solution ; if this 
is not done, many discrepancies may pass undetected, for instance in the 
day-to-day performance of the deproteinization stages. Records are kept 
of the findings (instrument readings, etc.) obtained for these standards 
in their daily use. Among the “pure” chemical substances that have found 
a special place as standards in clinical chemistry, more for evaluating 
methods than for use in routine day-to-day operation, are compounds 
such as the steroids available on special request from the Medical 
Research Council Steroid Reference Collection. These steroids provide 
good examples of compounds that demand special skills for their prepara- 
tion, and cannot yet be obtained in sufficient quantity for inclusion as 
standards every time the naturally occurring compounds are estimated. 
Other reference materials (not true secondary standards) may be re- 
quired in the day-to-day performance of the relevant methods-such 
reference materials may not be identical with the substance being esti- 
mated, but must have sufficiently similar chemical or physical properties 
to act as standards in the final measuring procedure (e.g., methyl red 
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used as a calibration standard for bilirubin determinations). Radioactive 
tracer materials have proved particularly valuable in the initial valida- 
tion of some clinical chemical procedures, but little use has been made of 
these for routine investigational purposes. 

The control materials used in clinical chemistry include simple aqueous 
solutions of single compounds or mixtures of compounds (e.g., W13), and 
a wide variety of commercial protein-containing preparations (B6). For 
analyses of plasma or serum, protein-containing controls should be 
included among the specimens analyzed and these samples will be 
referred to as control sera. Under certain conditions, control sera can be 
used instead as standard preparations, and for some purposes there is no 
satisfactory alternative to “standard sera” for this (Sections 3.1.1.1 and 
3.1.1.3). 

Control sera can be prepared in several different ways, but the methods 
are mostly based on the collection of large volumes of human or animal 
serum. These pools of sera may or may not receive further treatment 
before being distributed into small containers and refrigerated or lyo- 
philized for storage purposes. Some laboratories prepare their own pools, 
but others make use of one or more of the commercially available 
preparations. The further treatments that control sera may undergo 
during their preparation include dialysis for the removal of smaller 
molecular weight constituents followed by the addition of weighed 
quantities of some of the constituents removed by dialysis, using for this 
replacement chemicals of known degrees of purity; for these dialyzable 
constituents, such control sera begin to meet the requirements of primary 
or secondary standards, depending on the properties of the pure chemical 
that is available for addition. For the preparation of control sera with 
artificially elevated amounts of various analyzable constituents, either 
dialyzed or undialyzed serum pools can be used as solvent, and to these 
are added chemicals or suitable biological preparations (e.g., for the 
assessment of serum enzyme determinations) : these “reinforced” control 
sera are then distributed into small containers, analyzed, and prepared 
for storage. 

Even with control sera in which some of the constituents have been 
removed by dialysis or ultrafiltration and then returned as weighed 
amounts of pure material, i t  is essential to check the composition of the 
final product by the appropriate methods of chemical analysis, unless the 
use to which the control serum is to be put is distinctly circumscribed 
(e.g., Section 3.1.1.2). Laboratories that prepare their own control sera 
establish the “true” analytical values, using the methods they employ, 
by performing a sufficient number (usually about 20) of replicate deter- 
minations under conditions that meet the definition of repeatability. 
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Some commercially prepared sera are investigated similarly by the 
manufacturers, but others are submitted to a limited number of labora- 
tories which have agreed to undertake such reference work; in all cases 
it is desirable for the information accompanying commercially prepared 
sera to state the methods of analysis used by the reference laboratories, 
and this is essential for enzyme activity determinations. 

When the composition of control sera has been determined, checks must 
be kept on their subsequent stability, and great care must be exercised 
in reconstituting them prior to analysis. Control sera, etc., that have been 
carefully analyzed by the best available methods can be used as second- 
ary standards, but if used in this way other specimens of serum, etc., 
must be used for control purposes. As commonly used, the main value of 
control sera is for monitoring the reproducibility of clinical chemical 
determinations and, for this purpose, they have major advantages over 
simple aqueous control materials, since the aqueous solutions can easily 
be recognized by laboratory workers to be different from the other speci- 
mens they have been called upon to  analyze. The principal advantages 
of aqueous solutions for control purposes have been stressed by Grant 
(G5) and include, apart from their cheapness, the relative ease with 
which they can be prepared in a standardized form and the simplicity 
thereafter of varying the concentrations of their constituents in the 
specimens submitted for analysis. The concentration of lyophilized con- 
trol sera, however, can similarly be varied a t  the time of reconstitution 
(TI) * 

With the AutoAnalyzer, apart from the special requirements of multi- 
channel analysis (Section 3.1.1.3), the confusion between standards and 
controls has become practically inextricable. The following quotation 
(L2) provides a good example: “Error control. Known standards accom- 
pany samples as controls, interspersed with the “unknown” samples a t  
periodic intervals. In  their travel through the system both are subjected 
to exactly the same conditions from beginning to end, and the standards 
act as controls in the final reading.” 

It is true that the AutoAnalyzer sample probe cannot differentiate in 
its action between a standard, a control, and a patient’s specimen, and i t  
might be argued that no observer bias will enter into the reading and 
recording of the peaks on the chart record. The AutoAnalyzer standard 
curve itself, however, cannot be used for control purposes unless, as with 
manual methods, i t  clearly reveals that the overall system is functioning 
so imperfectly (e.g., showing such loss of sensitivity) that analyses can- 
not be interpreted. If, as an independent check of the instrument’s per- 
formance, one of the standards is itself subsequently analyzed as a true 
control solution, this will a t  most serve to show that the within-batch 
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repeatability with the AutoAnalyzer is proving satisfactory, which 
should be the case if a system of correction for the control of drift (Sec- 
tion 5.4.3) has been properly instituted. A different aqueous solution 
(i.e., with composition different from any of the standards) is little 
better as a control, since i t  can only serve to check the reliability of 
interpolation calculations between the appropriate pair of standards. 

It is, in fact, necessary to control the operation of the AutoAnalyzer 
in a manner very similar to  the control of the corresponding nonauto- 
mated determination; the only difference, in a long run of analyses, might 
be in the number of controls required. This applies both to automated 
methods requiring dialysis and to determinations performed on the 
protein-containing outlet from the dialyzer module. No special comment 
is needed about the analyses carried out in protein-containing solution, 
but with the analyses performed on the dialyzate i t  should be recalled 
that Skeggs (54) himself reported that urea and glucose dialyzed at a 
different rate from whole blood and from water, and both Skeggs (54) 
and Marsh e t  al. (M4) were unable satisfactorily to explain the differ- 
ence a t  high levels (over 100 mg of blood urea nitrogen/100 ml) between 
urea determinations performed in a protein-free medium by the diacetyl 
monoxime method on the AutoAnalyzer and results obtained by urease 
methods. 

The difference between the performance of the AutoAnalyzer when 
aspirating simple aqueous solutions or viscous samples of plasma, serum, 
etc., should not be exaggerated, since they must in themselves rarely 
affect the reliability of the final result. These differences do exist, how- 
ever, and are sufficient to show themselves in detectable differences 
between the shapes of peaks of corresponding height for these different 
types of sample (best seen with sampling rates of 40/hour and below) ; i t  
is an oversimplification to describe all acceptable AutoAnalyzer peaks 
as parabolic (B4), even for simple aqueous solutions. Although these 
differences in behavior occur, and continue unexplained, i t  is clearly 
preferable to control the operation of AutoAnalyzers with specimens 
closely related in physical and chemical properties to  the samples also to  
be analyzed. 

3.1.1.1. Biological Materials Used as Standards. For some analyses 
in clinical chemistry, pooled collections of serum or urine offer the only 
readily available standard materials, and for this purpose their content 
of these substances is first determined as accurately as possible. The 
composition of the biological material to be used as a standard is obtained 
by means of reference methods, but practical considerations thereafter 
prevent the daily checking of the standard serum, urine, etc., against 
these reference procedures. For the monitoring of reagent and instru- 
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mental performance, therefore, the readings obtained with these biological 
standards are recorded daily and successive readings compared. For 
control purposes, however, a different specimen must be used. 

Examples of possible uses of biological materials (pooled collections 
of serum, urine, etc.) as standards are in methods for estimating total 
protein concentration in serum, for measuring enzyme activities in serum 
and other body fluids, and for determining urinary steroids and their 
metabolites. The special requirements of multichannel analysis will be 
considered separately (Section 3.1.1.3), and the reasons why these three 
different investigations can perhaps best be standardized in relation to 
biological materials will now be discussed. 

Although highly purified bovine serum albumin is commercially 
available, it does not react in exactly the same manner as all the com- 
ponents of human serum when either the biuret reagent or one of a 
number of protein-binding dyes is used for the colorimetric determina- 
tion of serum protein. On the other hand, it provides an acceptable 
standard material for protein nitrogen determinations by the Kjeldahl 
technique, although even here i t  has to be assumed that the different 
proteins in human serum have the same percentage of nitrogen in their 
composition as does bovine serum albumin. The uniform application of 
the conversion factor of 6.25 for converting protein nitrogen values in 
serum to the equivalent content of total protein has recently been 
questioned (C4, 512). Because of these various criticisms, a pool of 
human serum is to be preferred for standardizing serum protein deter- 
minations. 

With enzyme determinations, standards for calibration purposes and 
for checking of instrumental performance make use of separately pre- 
pared solutions of one of the reactants or the products of the enzyme- 
catalyzed reaction. For instance, a solution of phenol may be standardized 
and thereafter used itself as the standard in determinations of acid and 
alkaline phosphatase, in methods employing phenyl phosphate as sub- 
strate and depending on the measurement of the amount of phenol 
liberated. This standard phenol solution, however, cannot be taken 
through all the steps in the determination of phosphatase, and a separate 
control solution must be used to  check the performance of the overall 
technique; if this control were omitted, it would be possible, for instance, 
for a buffer to be incorrectly prepared and for erroneous levels of phos- 
phatase activity to be found. There is no substitute, therefore, in the 
control of enzyme determinations for the inclusion of a sample (of serum, 
urine, etc.) previously investigated for its level of enzyme activity. For 
long-term monitoring of an enzyme method, the repeated analysis of 
aliquots of a “standardized” enzyme preparation is most useful, provided 
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the enzyme is itself stable under the conditions of storage (H8) ; alterna- 
tively, comparisons of methodological performance can be made with 
unstandardized preparations by including in each new batch of analyses 
one or more samples that were analyzed among the previous batch of 
specimens, and repeating the determinations on these samples. These 
samples from patients, used for interbatch comparisons of analytical 
performance, are variously called “carry-over” specimens, “scout” sam- 
ples, and “repeat analysis” and “between-batch” specimens ; their use has 
been much wider than merely in the field of clinical enzymology. 

In  the third example, dehydroepiandrosterone is widely used for 
standardizing and for checking the performance of the Zimmermann 
reaction, which forms the final step in many methods of steroid estima- 
tion. There is, however, no suitable standard preparation including the 
commoner urinary steroids and their metabolites which can be carried 
through all the previous stages of analysis, and the only satisfactory form 
of standard material that includes the naturally occurring conjugates of 
the main steroids and their metabolites is urine collected from normal 
individuals or from patients treated with cortisol. 

3.1.1.2. Bench Standards. Every quantitative method in clinical 
chemistry includes (1) a blank, (2) a pure standard, and (3) for enzyme 
methods a control determination is also required. In  controlling the 
quality of analytical performance in a laboratory from day to day, it is 
important to record these basic data in order to  detect, for instance, 
whether deterioration in the standard preparation might account for an 
unacceptable finding in the control specimens. The technician’s record 
should also include a note of the dates on which new reagents were 
prepared, and preferably the performance of each new set of reagents 
should be compared with the older set of reagents before the latter 
become exhausted, using for this comparison observations of blank and 
standard values as well as  the performance on some specimens from 
patients for whom sufficient material is available to permit the compari- 
son. A rise in the blank reading may similarly reveal reagent deteriora- 
tion, and this information is lost if the practice of setting the zero of a 
colorimeter, etc., on the blank solution is followed. 

Having stressed the importance of control sera as distinct from simple 
aqueous control preparations, it is strongly recommended that the staff 
responsible for the day-to-day performance of analyses on patients 
should in addition be provided with their own reliable means of assessing 
whether all stages of their techniques are probably working satisfactorily. 
For this purpose, each analyst should have available to him a pool of 
sera which may be called the bench standard. Although the true composi- 
tion of this need not be determined, the analyst responsible for the par- 
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ticular technique, by including a specimen of this bench standard with 
each batch of analyses, rapidly acquires for himself an  assessment of the 
repeatability with which he is performing the method. As indicated in the 
section on definitions, the repeatability obtained by the analyst can be ex- 
pected to be better than the reproducibility of his technique, and the use 
of the bench standard will not therefore prevent the furnishing of an un- 
acceptable result for the analysis of a control serum, but the advantage of 
providing the bench standard for regular inclusion in each batch of anal- 
yses is that i t  enables the analyst himself to test the overall procedure, 
and to be the first to alert himself on many of the occasions when a batch 
of analyses may require repetition, e.g., because of faulty preparation of a 
reagent, assuming his recording of results is not subject to observer bias. 

In the authors’ laboratory, bench standards are made available for 
many of the techniques, and this has helped greatly to reduce the resent- 
ment and suspicion which might otherwise have been experienced if the 
only nonpatient sera in regular use had been control sera. In  addition to 
providing the staff themselves with this additional check on the quality 
of their work, the bench standards and the control sera serve as inter- 
dependent checks on their stability as stored in the department. When 
checking the long-term performance of a method, therefore, the technician 
can compare the results obtained with his bench standards as well as the 
readings for blanks and pure standards, and the quality control super- 
visor can evaluate these data as well as  the results for the true control 
samples when the performance of a method goes out of control. Bench 
standards can conveniently be provided for many determinations by 
pooling the residues of plasma and serum specimens obtained from 
patients, after analyses have been completed, if the composition of 
large volumes of these pooled residues for stable constituents is as 
constant as has been suggested (SS, W14). 

3.1.1.3. The Special Requirements of Multichannel Analysis. Most 
single-channel and limited multichannel (i.e., including the 4-channel 
electrolyte analyzer) methods of analysis using the AutoAnalyzer depend 
on simple aqueous standards for calibration purposes. However, with 
the development of the 8-channel sequential analyzer ( S 5 )  and the 
subsequent extension of these multiple systems of analysis to 12-channel 
operation (W5), the difficulties inherent in the preparation of a suitable 
artificial standard became formidable. The first Technicon SMA-12 
instrument to be introduced performed the following analyses sequentially 
on serum: sodium, potassium, chloride, bicarbonate, total protein, albu- 
min, calcium, alkaline phosphatase, bilirubin, urea nitrogen, sugar, and 
aspartate aminotransferase (GOT) ; a second model has since been de- 
veloped that  substitutes uric acid, inorganic phosphate, cholesterol, and 
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lactate dehydrogenase for the first four determinations in the previous 
list. 

Consideration of the analyses performed on the %channel and both 
models of the 12-channel Technicon equipment in relation to the earlier 
discussion means that these latest developments in the field of Auto- 
Analyzer instrumentation demand standardized sera for calibration 
purposes. In  fact, the successful operation of the SMA-12 instrument is 
entirely dependent upon the careful analysis and subsequent stability of 
the standardizing serum, since this is used both for the initial calibration 
of the various analytical channels and for the subsequent monitoring for 
drift and application of any correction needed as a result of instrumental 
drift. Apart from this large demand for standardizing serum (about 70 
ml in an 8-hour day), the performance of the SMA-12 should in addition 
be checked by means of control sera, as for any other method or combina- 
tion of methods in clinical chemistry. The expense of the standardizing 
(and to a lesser extent the control) sera used in SMA-12 operation 
constitutes an important but nevertheless essential fraction of the operat- 
ing costs of these instruments. 

3.1.1.4. The Use of Radioactive Isotopes as Internal Standards. The 
measurements of individual steroids in blood and urine are good examples 
of lengthy assay techniques that are usually carried out in small batches. 
The addition of separate quality control samples can apprcciably reduce 
the number of determinations that can be carried out. Furthermore, the 
recovery factors in these long techniques may be such that, a t  best, only 
70-90% of the original steroid is finally assayed; this applies, for 
instance, to urinary estrogen and pregnanediol assays. Many factors can 
influence this overall recovery, and these may vary considerably among 
the individual specimens in a batch. The recovery factor for each sample 
can be measured, and each specimen provided with its own internal 
standard for quality control purposes, by addition to the original speci- 
mens of known small quantities of the compound to be assayed, using 
isotopically labeled and radiochemically pure materials for this purpose. 
At  the end of the procedure, an isotope measurement is carried out on a 
portion of the final product from each specimen and the overall loss is 
calculated. Results can then be individually corrected for any losses 
which may have occurred (B3), and the use of modern counting equip- 
ment reduces the extra work involved to a minimum. 

3.1.2. The Importance of Stability in Standard and Control Preparations 

It might seem superfluous to have to stress the importance of investi- 
gating and subsequently checking the stability of standard and control 
preparations, but many of the compounds assayed in clinical chemistry 
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are unstable, even as solids, unless carefully stored (e.g., the nicotin- 
amide-containing coenzymes), and the methods of collection of serum, 
urine, etc., for preparation of pools for control or standardizing purposes 
can only with difficulty be kept free from the dangers of bacterial con- 
tamination. In  the complex mixtures represented by serum, urine, etc., 
many compounds are stable if specimens are stored in a freezer (-2OoC), 
but lyophilization may be necessary in other instances (e.g., for preser- 
vation of some enzymes), and the most satisfactory conditions of storage 
for each preparation have to be determined. In  addition, for specimens 
stored by refrigeration or by freezing, it is essential that each sample be 
fully restored to room temperature and properly mixed before being sub- 
jected to analysis, and lyophilized specimens must also be carefully 
reconstituted. 

If proper care is not taken for the storage and subsequent preparation 
of control sera for analysis, confidence of laboratory staff in the potential 
value of a quality control program can very rapidly be lost. If stand- 
ards deteriorate, this fact is more readily accepted. With the earlier 
individual and commercial preparations of control sera, insufficient at- 
tention may have been paid to the need for ensuring their stability, and 
this may have led Grant (G5) to  stress the disadvantages of serum pools 
and extol the advantages of aqueous solutions for control purposes. From 
our experience, we strongly disagree with Grant’s conclusion that the use 
of pooled serum for all analyses on serum, apart from enzymes stable in 
the freezer, is “probably more trouble than i t  is worth,” and we shall 
throughout the review stress the advantages of using controls, which as 
nearly as possible can pass unrecognized through the same analytical 
steps as specimens from patients, and contain the same types (known 
and unknown) of interfering factors as  do the patients’ samples. The 
reproducibility of each technique, following its introduction into routine 
use, is of major interest to clinicians, and aqueous solutions cannot be 
used to assess this. 

3.1.3. T h e  Introduction of Control Samples into the Laboratory for 
Routine Analysis 

In  a small laboratory, carrying out relatively few determinations of 
any one kind, the staff probably identify each patient by name in their 
notebooks or on their work sheets, and may well undertake the prepa- 
ration of each specimen (separation of plasma, serum, etc.) for analysis 
themselves. As the workload grows, in terms of both numbers of analyses 
and range of determinations undertaken by the laboratory, the advan- 
tages of identifying each specimen by name diminish and centralization 
of sample preparation becomes increasingly worthwhile. In  this depart- 
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ment, most samples are now prepared for analysis in a centrally placed 
area, and specimens are identified throughout the laboratory by means 
of an accession number (W4) (Section 5.2.2). The preparation area is 
manned by technical staff, on a rota, and these staff perform no analytical 
work during their time at the sample-preparation bench. 

Although it might be felt that  this system of centralized sample 
processing and identification of specimens solely by accession number 
would be unacceptable (by removing the personal element of laboratory 
work which could arise from dealing with named specimens), this has 
not been found to be true and the present system has distinct advantages 
for the quality control program. Because of the volume of work cur- 
rently handled by the laboratory, one of the senior members of technical 
staff has as a major responsibility the task of inserting control sera among 
the incoming specimens, a t  irregular intervals during the day. These 
control sera are handled by the technical staff exactly as if they were 
samples from patients, and they only come to realize the true nature of 
these control specimens when they are entering the results of their anal- 
yses on the record cards a t  the end of the analysis and after completion 
of any consequential calculations. 

The use of anonymous control sera will be referred to as fictitious 
patient controls, since the staff are given no indication that they differ 
in any way from other samples in a batch. Even with AutoAnalyzers i t  
is possible to include bias in the handling of samples known to be 
particularly important (e.g., care in the correct identification and reading 
of the relevant peak on a chart record), and this danger of bias influenc- 
ing the results for control sera applies much more to manually performed 
methods. Fictitious patient controls overcome this tendency to bias, but 
it would be much more difficult to introduce them with equal certainty 
of anonymity into a laboratory with a small workload. 

Many different types of control serum can be used for the purpose of 
fictitious patient controls. Depending on the method being evaluated, 
and the purpose of the control assessments, the authors have a t  various 
times used locally prepared pooled sera, commercial sera, and carry-over 
specimens from patients, and these together constitute the main present 
objective assessment of the quality of work that is being reported from 
this laboratory. When the results for the fictitious patient controls have 
been obtained, these are collected by the senior technician referred t o  
above, recorded, charted, and analyzed (Section 3.3). 

3.1.4. Interlaboratory Comparisons 

The results of interlaboratory comparisons of assays on identical 
specimens have been mentioned (Section 1.2). These trials involve con- 
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siderable efforts of organization and are undertaken a t  wide and irregular 
intervals. They cannot be regarded as  forming part  of a laboratory’s 
routine program of quality control. On the other hand, the concept of 
regular interlaboratory comparisons of analytical results is a valuable 
one and, following publication of the most recent British assessment of 
interlaboratory performance of urea, sodium, potassium, and inorganic 
phosphate determinations (G4), an attempt has been made to  initiate a 
program of nationwide pairing of hospital chemical laboratories. The 
arrangement suggested is that  each laboratory should pair with another 
department in the vicinity for the regular interchange of specimens that  
have first been examined in the donor department for an agreed number 
of constituents (W7a). The specimens are then to be analyzed again in 
the receiving laboratory and the results compared. I n  each department, 
specimens taking part in the interchange should if possible not receive 
preferential treatment (ideally they should be treated as anonymously 
as fictitious patient controls), and the results of the paired analyses are 
then compared. With many departments already overworked, this sug- 
gested interchange scheme is unfortunately being only slowly adopted, 
but i t  clearly offers an additional regular means for testing the quality 
of a laboratory’s work, by checking its results against the findings of an 
independent department. 

When the paired departments use fundamentally different methods of 
analysis, as is possible with serum enzyme determinations, for instance, 
the comparisons may be of only limited value. However, many labora- 
tories now use AutoAnalyzer techniques for SO-SO% of their total work, 
and a start on regular interlaboratory comparisons of these methods 
should be worthwhile and involve relatively little additional effort. Al- 
though the AutoAnalyzer methods used in the different laboratories might 
themselves show some differences in detail, the information provided by 
these comparisons should serve to detect in one laboratory the develop- 
ment of some systematic error in the routine performance of a method 
a t  an earlier stage than if the laboratory had itself been solely responsible 
for its assessment of results of quality control programs. 

3.1.5. Summary of Standards and Controls 

3.1.5.1. Standards 

(a) Primary standards and pure chemicals: These form an  essential 
part of each quantitative method in clinical chemistry, and are particu- 
larly important in the initial validation of a new technique, in assessing 
recovery factors, etc. 

(b) Biological materials (standardized sera, urine, etc.) : These are 
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classed as secondary standards and have the advantage that they can 
be taken right through all the stages of a method in the same way as the 
specimens from patients; they should be used regularly in addition to 
primary standards and pure chemicals. 

3.1.5.2. Controls 

(a) Aqueous preparations of pure substances: These are cheap and 
easy to prepare but can be singled out for special treatment by an analyst, 
cannot as a rule be taken through all stages of a method in the same way 
as specimens from patients, and are not available for all determinations. 

(b) Biological materials (pooled sera, urine, etc.) : These are available 
in various commercial forms and can also be prepared locally. Their use 
as a routine part of each laboratory’s quality control program is strongly 
advocated. They can be used in several ways (e.g., fictitious patient 
specimens, carry-over specimens, etc.) , and their introduction into regular 
use does not have to involve major expenditure. 

(c) Interlaboratory comparisons: The frequent interchange of speci- 
mens between laboratories for cross-checking of analyses is advocated; 
specimens from patients will meet local requirements for interchange. 
National comparisons require special arrangements, and cannot yet be 
regarded as an important part of a laboratory’s control program. 

3.2. THE IMPORTANCE OF THE INITIAL DETERMINATION OF ACCURACY 
AND PRECISION 

Before introduction into routine use for diagnostic purposes, clinical 
chemical methods require validation, and the laboratory should wherever 
possible acquire for its methods statistical data on which subsequently 
to base opinions about the significance or otherwise of day-by-day alter- 
ations in results obtained on specimens from patients for these investi- 
gations. The importance of checking the performance of a published 
method and the dangers of accepting the published account without such 
local evaluation have been stressed elsewhere (e.g., G5, H7).  Henry 
(H7) also makes a special point of emphasizing the dangers inherent in 
the use of “precalibrated” photometers. 

The initial validation of a method depends principally on the use of 
pure standard materials, but the performance of the technique has then 
to be assessed also on the type of sample to which i t  is to  be applied. For 
instance, with chromatographic methods applied to urine, the importance 
of the initial extraction and purification procedures may not be apparent 
from assessments of a ‘method conducted solely on the basis of the analysis 
of mixtures of pure compounds. 
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3.2.1. 

The accuracy of a method can be assessed by comparing results using 
the method under evaluation with results obtained by the most specific 
method available (e.g., chloride analyses, C8). Some of the best ex- 
amples of potentially specific methods of analysis are techniques based 
on the use of enzymes, e.g., uricase for uric acid, urease for urea, and 
glucose oxidase for glucose measurements; many laboratories use these 
enzymes as analytical tools for routine purposes. If the enzyme is ab- 
solutely specific and is neither activated nor inhibited by the wide range 
of substances encountered in biological specimens, then the results of an 
enzyme-dependent determination have the ability to approach the true 
values for that constituent. Unfortunately, interfering substances are 
present in most biological materials, and the accuracy of each method 
can then best be assessed by means of recovery experiments. I n  addition, 
the claims that the methods are specific need to be based on extensive 
studies of the substrate requirements of the enzyme; these have not been 
performed for many of the enzymes which have been used as analytical 
tools in clinical chemistry. 

The determination of enzyme activity for diagnostic purposes presents 
a different problem. No estimates of accuracy can be made except where 
pure preparations of enzymes are available, so that a t  present the ac- 
curacy of most clinical enzyme assays can be expressed only in terms of 
other methods which are believed, on theoretical grounds, to  provide a 
valid basis for determination of activity. 

The procedures for initially assessing a method solely by the use of 
pure solutions will not be detailed (e.g., whether or not a colorimetric re- 
action obeys Beer’s law, and if so over what range of concentrations), 
but the principles of recovery experiments will be briefly discussed. In 
these, the mean figure for a number of replicate determinations of the 
compound in a pooled specimen of serum or urine, etc., is obtained, under 
conditions meeting the criteria for assessing repeatability; this mean 
result is then compared with the means obtained for other sets of similar 
determinations on samples of the same pooled specimen in which have 
been dissolved accurately weighed quantities of the pure compound under 
investigation. I n  some instances, the basal pooled preparation is dialyzed 
to remove its endogenous content of the compound, or to reduce its 
content to a low level, before dissolving weighed amounts of pure sub- 
stance in the “natural” medium; this applies, for instance, to the com- 
mercially available Versatol preparations (General Diagnostics Division, 
Warner-Chilcott Laboratories, Morris Plains, New Jersey). 

The Initial Assessment of Accuracy 
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For assessments of accuracy based on recovery experiments, pools of 
dialyzed or ion exchange-treated material, etc., to which known amounts 
of pure compound have been added, are particularly valuable, since the 
residual content of the basal pool may be so small as to be negligible by 
comparison with the levels attained in the reconstituted sample; in any 
assessment of accuracy on the basis of recovery experiments i t  is prefer- 
able to know the difference between two mean values, one of which is 
high and the other of negligible proportions (e.g., 140 and 5 mEq/liter 
for serum sodium) rather than the difference between two means of com- 
parable magnitude (e.g., 170 and 140 mEq/liter for serum sodium), and 
this principle is said to be applicable to Versatol preparations, a t  least 
for those components that dialyze freely and are also available as pure 
compounds. 

Although assessments of accuracy by recovery experiments must have 
been widely performed by clinical chemists, data from such studies are 
not often published. Descriptions of accuracy studies include investi- 
gations on the validation of sodium and potassium (Cl ,  57) and chloride 
and urea (Cl )  methods, in which Versatol preparations were used; 
Campbell and Annan (Cl )  also carried out recovery experiments for 
these determinations and for bicarbonate measurements, using pooled 
sera prepared and analyzed in the laboratory. MacIntyre e t  al. (Al)  
passed plasma and urine specimens through a cation-exchange resin to 
obtain pools with low magnesium content before estimating recoveries 
of added magnesium, whereas Thin and Thomson (T3) based their as- 
sessments of accuracy of magnesium and calcium determinations on the 
difference between (a) the mean analytical results for pooled serum and 
urine specimens, and (b) the values found on repeating these analyses 
on samples which had been diluted with calcium- or magnesium-contain- 
ing fluids of known composition instead of being diluted solely with 
0.1 N hydrochloric acid. It is to be hoped that data on the recoveries 
obtainable with new analytical methods will be published more regu- 
larly in the future. 

The initial assessment of the accuracy of a new method should also 
include a detailed investigation of its specificity to determine the possible 
effects of interference from other naturally occurring compounds or from 
drugs and their metabolites; it is possible for two methods, one with a 
lower degree of specificity than the other, to provide results that have 
comparable levels of accuracy. For instance, MacIntyre (Ml)  showed 
that the differences between the flame spectrophotometric method and the 
less specific Kramer-Tisdall (K2) method in the determination of calcium 
were less than might have been predicted; this occurred because losses 
of calcium revealed by the use of 46Ca in the assessment of the latter 
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technique were partially offset by coprecipitation of magnesium as its 
oxalate, and this magnesium oxalate could not then be distinguished from 
calcium oxalate in the final titration with potassium permanganate. 

3.2.2. 

The assessment of the precision of a method before its introduction 
into routine use requires a measurement of its repeatability, but the 
reproducibility cannot be determined until the method has itself been in 
routine operation for a sufficient period of time (see Section 2 for defini- 
tions). Most published descriptions of techniques provide data about 
their repeatability when referring to precision, but there are some pub- 
lished figures specifically for reproducibility (e.g., C1, 57, T2). Having 
decided that a method is s ac i en t ly  reliable (on the basis of the SD for 
repeatability) to  be introduced into routine practice, the SD for its 
reproducibility should be obtained as soon as possible, for instance by 
calculating the SD for the results of analyses on control sera included 
in the first 20 batches of determinations; this SD reflects the between- 
batch variation. Subsequent monitoring of the method should then be 
related to this first value for reproducibility, if i t  compares favorably 
with the SD for repeatability. 

Any gross discrepancy between the values obtained for the repro- 
ducibility of a technique and its repeatability may result from a lack of 
proper training of the staff who have been performing the routine deter- 
minations, or to the pressure of routine work, change in apparatus, 
reagents, etc. It is therefore valuable to know the repeatability of a 
method, since this gives a criterion against which to measure the sub- 
sequent figures for reproducibility. The figures for repeatability can be 
used for the preparation of control charts (Section 3.3.1) , and subsequent 
experience of the method, during which the SD for reproducibility is 
obtained, will show whether the limits drawn on the chart from the 
initial assessment of repeatability require modification. 

3.2.3. The Degree of Accuracy and Precision Required in Clinical 

The findings of interlaboratory surveys of accuracy have highlighted 
the need for improvements in reliability of day-to-day work. Where 
estimates of precision have been obtained as part of these surveys, short- 
comings have again been revealed, but not as  glaring as the variable 
standards of accuracy. Although i t  is desirable that each method intro- 
duced into routine diagnostic work should as far as possible be both 
accurate and specific (i.e., should be capable of measuring what it pur- 
ports to measure) , assuming that reasonable standards have been defined 

The Initial Assessment of Precision 

Chemistry 
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for each method in these two respects i t  is also necessary to consider the 
degree of precision, especially reproducibility, which should thereafter 
obtain in practice. This is a difficult problem to solve, since several factors 
have to be taken into account; the limits for the reproducibility of one 
method may differ markedly from the limits required for another, and 
the limits to be observed for a single method may differ for results that 
fall in the physiological as distinct from the grossly pathological range. 

In  determining the standards of precision that the results of a chemical 
investigation must meet in routine use, i t  is important not to introduce a 
method so demanding in terms of the technical skill required for its 
performance, or so long and complicated, that the staff either cannot 
regularly undertake its performance, or else can obtain results only a t  a 
rate unacceptably slow for clinical purposes. On the other hand, i t  is 
unwise to adopt the attitude that the results furnished by the laboratory 
are “sufficiently accurate and reproducible for clinical purposes,” since 
the standards of reproducibility required by clinical work have not yet 
been clearly defined, and are in any case likely to become more demand- 
ing with the growing interest in early recognition of disease and the 
detection of small but significant changes in chemical tests carried out a t  
different times on the same individual. There will therefore be a con- 
tinuing need to keep under particularly close review the standards of 
reproducibility for a laboratory’s methods, whereas accuracy and 
specificity come up for fresh consideration each time it is decided t o  
introduce a new technique. 

Differences in the requirements for reproducibility of methods can best 
be illustrated by examples. Bilirubin, for instance, may be present in 
serum a t  concentrations ranging from 0.1 to 30 mg/100 ml. Reasonable 
957% confidence limits for a serum bilirubin level of 1.0 mg/100 ml might 
be 3~0.15 mg/100 ml, but this degree of precision would certainly not be 
required at  concentrations of 15 mg/l00 ml and above. In  this example, 
it is common practice to use different methods for investigating these two 
ranges of concentration and, for the lower levels (assuming that the SD 
increases proportionally with bilirubin content), the most valuable single 
figure for reproducibility of the method adopted would be the coefficient 
of variation (CV) ; this coefficient would indicate in this particular 
example that the 95% confidence limits for serum bilirubin in a jaundiced 
patient with a level of 10 mg of bilirubin/100 ml were k 1 . 5  mg/100 ml. 
It is important to emphasize that a different range of confidence limits 
applies to the methods used a t  serum bilirubin levels in the 15-25 mg/100 
ml range, and decisions are taken on minor alterations in the region of 
20 mg/100 ml whether to initiate exchange transfusion in neonatal 
hyperbilirubinemia. With serum calcium determinations, a 95% con- 
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fidence limit of e 1 . 5  mg/100 ml a t  a level of 10 mg/100 ml would be 
totally unacceptable, since the clinical requirements for the reproduci- 
bility of this analysis are much more demanding; Willis (WS), for 
instance, obtained a figure of +0.20 mg/100 ml and this degree of 
precision, which is justifiably required on clinical grounds, has since been 
obtained by other workers (S l l ,  T3). 

Tonks (T4) has attempted to  define the allowable limits of laboratory 
error in terms of the empirical formula 

x 100% 
1/4 of the normal range 

Mean of the normal range 
Allowable limits of error (in %) = L- 

and set the maximum limits for any determination a t  ~ 1 0 % ;  similar 
maximum limits were set by Wootton ( W l l ) ,  although for some methods 
the limits were much narrower. Sparapani and Berry (S9) have compared 
the values obtained by applying the above formula with the CV obtained 
from calculations of the range of normal values obtained as part of their 
quality control program for several different analyses. Hendry (H3), on 
the other hand, has put forward limits for the “clinically acceptable 
errors” of laboratory work, some of which exceed (egg., serum uric acid) 
the limits of *lo% set by Tonks (T4). Benenson et  al. (Bla)  based their 
suggestions for allowable errors on the precision of analyses conducted 
in the laboratory; since their formula for allowable errors accepted a 
scatter of +3 SD from the mean of repeated analyses, on a percentage 
basis some of the acceptable limits proposed by these workers greatly 
exceeded & 10%. 

It is not possible to  comment in detail on these and other similar at- 
tempts to define quantitative limits, particularly for the precision, of 
work in clinical chemistry laboratories, except to say that a t  present the 
limits suggested are in general far too lax; this fact was demonstrated, 
for instance, by calculations made by Campbell and Annan (Cl) in the 
case of plasma sodium values, and acceptance of these limits for serum 
calcium determinations would be even more fraught with danger as far as 
patients are concerned. In  the authors’ opinion, it is too early to define 
“allowable limits” of error in clinical chemistry, and they suggest that  
such limits cannot be properly delineated in the present imperfect state 
of medical knowledge. The only other point they wish to stress is that  
relaxation of any limits eventually established for quantitative chemical 
investigations, carried out as part of screening surveys, would probably 
be most unwise. 

We forecast, therefore, that improvements in the quality of standard 
materials, reagents, analytical methods, instrumentation, data-processing 
techniques, and control programs will individually and collectively con- 
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tribute to the better reliability of clinical chemistry, but the attempts 
along these various lines to achieve improved reliability must always 
bear in mind the practicability of the resulting method, i.e., its ability 
to provide reliable results sufficiently quickly in routine operation to be 
of assistance in influencing the clinical assessment of patients. 

3.3. STATISTICAL ANALYSIS 

Before a technique is adopted for routine use in any laboratory its 
accuracy and reproducibility must be investigated. Thereafter the system 
of laboratory quality control must ensure that the initial criteria for 
reliability are being maintained, and provide practical proof that each 
batch of measurements is satisfactory before results obtained on patients’ 
specimens are reported. A decision in each case is needed about the 
number of controls to be included in each batch of assays, and about the 
limits to be set for control purposes. These limits are usually expressed in 
terms of “95% confidence limits’’ (+2 SD) , meaning that 95% of a suf- 
ficiently large number of results will lie within the limits and 5% will fall 
outside them. If only one control is placed in a batch, 5% of such controls 
in any sequence of batches can normally be expected to fall outside these 
limits, and on average 5% of the batches will have to  be carefully 
investigated or repeated for this reason alone. Too many controls are of 
course wasteful and an optimum number must be chosen. A determining 
factor in this choice is the amount of variation in standards of perform- 
ance which might be expected for a particular technique; for instance, 
with fully automated methods, large random errors are unlikely to occur, 
and if one control sample is satisfactorily analyzed the rest of the batch 
is much more likely to be of acceptable standard than with techniques 
more dependent on human intervention or participation. Consequently, 
as a first generalization, the greater the degree of automation the smaller 
will be the number of controls required. 

The small number of controls possible to  assay conveniently in each 
batch will a t  best, when studied in isolation, only supply information 
that no serious change has occurred. More insidious changes will become 
evident only by studying results obtained from controls analyzed in 
successive batches. These insidious changes are best revealed by the 
maintenance of quality control charts giving a visual display of any 
changes that have taken place. 

Whenever possible, therefore, it is advisable to  run duplicate controls, 
to investigate the variability between readings in a single run (the 
within-batch error) ; comparison of the readings for these controls ob- 
tained in different runs will give information about the between-batch 
error. 
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3.3.1. Control Charts 

The use of control charts in clinical chemistry has assumed various 
forms, and selection of types of chart for discussion in this section does 
not imply that they necessarily all have advantages over alternative 
forms of charting practiced in other laboratories. It is possible, however, 
to make a general recommendation to  the effect that the graphic presen- 
tation of control data is easier to appreciate a t  a glance (with the 
consequent implication that the need for action in respect of poor per- 
formance is recognized earlier) than is the recording of control data 
restricted to a series of figures in a notebook. 

Levey and Jennings (L3) first suggested the use of control charts in 
the clinical laboratory. These charts had previously proved their value 
in other branches of chemistry and industry generally, and since 1950 
have become widely used in clinical chemistry. Different methods of 
preparing the most suitable data for inclusion on these charts have been 
discussed, as well as methods for setting action limits (G3, G5, H6, H9, 
L3). Of these, only the “number plus” method (H9) has been shown to 
be basically unsound (Vl) , but the shortcomings suggested by these latter 
authors in the other laboratory control methods they discussed can be 
overcome if control specimens are introduced into the laboratory’s work- 
load (as recommended in Section 3.1.3). Many laboratories have now 
accumulated experience over several years of the value of control charts, 
and the present authors cannot disagree too strongly with the conclusion 
of van Peenen and Lindberg (Vl ) ,  “The best method presently available 
for detecting errors is comparison of reported laboratory values with 
the patients’ clinical states.” Instead, the regular use of control prepa- 
rations with graphical presentation of results is held to be an essential 
part of the daily operation of a clinical chemistry laboratory. 

To prepare a control chart for a method the following basic steps are 
needed: 

(1) Investigate the method for its accuracy and practicability. If an 
acceptable standard of accuracy is attainable without making the method 
unduly slow or demanding in its performance, proceed to (2). 

(2) Evaluate the repeatability of the method. This gives an initial 
figure for the SD of the determination under the best available working 
conditions. Repeatability can be obtained from analyaing the same 
specimen a t  least 20 times, but preferably from analyzing a similar 
number of different specimens in duplicate. The analyst should not know 
the way in which individual numbers of these duplicated determinations 
pair off, so that the possibility of any observer bias entering into the 
recording of colorimeter readings, etc., and the calculation of results is 
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reduced. In  addition, the specimens should preferably span the range 
(physiological and pathological) over which the method is to be applied. 
If this latter course is adopted, the coefficient of variation (CV) may 
prove to be the more appropriate figure for plotting on control charts, or 
it may be decided to monitor the subsequent performance of the method 
with separate control charts, one for the physiological range and one for 
control samples chosen to assess the more grossly pathological ranges of 
results. 

(3) Having decided whether the SD or CV is applicable in the 
particular case, a control chart is drawn (Fig. 1). The reference line 
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4. I 

Ubrning limit , - . - . - . - . - . 

Warning limit .-.-.-.-__.-.-.-.-l-._._ 

FIQ. 1. A control chart showing the results of serum potassium determinations 
performed daily on the same control serum (previously determined mean value, 4.40 
mEq/liter). The warning and action limits arc set a t  +-2 SD and k 3  SD, respec- 
tively. 

represents the accepted true value for the specimens that are to serve 
as controls. This may be plotted as zero, and subsequent observations for 
control preparations recorded as positive or negative values in respect of 
the amount by which they differ (in mg/100 ml, mEq/liter, etc.) from 
the true value. Alternatively, for those determinations in which i t  is 
desired to monitor on a single chart the performance of a technique using 
control sera that include values over a wide range (e.g., blood urea 
nitrogen covering the range 5-150 mg/100 ml), the reference value 
plotted can be the ratio (ideally, 1.00) between the observed and the 
“true” value for the particular control preparation. 

(4) Lines are then drawn parallel to the reference line, above and 
below it. If the SD of the repeatability has been chosen for initial moni- 
toring purposes, these lines are drawn a t  rt2 SD (9576 confidence or 
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warning limits) and &3 SD (action limits). Alternatively, if the ratio 
of observed to  true concentration or activity has been chosen as the 
reference value, the lines setting limits for the determination can be based 
on arbitrary percentages, such as those given by Wootton (W11). 

(5) Having drawn on the control chart the lines for the reference 
value, and warning and action limits (or other warning lines), as based 
on the results of repeatability experiments, the results subsequently ob- 
tained for control preparations are entered on the chart daily. These are 
plotted as differences (positive or negative) between the observed and 
the reference values or, for the ratio method of recording results, as the 
ratio between them. Individual points obtained on successive days or in 
succeeding batches of analyses are joined by lines on the chart. 

(6) As these results accumulate, giving an indication of the reproduc- 
ibility of the method, the need may arise to revise the warning and action 
limits, but drastic revision should not be undertaken until the source of 
any gross discrepancy between results for reproducibility and repeat- 
ability has been defined and, if possible, eliminated (e.g., by work simpli- 
fication or further training of staff). 

(7) When duplicate control sera are analyzed in a batch, i t  may be 
found advantageous (especially early in the use of a technique) to plot 
an additional control chart showing the difference between the duplicate 
samples (G5),  plotting means on one and differences on the other. This 
chart will display the within-batch error more clearly than the standard 
chart that plots the mean of the duplicates and is of greater use for moni- 
toring between-batch error. 

The use of any control chart demands a knowledge of what is the 
probable limit of nonsignificant fluctuation ; inevitable variability must 
be distinguished from that caused by the existence of trouble. No uni- 
versal rules can be laid down with respect to when action is required to 
check the validity or to reject a batch of results outright (J l ) ,  but the 
two sets of limits on the chart (Fig. 1) act as guides. With the uneventful 
routine operation of a technique having a gaussian distribution of errors 
in the analysis of the control specimens, the warning limit will be 
exceeded for only 5% of the control results obtained and the action limit 
for 0.3%-if more than one control is used in a batch, different warning 
and action limits may be calculated from a special table (M11). If the 
frequency distribution curves for the errors of controls do not follow a 
normal distribution, however, the exact probability of a given error 
arising from chance cannot be deduced from a small number of readings 
(C5). Despite this difficulty, in practice, setting the action limit a t  +3 
SD remains satisfactory; even if the curve for the distribution of values 
about the mean for a large number of repeated analyses does not conform 
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to a normal distribution, i t  is likely that 19 of 20 findings for controls 
will be within the accepted range (S3), unless there is something wrong 
with the batch of analyses. When consecutive duplicates are used, the 
likelihood of the results for both these controls being outside the limit 
purely from chance will be remote during normal running. 

Three methods of producing control charts are shown in Figs. 1-3, 
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FIQ. 2. A control chart showing in tabular form the data for serum potassium 
assays displayed graphically in Fig. 1. All figures are in mEq/liter. 

+0*5 t 

F I ~ .  3. Cumulative sum chart for the accumulated differences between the indi- 
vidual readings (shown in Figs. 1 and 2) for the potassium content of the control 
serum and the reference value of 4.40 mEq/liter. The cumulative sums are in 
mEq/liter. 

where a series of results for potassium assays performed on a fictitious 
patient control serum have been recorded; the assumed true value for its 
potassium content is 4.40 mEq/liter. Figure 2 shows a numerical record- 
ing of the actual findings as a series of figures in a table which has - ~ - 2  
SD and +.3 SD marked as the warning and action limits. It appears from 
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this that control has been maintained, although the action limit was 
almost reached on one occasion. Figure 1 shows a more widely used 
graphical method of presenting the same information; it is still not easy 
to detect any trend in the series of results, and inspection of this graph 
might also suggest that the technique was being maintained in satis- 
factory control. 

3.3.2. Cumulative Sum Charts 

An alternative method of plotting these same quality control data 
(Fig. 3) makes use of cumulative sum charts (W9). The preparation and 
advantages of these charts will first be described in some detail, since 
they have not yet been widely adopted in clinical chemistry. The basic 
calculation in their preparation involves subtracting an arbitrarily decided 
constant value (e.g., 4.40 mEq/liter for serum potassium estimations) 
from each figure in a series of similar observations (e.g., the daily aver- 
age for plasma potassium results on patients), and accumulating the 
differences between each successive set of results and the constant value. 
The successive accumulated differences are termed the cumulative sums 
of the original series of results, and these values can be plotted graphi- 
cally as a cumulative su,m or cusum chart. 

Cusum techniques have for many years proved valuable in industrial 
quality control and productivity, allowing the detection of movements 
away from a target level a t  much earlier dates than when charts are 
simply plotted of the basic observations from which cumulative sums are 
derived. These charts are not of value for displaying the results of a 
series that exhibits a steady trend; this characteristic is rarely main- 
tained for long in clinical chemistry, however, and cusum charts can be 
employed in a hospital laboratory’s quality control program for the fol- 
lowing purposes : 

(1) Detecting changes in the average level of a set of figures. 
(2) Determining the point of onset of such changes. 
(3) Obtaining a reliable estimate for the current average value of 

the set of figures relating to the method being monitored. 
When plotting a cusum chart, the choice of reference value is impor- 

tant, since otherwise the slope of the chart is liable to  be too steep for the 
early recognition of significant changes in slope, and the accumulated 
sums are liable to go off the limits of the chart inconveniently often. The 
initial reference value (k) is therefore best taken, in clinical chemistry, 
as the mean value obtained for the particular technique in the last ten 
or more batches of analyses. If zl, z2, etc., are the mean values obtained 
for the subsequent sets of observations, the values plotted on the graph 
(&, S,, etc.) are given by the equations: 
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Si = xi - k 
Sz = 21 - k + 2 2  - k = S1+ 5 2 -  k 

S, = Sn-l + X ,  - k = Z,X - nk 
Ways of extracting the maximum information from cusum charts are 

discussed by Woodward and Goldsmith (W9) ; guidance is given there 
about the most suitable relation between distances on the horizontal 
and vertical axes to adopt when drawing up the charts, and about the 
various procedures which can be adopted in the event of an obviously 
freak result. Changes in the mean for the particular set of observations 
are reflected by changes in the slope of the cusum chart, and quite small 
changes are quickly detected by alterations revealed in the general slope 
of the chart (Fig. 3). When examining a cusum chart, a presentation of 
average values occurring over a considerable time scale is being visually 
assessed, but in a way that focuses attention on the time when the last 
change in the average value occurred. So far the authors themselves have 
practiced only visual assessment of cusum charts, but other more exact 
methods of deciding when action is required can be applied (W9). 

In  the example shown in Fig. 3, the reference value for the serum 
potassium content of the control sample was 4.40 mEq/liter, so the values 
to be plotted successively on the cusum chart can be derived from the 
figures given in tabular form in Fig. 2, and are -0.17, -0.24, -0.38, 
-0.48, -0.40, etc. The cusum chart reveals a change not evident from 
the data presented in either Fig. 1 or 2, since the downward trend evident 
in the first seven results plotted on the cusum chart was reversed with 
the eighth and subsequent entries. The change in slope in Fig. 3 was 
shown to have coincided with the use of a new manifold on the Technicon 
electrolyte analyzer. 

Cusum charts do not entirely replace earlier graphical methods of 
presentation, since the severity of error in the analysis of the seventh 
specimen is less obvious in Fig. 3, whereas it is clearly shown in both 
Figs. 1 and 2. 

In  addition to these charts for control sera, charts can be used to  dis- 
play the results obtained with standards and with blanks (H7a) and, by 
using duplicate standards or controls, charts can be plotted showing the 
differences between duplicates (L3). These “difference charts” have been 
found valuable for detecting whether the variation between pairs of 
analyses performed on different days is significantly greater than the 
variations between pairs analyzed as part of the same batch. 

It would be possible to draw up a long list of different control charts 
which could be plotted with respect to every determination subjected to 
quality control of its performance, each chart adding its contribution of 
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potentially valuable information, but the preparation and maintenance of 
several control charts for many different techniques can readily become 
too time-consuming and thereby defeat their own purpose. Not more 
than two control charts, therefore, are advocated for any one method, 
and the rest of the control data (e.g., on blanks or standards) can be 
kept in notebooks for plotting in graphic form if this seems worthwhile 
when investigating an  analysis that has gone out of control. It is recom- 
mended that one of the graphical records of data for control sera should 
be a cusum chart. 

3.3.3. Monitoring of Total Laboratory Error over Long Periods 

The reliability of any result produced by a clinical chemistry labora- 
tory can be deduced only from results found on control specimens such 
as the fictitious patient controls (referred to in Section 3.1.3). Results 
for these analyses may be plotted on charts (as shown in Figs. 1-3) 
where they provide evidence for day-to-day quality control. These 
charts, however, will indicate only fairly large changes in the reliability 
of the method and may not reveal a gradual deterioration. To detect 
this gradual lowering of reliability, the SD or CV for each analysis 
should be calculated at regular intervals from the figures collected on the 
charts. It is advisable to carry out this operation at  least once a month, 
and to compare the findings for the previous month with earlier sets of 
figures for the method. 

These findings for the SD a t  different concentration levels, or for the 
CV if the SD of the determination changes linearly throughout the over- 
all range for physiological and pathological results, provide valuable 
statistical information to clinical staff on which to base their assessments 
of laboratory reports; if the SD or CV for a laboratory method changes 
significantly from time to  time in routine use, as shown by these monthly 
reviews, the latest set of figures should be made available to users of the 
laboratory. 

When attempting to  control the performance of analyses of relatively 
unstable components of serum or plasma (e.g., in certain enzyme deter- 
minations), it is unwise to depend solely on lyophilieed pools (H8) since 
these may deteriorate a t  indeterminable rates. Carry-over analyses on 
patients’ samples prove particularly valuable in this connection, and the 
results plotted on control charts daily, or batch by batch, can also be 
used collectively on a long-term basis to calculate the SD for the method, 
using the formula in Section 2.2. Alternatively, the SD can be calculated 
from the average difference between these pairs of carry-over specimens, 
by dividing it by 1.128 (M11). 
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3.3.4. Computer Analysis 

In most laboratories a t  present, the results of quality assessments have 
to be recorded manually, either in notebooks or on control charts, etc., 
and time is insdcient for extracting all data of potential value from these 
results. With the introduction of mechanical data-processing equipment 
and computers, however, additional checks can be introduced. Some of 
the technical details of these systems will be considered (Section 5.5). 

Whitehead (W6) described an IBM-870 system for the recording of 
laboratory data on punch cards based on an earlier description by Pea- 
cock et a2. (Pl) .  The primary purpose of this system was to improve the 
presentation of individual laboratory reports, but the cards were subse- 
quently sorted and the data on them subjected to statistical analysis, 
some of which revealed hitherto unsuspected sources of error as a result 
of variation in the technical performance of individual members of staff. 
Whitehead was among the first to apply cusum techniques to clinical 
chemistry laboratory data for control purposes, but his off-line system 
was not able to provide quality control information of immediate value 
to the laboratory. 

Another off-line development of computer-dependent data processing 
has been described by Flynn et al. (F3, F4, F5), and this system (which 
uses equipment supplied by Elliott Medical Automation Ltd., Chenies 
Mews, London, England) has been further evaluated in the authors’ 
laboratory. As far as the quality control program in this laboratory is 
concerned, the ALA (Automatic Laboratory Analysis) system, in addi- 
tion to collecting data from strip-chart recorders onto paper tape and 
including in the computer program certain correcting steps not readily 
performed manually on a repetitive basis (Section 5.5.1), presents the 
printed data from each run of analyses in a form that allows a rapid 
assessment of the quality of each day’s findings. As part of the modifica- 
tion of the original program to meet this laboratory’s requirements, the 
Elliott 803 computer produces two output tapes of computed data. The 
first of these carries (1) the results for all the control samples included 
in the batch of analyses and inserted in the analytical run at  positions 
identified for the computer, and (2) statistical information about the 
results of analyses on patients. These data can be inspected and charted 
while the longer process of printing out results for individual patients is 
taking place, and a part of one day’s quality control printed output is 
shown in Fig. 4; the values for the mean results from patients’ specimens 
are used for plotting cusum charts. Flynn (F4) adopted a different 
statistical evaluation of data from patients, as part of his computer pro- 
gram, confining the assessment to the “average of normals” approach 
(H10). 
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FIQ. 4. Part of a teletype print-out of one day’s quality control assessment of 
urea and electrolyte (Na, K, C1, and HCO,) determinations, using AutoAnalyzer 
equipment. The results were prepared by a digital computer, using as input punched 
tape from the Elliott ALA data-acquisition system. The upper part of the record 
shows the results for four identical control sera, two near the start and two near the 
end of the run; the left-hand column is the number of each sample’s position in  the 
run. Ion difference (Diff) equals (Na + K) - (C1+ HCOs), and the letter coding 
on the right gives the classification of individual results into arbitrary groups for 
normal (C) and various abnormal levels (A, B below and D, E above the normal 
range). The lower part of the record provides collected statistical data for the 
analyses on patients, and the patient means are used for plotting on cusum charts. 

Blaivas (B4) described the use of an IBM-1710 process-control sys- 
tem, on-line to 20 AutoAnalyzers, in which the computer program in- 
cluded instructions for the acceptance or rejection of standard curves, 
and a series of checks for monitoring the acceptability of values obtained 
for control sera. Any results that failed to meet the requisite criteria were 
indicated within a few seconds of the charting of a peak by a message 
typed on an on-line typewriter. This system has the ability to include 
daily statistical assessments of the quality of results, but these possible 
additional control features were not listed in the description (B4). 

For the future, increasing dependence of hospital laboratories on 
mechanical and electronic data-processing techniques can be forecast, 
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and their application to  process control and data processing, with the 
facility for rapid statistical evaluations, will contribute more generally 
to routine quality control in clinical chemistry. 

3.4. USE OF ASSAYS ON SAMPLES FROM PATIENTS 
FOR CONTROL PURPOSES 

3.4.1. Daily Average 

For any chemical determination regularly performed in sufficient num- 
bers on samples from patients, the average result obtained by the 

TABLE 1 
THE DAILY AVERAQE FOR PLASMA ELECTROLYTE RESULTS ON PATIENTS’ 

SAMPLES (ME~LITER) 

Number of Ion dif- 
Day samples Sodium Potassium Chloride Bicarbonate ference‘ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

164 
172 
180 
166 
166 
195 
137 
210 
179 
151 
136 
158 

139.2 
139.4 
139.1 
139.1 
140.3 
139.2 
137.8 
140.2 
140.7 
141.2 
141.5 
141.0 

4.28 
4.23 
4.32 
4.26 
4.36 
4.39 
4.07 
4.46 
4.48 
4.42 
4.40 
4.36 

101.1 
100.2 
100.1 
100.2 
100.9 
101.7 
100.5 
102.1 
102.3 
102.9 
101.7 
100.7 

26.7 
25.8 
25.6 
26.0 
26.1 
25.8 
25.5 
25.0 
24.9 
24.8 
25.2 
26.8 

15.7 
17.6 
17.8 
17.2 
17.7 
16.1 
15.9 
18.6 
17.9 
17.9 
19.0 
17.9 

a Difference between sodium + potassium and chloride + bicarbonate. 

laboratory for these analyses can be calculated daily and made to form 
part of the quality control program. This is because the characteristics 
of the population served by the laboratory, when dealing with large 
numbers of patients, are not liable to change markedly from day to  day 
(S8, W14), and the overall average is little affected by the inclusion in 
some batches of determinations of the occasional grossly abnormal find- 
ing (e.g., plasma sodium of 110 mEqJliter). For the calculation of daily 
averages for patients’ samples, a minimum number of 30 analyses should 
be being undertaken by the laboratory for the particular method. Table 1 
illustrates the constancy of the daily average for plasma electrolyte 
determinations obtained in this laboratory, and these data lend them- 
selves particularly well to visual presentation on cusum charts. 
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3.4.2. Duplicate Analuses on Patients’ Samples 

The routine performance of all determinations in duplicate is not 
advocated, particularly in the many laboratories where the pressure of 
repetitive work is already a major factor contributing to unsatisfactory 
quality of results. A limited number of duplicate determinations, how- 
ever, is valuable, and some of these can depend on the repeated analysis 
of samples from individual patients. For the investigation of within-batch 
variation, patients’ samples can serve equally well as  control sera and do 
not involve additional expense. 

Carry-over specimens from patients have a special part to play in 
quality control, since these samples will have been stored in the labora- 
tory for much shorter periods than pooled sera and can therefore serve as 
a source of evidence, additional to the evidence from blanks and stand- 
ards, that an unsatisfactory series of results for a control may have 
resulted from deterioration in the specimen of pooled serum itself. 

3.4.3. Patients’ Samples Serving as Their Own Controls 

Chemical investigations have an increasingly important part to play 
in the measurement of a patient’s progress during the course of an 
illness. For these reasons, there is a growing tendency for laboratories 
to be called upon to  perform the same investigations on individual 
patients on two or more occasions a t  different times during a single 
hospital admission, and the results of the latest set of investigations are 
then considered by the doctor in charge of the patient in relation par- 
ticularly to the previous findings for similar tests and to any changes in 
the patient’s condition. 

In  Britain, at least a t  present, considerable emphasis is still placed on 
the desirability of careful scrutiny of each set of results before a report 
is issued from the laboratory (Nl)  ; although individual reports can be 
designed so that they can be inserted in the patient’s record and build up 
there a serial presentation of the laboratory’s findings, there are distinct 
advantages if the first assessment of results of a series of related in- 
vestigations can take place in the laboratory itself. This is because 
clinical staff cannot always be relied upon to  communicate with their 
colleagues in the laboratory if a set of results contains unexpected find- 
ings which may not be immediately explicable in terms of the patient’s 
clinical progress; instead such unexplained findings are all too often 
ignored. 

For the comparison of the latest set of results for a patient with 
previous findings to be practicable, recall of previous data must not 
introduce delays into the reporting process, nor should the system of 
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data recall involve major additional effort or expense. Assuming the 
relevant previous findings can be made readily available, however, the 
latest results can then be considered by the laboratory staff in relation 
to these records of earlier investigations and to the limited clinical 
information provided on request forms. If a result appears unacceptable 
in comparison with previous findings for the patient, the laboratory 
record can be checked, a repeat of the analysis may be possible, and the 
doctor in charge of the case can be asked to provide additional clinical 
information. Several descriptions of manually operated cumulative record 
systems for results of clinical chemical findings have now been published 
(e.g., F6, M5, W4). 

From the point of view of quality control these cumulative record 
systems can fill an important gap in the laboratory’s program, since the 
various standards and controls previously discussed cannot allow for 
errors affecting single specimens from patients. Although the additional 
expense of such record systems may seem a large price to pay in terms of 
the occasional error which they may reveal (and cumulative records 
systems can be applied in practice for the detection of only relatively 
gross errors), the consequential effects of detecting one erroneous result 
in a series of findings may be considerable, e.g., if the error detected 
shows that a series of peaks on an AutoAnalyzer chart record have been 
incorrectly identified in relation to  the corresponding samples. 

At present, with manually operated cumulative records systems and 
the pressure of work experienced in most clinical chemistry laboratories, 
much of the evaluation in the laboratory itself of individual results in 
relation to information on request forms is empirical. However, with the 
development of computer-dependent systems for efficient storage of data 
and rapid recall, it will be possible to include in the programs predeter- 
mined criteria for drawing attention (e.g., by asterisks) to results for 
investigations that differ by defined percentages from the previous sets 
of findings for each patient; these marked results can then be assessed 
particularly carefully, whereas the unmarked results can be reported 
forthwith-for such computer-prepared results there is, a t  least in Scot- 
land, no legal requirement for each report to be signed by a member of 
the laboratory staff before being sent out from the department, with the 
special exception of forensic work. 

3.5. SUMMARY OF QUALITY CONTROL PROCEDURES TO ADOPT FOR 

MONITORING THE ROUTINE PERFORMANCE OF A 

CLINICAL CHEMICAL METHOD 

So far this review has discussed points to take into account when 
initially assessing the suitability of a technique for introduction into 



QUALITY CONTROL IN ROUTINE CLINICAL CHEMISTRY 111 

diagnostic service, and methods for subsequently monitoring its perform- 
ance. Because of the wide range of analyses performed by the modern 
clinical chemistry laboratory and the ever-growing pressure from rising 
workloads, a balance must be struck between what is ideal and what is 
practicable in the day-to-day monitoring of a laboratory’s quality of 
performance. The present subsection, therefore, summarizes the dif- 
ferent methods of quality control that have been discussed, and indicates 
those particular practices that are regarded as essential or especially 
valuable for analyses on plasma or serum. Similar practices should be 
adopted for other clinical chemical determinations. 

3.5.1. Standards 

These are essential for all clinical chemical methods, and must not be 
confused with controls. A record of the successive readings obtained 
with standards used in a technique provides valuable evidence about the 
continued performance of a t  least part of the method, or of the final 
measuring instrument, or both. In  some cases, standards can be taken 
right through all the analytical steps, and a special type of standard-the 
Bench Standard-has been advocated (Section 3.1.1.2). 

3.5.2. Blanks 

These also form an essential part of all clinical chemical methods, and 
a record kept of successive readings obtained with blanks may provide 
a valuable early indication of deterioration in reagents. If the practice of 
reading test solutions directly against blanks is adopted to simplify re- 
petitive calculations, this should not be a t  the expense of making an 
initial reading of the optical density of the blank itself, most often in 
relation to water. 

3.5.3. Controls 

There are several kinds of control which can be applied. Of these, be- 
tween-batch controls making use of materials which can be taken through 
the entire analytical procedure provide the most valuable single method 
and must be regarded as essential. Other forms of control (e.g., within- 
batch controls) can provide useful additional information that  helps to 
delineate the cause of a breakdown in a hitherto satisfactory record of 
quality control. Whenever possible, controls should be introduced anony- 
mously into the laboratory’s work (fictitious patient controls, Section 
3.1.3). Types of control materials for analyses on plasma or serum which 
have been discussed include: 
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(1)  Aqueous solutions of pure materials. Limited application, and 
open to error of bias. 

(2) Control sera prepared and analyzed in the laboratory. Various di- 
lutions of these can be prepared to reduce the possibility of error of bias. 

(3) Commercially prepared control sera that have had their analytical 
composition determined by selected reference laboratories. These can also 
be prepared in different dilutions. 

(4) Sera from individual patients in which the only comparison pos- 
sible is with other results obtained on the same specimen. This provides 
a very cheap form of control material. When used as between-batch con- 
trols, these sera have particular value in monitoring the performance of 
enzyme determinations. 

( 5 )  Sera or aqueous solutions forming part of interlaboratory com- 
parisons. Limited use made of these a t  present. 

(6) Statistical analyses on results obtained for large groups of patients. 
All except the last of these examples can be used either for duplicate 

analyses to  assess the within-batch error or for repetition of analysis in a 
subsequent batch to assess the between-batch error; the regular perform- 
ance of duplicate analyses on all specimens is regarded as impracticable. 
The statistical assessments are particularly useful for between-batch 
comparisons. Although these various checks may indicate that the ac- 
curacy of a method is altering in routine use, their main application is 
in the monitoring of precision. 

3.5.4. Control Charts 

Data collected from the monitoring procedures summarized above can 
be kept in notebooks, preferably as serial entries that allow direct com- 
parison between successive readings. Visual display is, however, strongly 
recommended and the particular value of cusum charts in forecasting 
trends has been mentioned. 

3.5.5. Synopsis 

As a minimum, each batch of analyses in clinical chemistry must in- 
clude (1) a standard, (2) a blank, and (3) a control that is indistinguish- 
able from the specimens being analyzed, For large batches of analyses, 
either manually performed or carried out with equipment such as Auto- 
Analyzers, a t  least one in every 40 specimens analyzed should be a con- 
trol. The most important type of control to include in any assessment is 
one that allows the between-batch reproducibility of the method to be 
monitored; this can be achieved most simply and cheaply by repeating in 
the subsequent batch the analysis of a patient’s specimen included in the 
previous batch, due care being taken to  ensure- the stability of the ma- 
terial being analyzed during the interval between batches of analyses. 
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4. Sources of Error 

4.1. ERRORS ORIGINATING ON THE WARD OR DURING 
TRANSPORT OF SPECIMENS 

4.1.1. Errors during Collection of Specimens 

Some of the errors which can occur a t  the time of specimen collection 
on the ward or in an outpatient department may prove impossible to 
eliminate, and i t  is almost certain that, when a comprehensive system of 
controls has become standard practice in any laboratory, the ward will 
become the major source of error. The overtaxed doctor or nurse is liable 
to make a mistake over the patient’s name when labeling specimen tubes, 
or accidentally to put the wrong times of collection on sequential speci- 
mens. Such errors can be reduced only by training staff responsible for 
specimen collection to  work in a methodical manner regardless of the 
stress of the moment. 

The carrying out of special procedures and the collection of specimens 
for clinical chemistry investigations entail considerable attention to 
detail, and all too often errors in collection arise from inexperience, 
ignorance, or lack of organization. For example, most hospital biochemists 
will be familiar with the sources of error inherent in such a relatively 
easy operation as the collection of a 24-hour specimen of urine. A patient 
cannot be watched throughout the whole 24 hours, and may be attended 
by many different nurses in a busy ward. Night staff may not be fully 
informed of all requirements. A well-meaning but uninformed nurse may 
easily discard a specimen, add i t  to a previous day’s collection, or pour 
it into another patient’s bottle. In  many cases the member of the ward 
staff concerned may be unaware of the simple instructions required to 
ensure an accurately timed specimen. The regular performance of urinary 
creatinine estimations or other laboratory measurements to cross-check 
the completeness of 24-hour urine collections adds unnecessarily to the 
work of the laboratory, and introduces the possibility of a new set of 
errors which can affect the interpretation of the final result (ClO). In  
other words, if a 24-hour collection of urine is required for an investiga- 
tion, proper instructions should be given on the method of collection, to 
the patient and to the nursing staff, and these instructions should then 
be carried out to the letter. 

Similarly, i t  might be felt that little skill and experience are required 
to carry out an oral glucose tolerance test, yet many of these tests are 
spoiled before the specimens arrive in the laboratory by failing to observe 
rules regarding the previous diet of the patient and the correct dose of 



114 L. Q. WHITBY, F. L. MITCHELL, AND D. W. MOSS 

glucose, or by omitting to note vomiting. If capillary samples of blood 
are used, it may be necessary to collect accurately measured volumes of 
blood by capillary pipet. Experience has shown that the last task requires 
considerable practice before i t  can be done successfully. 

Other reasons which can account for day-to-day variation in results 
for some analyses from individual patients include (1) the effect of 
diurnal variation on some plasma constituents (e.g., cortisol, phosphate, 
iron) (L6, W12), (2) the influence of the phases of the menstrual cycle 
on serum iron ( Z l )  or on urinary excretion of estrogens and pregnanediol 
(L5), (3) changes owing to the posture of the patient (e.g., on plasma 
cholesterol) (F l ) ,  (4) adverse effects of excessive venous stasis (e.g., 
calcium, protein, pyruvate, etc.) (G2), (5) interference by various foods, 
drugs, and their metabolites (e.g., iodine-containing compounds on 
serum protein-bound iodine; vanilla, etc., on catecholamine metabolites 
in urine), (6) collection of blood specimens from a limb into which an 
intravenous drip is running, and (7) use of a specimen container in which 
the wrong anticoagulant or preservative has been placed. 

These various sources of error in the collection of specimens from 
patients, whether physiological in origin or the result of ignorance or 
carelessness, can each prevent the laboratory from providing 8 meaning- 
ful result for the affected specimen. These errors can grossly undermine 
confidence in the value of chemical investigations if the faulty specimens 
are not detected, since results obtained from the analysis of faulty speci- 
mens may be later compared with results obtained on specimens properly 
collected. Many of these potential reasons for unsatisfactory specimens 
can be overcome, a t  least in hospital practice, by collecting blood from 
fasting patients before they are allowed out of bed in the morning, and 
using a minimum of venous stasis; for timed urine collections, a fixed 
schedule of times for starting and ending collections can help considera- 
bly. 

Although this section may not appear immediately relevant to  the 
problem of quality control within a routine hospital laboratory, i t  has 
been included to emphasize the fact that, a t  any stage in the whole 
procedure of any test, from the time of requesting an investigation to the 
time of furnishing the report, a mistake can lead to an erroneous and 
sometimes grossly misleading result, and that the contribution of the 
ward or out-patient department, etc., to the incidence of these errors has 
still not been fully appreciated. 

4.1.2. Deterioration of Specimens after Collection and (before Analysis 

Some specimens require preservative, such as fluoride to  inhibit 
glycolysis in blood samples, or mineral acid to stabilize catecholamines 
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and their metabolites in urine, etc., and deterioration of unpreserved 
specimens can prevent subsequent laboratory work from having practical 
diagnostic value. Other specimens require a preliminary processing step 
to be performed within a limited period, and thereafter are stable for 
relatively long periods; for instance, several analyses on plasma and 
serum can be adversely affected if separation of these specimens from 
red cells is unduly delayed (e.g., potassium, phosphate, certain enzyme 
assays, etc.) . Samples for blood gas analysis deteriorate very rapidly, 
unless carefully refrigerated (S2) when their examination may be delayed 
for 2-4 hours, and urine samples for assessing the response to a loading 
test with NH,Cl are also unstable. 

Deterioration of specimens as a result of delays in transport from wards 
to the laboratory has focused attention on the possible advantages of 
pneumatic tube communication systems. A technical memorandum (M8) 
discussed the financial and operational factors to take into consideration 
before deciding to install such a system, which can be undertaken 
economically only as part of a building program, and McClellan e t  al. 
(M6) reported data on the adverse effects of one such transport system 
on the validity of chemical determinations on blood samples. 

4.2. ERRORS RESULTING FROM INTERCHANGE OF SAMPLES AND 

ERRORS OF TRANSCRIPTION 

Unless properly labeled a t  all times, specimens from one patient can 
easily be mistaken for and interchanged with similar specimens from 
other patients. These opportunities for interchanging samples occur (1) 
a t  the time specimens are collected in the wards or outpatient clinics, 
etc., where they may be labeled with the wrong name, (2) a t  the sample 
reception desk, where serial numbers (or other system for identifying 
specimens during transit through the laboratory) may be put on the 
wrong specimens, (3) in the laboratory sample-preparation area, where, 
for instance, large numbers of blood samples are being processed prior to 
analysis, by centrifugation and subsequent transfer of the supernatant 
plasma or serum to another container, and this transfer may be made into 
the wrong receiver unless this is clearly labeled to correspond with the 
original specimen container, (4) a t  the time the technician selects a 
specimen for analysis, either by manual means or by transfer of a 
portion to an AutoAnalyaer cup, ( 5 )  during the actual process of analysis, 
as a result of interchange of inadequately labeled tubes or of faulty 
discipline with AutoAnalyaers, leading to unauthorized and unrecorded 
switching of samples on the sampler turntable after loading has been 
completed, and (6) a t  the time of reading the scale on the measuring 
instrument (colorimeter, spectrophotometer, AutoAnalyaer strip-chart 
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recorder] etc.), entering the result against the wrong patient in the note- 
book or other bench record-this last mistake could be classed as an 
error of transcription. 

In addition to the many pitfalls listed above, errors of transcription 
can occur when entering the results from laboratory work sheets, etc., 
onto record cards or report forms. These may be mistakes affecting a 
single patient, or results for two or more patients in a series of analyses 
may be entered on the wrong forms. 

4.3. LABORATORY BENCH ERRORS 

These errors should be familiar to all trained laboratory workers, and 
are best classified according to Vogel’s (V3) definitions for categories (a)  
and (b) of determinate errors (Section 2.5). They include such items as 
dirty or damaged glassware, use of a wrong pipet, and faulty reagents. 
With measurements depending upon colorimetry, the fact that certain 
reactions are prone to develop turbidity as well as color must not be 
overlooked. Fatigue and boredom also undoubtedly contribute to bench 
errors (R6, R6a). 

5. Methods of Improving Reliability 

5.1. GENERAL EDUCATION 

5.1.1. Management 

Surveys have shown (Section 1.2) that many laboratories appear to be 
unaware of the poor quality of the results which they may be producing. 
Full awareness of the potential sources of error in the various aspects of 
laboratory work is undoubtedly the best stimulus to  maintaining a high 
standard of accuracy and precision, and clinical chemistry laboratories 
should have their quality control data continuously available and under 
review. Control techniques have come into general use only comparatively 
recently] and their value may not yet be appreciated widely enough by 
the heads of laboratories. 

5.1.2. Laboratory Workers 

It will be increasingly possible in laboratory work to eliminate human 
error by the introduction of automation, a t  the price of growing capital 
expenditure on equipment. In  order to make the best use of the expensive 
equipment involved, a trend toward the establishment of large, central- 
ized laboratories that carry the analytical load for as large an area as 
possible is already being felt (Gl, W7). It will not be possible, however, 
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to automate completely either the smaller laboratories or the more com- 
plex techniques and, for these, human sources of error will remain. The 
more highly skilled the laboratory worker is, the more reliable and precise 
should be his results. This is shown in Table 4, where the reproducibility 
obtained by a senior technician operating a manual method is shown to 
be much better than that  of a student technician. The general training 
and experience of the worker must therefore play a large part in main- 
taining precision, but greatly improved results can be obtained by rela- 
tively inexperienced workers if the importance of good technique is 
continually stressed during their training. 

5.2. ELIMINATION OF WARD ERRORS 

Contact between the ward and laboratory staff is the best way of 
reducing most errors that occur before a specimen reaches the laboratory. 
The change toward larger laboratories, however, will inevitably mean a 
considerable decrease in the personal contact that so many of the present 
small laboratories have with the staffs on the wards they serve. This 
loss need not increase errors in specimen collection if the possibility of its 
occurrence is recognized and steps are taken to  overcome it. 

Each laboratory should make available to all its users a frequently 
updated set of detailed instructions for the collection of specimens and 
for the carrying out of all the tests done, together with information on 
the interpretation of results. No user should then have to rely unduly on 
his memory, nor should he have to obtain details on the carrying out of 
tests from textbooks, where many different descriptions of the same test 
are often to be found. The number of different containers for specimens 
should be kept to a minimum, and the label and request forms should be 
as simple as possible to expedite their proper completion; the request 
form should include a space for entering the time of collection of the 
specimen. Possible ways of improving and simplifying request forms, and 
avoiding unnecessary transcription steps in the laboratory itself, have 
been considered by Lee and Schoen (L2a). 

5.3. ELIMINATION OF CLERICAL ERRORS IN THE LABORATORY 

5.3.1. Laboratory Reception 

Except in a small laboratory, it is unwise to rely on the name of the 
patient to identify a specimen throughout the process of analysis. 
Rapidly increasing workloads prevent staff from taking an interest in the 
personal identity corresponding to each specimen. Many names are 
easily misspelled or confused, or are inconveniently long, and the hospital 
record number is always large. 
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Laboratories employ a wide variety of methods for dealing with the 
accession and identification of specimens and related documents. It is not 
possible to cover every alternative, and the following description is 
based on a summary of the practice in this laboratory. 

The simplest identification of specimens for laboratory purposes has 
proved to be a serial number allocated to  them in order of their arrival. 
The chances of error are reduced if the number of times the identification 
number has to be written are kept to a minimum, and this can be 
achieved by having available a t  the reception desk a reel of perforated 
gummed paper from which may be torn an appropriate number (e.g., 
six) of small labels for each new specimen, these labels all having the 
same number. Labels are stuck immediately on the request form and the 
specimen container, both of which can then pursue their separate paths 
through the laboratory, simply and unequivocally identified (W4). The 
spare labels accompany the specimen and can be used whenever some of 
i t  is transferred to a fresh container, or for numbering a bench work sheet. 

When a specimen requires analysis only on a single- or multichannel 
automatic analyzer, and a large number of such specimens are involved, 
delays occurring in the laboratory may be minimized if the position of 
the specimen on the machine’s sampling plate is used for identification 
purposes. 

Certain specimens require special preservation ; for instance, those for 
acid phosphatase measurement need to be separated and frozen im- 
mediately. Specimens for bilirubin determination must be protected 
from light. Tubes containing specimens requiring special treatment 
should be clearly marked on arrival a t  the reception area and suitably 
dealt with, otherwise gross errors can occur. 

5.3.2. Laboratorg Reporting 

Transcription errors can occur whenever a technician transfers figures 
from his work book to  the final report (Section 4.2). A system of cross- 
checking by a second technician can be adopted but this is extravagant 
of staff time, and training in a “zero defects” type of program will 
probably ensure the best results (Hl ) .  

It is common practice in many laboratories for a senior member of 
staff to inspect and sign every report before i t  is dispatched. He checks 
whether or not the findings are consistent with the clinical details, which 
should have been written on the request form. He also checks whether 
an abnormal result could have resulted from an excessive delay occurring 
between the time of collection of a specimen and its delivery to the 
laboratory; if the abnormality is attributable to such an artifact, the 
result should not be reported without a qualifying comment. When 
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dealing with single reports, this addition of a signature by a senior 
member of staff is something of an expensive anachronism, but con- 
sideration of serial laboratory records prior to the issue of reports can 
contribute to the control program (Section 3.4.3). 

5.4. METHODS OF ELIMINATING ERRORS IN ANALYTICAL WORK 

5.4.1. Work Organization 

For the maintenance of a high degree of precision, it is most important 
that work in a laboratory should proceed in an unhurried and well- 
ordered manner. Every effort must be made to avoid monotony and bore- 
dom. For a general laboratory it should be relatively easy to deploy 
trained staff so that they do not perform the same work for more than 
1-2 months a t  a time. The efficiency of a worker in carrying out any 
technique usually shows a rapid increase with growing familiarity, fol- 
lowed by a slow decline as boredom has its effect. There is thus an 
optimum period of operation which will vary from one technique to  
another, and with the temperament of the worker. In  more specialized 
laboratories, a wide diversity of work is not available and monotony 
can become a serious problem: in these the possibility of interchanging 
staff with other laboratories, perhaps on a yearly basis, may have to  be 
considered. Apart from long-term boredom, short-term tedium has for 
many years been known to affect the performance of factory workers, 
producing what has been called the “four o’clock phenomenon.” Robinson 
(R6) has shown that tedium can have similar important effects upon 
analytical precision, and emphasized that positive steps must be taken to 
guard against it. His data (Fig. 5) show the increase in the CV for 
duplicate assays of serum potassium, while one worker operating a flame 
photometer manually made 120 determinations in succession. 

Another recognized effect is the slow but insidious deterioration in 
precision that takes place when a technique is routinely performed by 
junior staff working without adequate supervision. Too often, in a busy 
department, junior technicians are allowed to train other juniors who are 
to replace thcm a t  a bench; in this way error-producing habits can be 
introduced and perpetuated, even though steps were taken to exclude 
them before the introduction of the technique into the laboratory by more 
experienced staff. To avoid this, the operation of every method should be 
checked in detail by a senior person a t  regular intervals, and the instruc- 
tion of junior staff should be undertaken only by fully trained persons. 

When a junior member of staff is experiencing difficulty with an 
instrument or piece of apparatus, a trained person may not be readily 
available for consultation with the result that uninformed action may 
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be taken that leads to error. Although in an adequately staffed laboratory 
it is possible and desirable to ensure that senior personnel are not too 
preoccupied with other duties to exercise this close supervision, i t  is 
still necessary for the junior technician to recognize that the difficulty 
is beyond his own competence to put right. Here the appropriate remedy 
is to define closely the changes from normal performance that are con- 
sidered to demand consultation with a more senior colleague. 

A hospital clinical chemistry service laboratory may be able to under- 
take more than 100 different types of assay, but not all these are per- 
formed every day, or even every week. To avoid reliance on memory or 
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FIQ. 5. The effect on the coefficient of variation of continuous performance of 
serum potassium deter.minations carried out by one technician and assessed on the 
basis of duplicate determinations, performed in batches of six pairs of analyses 
[redrawn from Robinson (R6) I .  

frequent recourse to textbooks when a method is to be performed, a file 
containing detailed instruction sheets for every assay should be readily 
available for consultation. 

5.4.2. Work Simplification 

After 3 0 4 0  years of methodological development and particularly the 
rapid changes of the last 10 years, many of the routine assays in use in 
clinical chemistry may be expected to continue in similar form for some 
time to come. From the standpoint of work study and work simplifica- 
tion, however, techniques are often still far from perfect, but, if the help 
of a work-study consultant is enlisted, he finds difficulty in giving advice 
on the simplification of bench techniques because of his lack of knowledge 
of the scientific principles involved. Clinical chemists must therefore, to a 
large extent, act as their own work-study consultants. 

All the automatic machines mentioned in Sections 5.4.3-5.4.5 employ 
advanced forms of work simplification, but the use of one or more of the 



QUALITY CONTROL IN ROUTINE CLINICAL CHEMISTRY 121 

many autodispensers and autodiluters commercially available, in con- 
junction with other simple devices, can effect major improvements when 
more fully automatic machines cannot be used or are unavailable, or 
when their application is not economically justified. 

5.4.2.1. Mechanical and Electrical Aids. The importance of glass- 
ware washing in maintaining the reliability of any laboratory’s work 
cannot be too heavily stressed. Many aids are available for decreasing 
the drudgery and increasing the efficiency of glass washing, from simple 
siphon-operated pipet washers to the modern programmed machines 
incorporating ultrasonic vibration. Several types of washer were reviewed 
in 1959 (M3) ; since that time many new machines have been described 
in the catalogs of laboratory furnishers. 

Work-simplification devices on the laboratory bench will be detailed 
under the headings of automatic dispensers, automatic diluters, and flow- 
through colorimeters with digital read-out. I n  each group, examples will 
be given of equipment of which the authors have had personal experience, 
but a choice of alternative apparatus will be available in most instances. 
The instruments mentioned are not necessarily the simplest or cheapest 
obtainable for performing a particular function. 

Automatic dispensers. Many of these function by means of a piston 
with a suitable valve arrangement, operated either electrically or by 
hand, or a peristaltic pump may be incorporated. Some simple forms are 
illustrated in Fig. 6. Movement of the syringe plunger in each case 
delivers a fixed volume of fluid. Choice of a particular type of instrument 
partly depends upon whether the syringe is to be held, or operated in a 
static position. Fully mechanized versions include the Struers (Copen- 
hagen, Denmark) dispenser and the Analmatic proportioning pipet 
(Baird and Tatlock, Ltd., Londoh, England) which has a rotary peristal- 
tic pump. In  the Analmatic pipet, a length of resilient tubing is com- 
pressed by a rotating roller, one revolution of which takes up a volume 
of fluid determined by the bore of the tubing; further turns of the roller 
cause delivery of the fluid. The instrument can be set to aspirate and 
deliver any multiple of this volume, by making the required number of 
revolutions, and can also operate as a diluter by taking up one volume 
of fluid followed by the requisite number of volumes of diluting fluid; its 
precision as a dispenser is somewhat limited by changes in the resilience 
of the tubing, but this criticism does not apply when i t  is used purely as 
a diluter. The features in the design of dispensers particularly relevant 
to considerations of quality control are (1) their ability to deliver 
repeatedly a fixed volume of fluid, which helps to  maintain a constant 
standard of reproducibility, since they are not liable to  operator fatigue, 
and (2) the fact that  the volume of fluid delivered can be varied by 
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Fxa. 6. Four types of simple hand-operated automatic dispenser. 

means of the setting of the instrument, which means, however, that they 
must be recalibrated whenever the setting is adjusted to  ensure an 
acceptable standard of accuracy. 

The advantages of dispensers can be vitiated if they are used care- 
lessly, for instance by failure to ensure that the barrel of the syringe, or 
equivalent chamber, is regularly filled to  capacity. 

Automatic diluters. The simplest form of automatic diluter was 
described by Seligson (Sl) and this type of instrument is now widely 
used. Seligson diluters (or pipets) can be constructed in the laboratory, 
or complete precalibrated instruments can be obtained commercially. An 
important feature of the operation of all diluters is the wash-out of the 
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FIG. 6a (Continued) 

sample froin the calibrated chamber by means of the diluent; this 
eliminates the error from variable draining that is always found with 
simple delivery pipets, especially when used with viscous fluids. When 
the calibrated chamber is filled with the next specimen, the first portion 
is aspirated through the chamber and is discarded, so that only an un- 
diluted sample is finally metered. For the maintenance of precision, it 
is most important that  neither the tip nor the bore of the stopcock 
sustain damage: a sharp cut-off of sample in the stopcock has always to 
be ensured, but with normal wear small pieces of glass can fracture off 
the edges of the bore hole. 

Most mechanical automatic diluters incorporate two syringes suitably 
connected via a valve mechanism. One syringe is calibrated to meter the 



124 L. Q. WHITBY, F. L. MITCHELL, AND D. W. MOSS 

FIG. 6b. Struers automatic dispenser, hand- or foot-operated (by courtesy of 
Struers, Copenhagen, Denmark). 

fluid to be diluted, and the other to measure the diluent. The Filamatic 
diluter (National Instrument Co., Baltimore, Md.) , illustrated in Fig. 
7a, is fully mechanized, and microadjusters restricting the stroke of 
each syringe allow the choice of a wide range of dilutions. The container 
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with the sample for dilution is placed under the pipet and, on pressing 
the foot pedal, the preset volume enters the pipet. The container is 
removed and replaced by an empty tube. Further operation of the pedal 
then forcefully ejects the sample, followed by the required volume of 
diluent. Figure 7b shows the Diluspence (Griffin and George Ltd., 
Wembley, Middlesex, England) ; this is a less expensive machine which 
performs a function similar to that of the Filamatic, but with some loss 
of versatility. The Diluspence operates by compressed air and is con- 
trolled by a single hand-operated valve. 

Most dispensers and diluters can operate to a high degree of precision 
but, since they contain mechanical parts liable to wear, should be 
regularly overhauled and their accuracy checked a t  frequent intervals. 
A major source of error in diluters, particularly when very small volumes 
of sample are being diluted, is that any variation in the shape and size 
of the meniscus a t  the tip of the sampling pipet, when the sample con- 
tainer is removed, will impair both the accuracy and precision of the 
dilution. Any damage to the tip of the pipet must be rectified im- 
mediately, and necessarily implies replacement of the pipet and recalibra- 
tion of the instrument. 

Flow-through and digital read-out colorimeters. Flow-through cells are 
available for installation into most colorimeters and many spectrophotom- 
eters. These flow cells considerably shorten the time taken to “read” a 
large batch of solutions, but are liable to the following sources of error: 
(1) the draining or wash-out of the previous specimen may be insuffi- 

FIG. 0c. Analmatic proportioning pipet, hand-operated. 
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FIG. 7a. Filamatic diluter, hand- or foot-operated. 

cient to ensure a negligible “carry-over,” and (2) since the solution 
cannot normally be viewed in the cuvette, i t  is difficult to ensure that (a) 
bubbles are absent from the light path, and (b) sufficient liquid has 
entered the cell to fill i t  above the top of the light path. The use of flow 
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FIQ. 7b. Diluspence hand-operated diluter. 

cells usually involves discarding the specimen once a reading has been 
taken, and often insufficient solution is available to repeat a measure- 
ment if an error in taking the reading is suspected. Furthermore, unless 
an instrument has a special cuvette for holding the blank for the series 
of measurements, it is tempting (because of wastage and inconvenience) 
to carry out adjustment for drift much less frequently than is usual 
when operating with normal cuvettes. 

All the difficulties mentioned above are surmountable, however, and 
one big advantage in the use of flow cells is that the same cell is used 
for all measurements, thereby eliminating errors from the use of un- 
matched cuvettes. The flow cell is not exposed to frequent handling and 
therefore errors from finger marking and scratching are not introduced. 

Flow-cell spectrophotometers with digital read-out of concentration 
have recently been introduced; an example of these is the Model 300 
microsample spectrophotometer (Gilford Instruments Inc., Oberlin, Ohio). 
The advantage of such instruments is that digital display of concentra- 
tion eliminates the manual recording of absorbance with subsequent 
calculation (or reading from a graph) and the consequent chance of 
error. The Gilford instrument is so easy to  use that a technician can 
perform 250 readings per hour with a CV ranging from 0.58% at an 
absorption of 0.140 to  0.27% a t  an absorption of 1.306 (W7a). 
! A wide range of other automatic or semiautomatic aids are available 
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for many specialized operations. It is impossible to discuss them all in 
detail, but they include several different multiple-sample recording 
spectrophotometers (particularly useful for the kinetic measurement of 
enzyme activities), and various types of electrometric titrator. 

The adoption of the various devices discussed in this section, a t  the 
appropriate place in any particular technique, will eliminate sources of 
human error, but care must be taken to ensure that these are not replaced 
by instrumental error, which could a t  times be much greater. When each 
machine is installed, the limits of its performance should be determined. 
The importance of rechecking performance a t  frequent intervals there- 
after cannot be stressed too heavily. 

The Application of Work-Simplification and Mechanical and 
Electrical Aids. To illustrate the application of work simplification, its 

5.4.2.2. 
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Fro. 8. Diagrammatic representation of the flame-photometric technique for the 
assay of Na and K in a single specimen of serum, before work simplification 
[Mitchell et  al. (M10)l.  

use will be discussed in detail only for the determination of serum 
sodium and potassium by flame photometry, but its advantages both in 
this technique and in certain others will be indicated. The improvements 
in reproducibility which can be obtained by use of work simplification 
will be considered (Section 6.1). 

Many nonautomated flame photometers are now commercially availa- 
ble. The following study (M10) was carried out on the E.E.L. instrument 
(Evans Electro-Selenium Ltd., Harlow, Essex, England) ) but would 
apply correspondingly to  any similar equipment. Some laboratories still 
use, in whole or in part, the scheme of operation shown diagrammatically 
in Fig. 8. By inspection of this figure it will be seen that, for the assay 
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of Na and K in a single specimen of serum, about 50 steps are involved, 
each one of which could lead to an error. Simplification of the overall 
procedure will be considered stage by stage in the next four paragraphs. 

Serum dilution can be performed rapidly with a Filamatic diluter, with 
no possibility of contamination and with a CV of less than 1%. To 
eliminate Contamination after dilution, disposable tubes may be used to 
collect the diluted sample and, to minimize translocation errors, both the 
serum tube and the tube containing the diluted serum remain in the same 
rack for the whole procedure, including the flame photometry. 

Calibration of the flame-photometer galvanometer scale as normally 
practiced involves adjustment to zero with water. This is not necessary, 
because the calibration graph is still linear if the zero is considerably 
off-set from its mark. This off-setting of the zero enables the useful range 
of the Na scale to be expanded, and allows a single dilution of serum 
to be used for the measurement of both Na and K. A feature of flame- 
photometry is the fact that the slope of a calibration graph does not 
change unless parts of the instrument are changed, although the graph 
may “drift” along the axis which shows the galvanometer readings. 
Because of this constant slope, the galvanometer scale may be calibrated 
in terms of Na and K, and readings (in mEq/liter) may be made directly. 
Only one standard need be used regularly to readjust the spots on the 
scales, in which case the single standard contains both Na and K. 

Presentation of the diluted sample to the flame photometer can make 
use of an automatic device (details available from Evans Electro- 
Selenium Ltd.), but a preferable alternative is to attach a polyethylene 
capillary tube (30 cm long) to the atomizer intake; this tube may then 
be inserted into the diluted samples or into the standard without remov- 
ing the individual containers from the sample rack. Carry-over from one 
specimen to the next is negligible. 

For the simultaneous assay of sodium and potassium, the installation 
of a second photocell and filter, on the opposite side of the flame and 
registering on a second galvanometer, allows readings to be taken for 
Na and K with a single aspiration of the sample. 

Use of the various modifications of the procedure shown in Fig. 8 
produces a simplified overall technique that is shown diagrammatically 
in Fig. 9. The number of separate steps required has been reduced to 
seven, all of which are relatively simple and free from error, with the 
exception of reading the galvanometer. A technician can assay 37 sera 
(74 measurements) in 1 hour. This may be compared with the Auto- 
Analyzer flame unit, working a t  the commonly used rate of 60 samples 
per hour (including standards), where there is the subsequent need to 
interpret the recorder trace before results can be reported. 
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Other examples of techniques in which work simplification has proved 
particularly valuable include enzyme assays. These usually require dilu- 
tion of a serum sample with a buffered substrate, followed by incubation 
and subsequent addition of further reagents to develop a color. As one 
example, Table 2 shows in simplified form a method of assay for aspartate 
aminotransferase. The first three steps, entailing the addition of multiples 
of a constant volume, may be rapidly and accurately performed with an 
Analmatic proportioning pipet. 

Single standard 
(No + K )  

Automatic 
diluter U I Twin galvanometers 

colibroted in rnEq/liter 

Flu. 9. Diagrammatic representation of the flame-photometric technique for the 
assay of Na and K in a single specimen of serum, work simplified [Mitchell et al. 
(M10)l. 

TABLE 2 
SIMPLIFIED LIST OF MEASUREMENTS REQUIRED FOR THE ASSAY OF 

ASPARTATE AMINOTRANSFERASE 

1 vol. serum (approx. 0.2ml) 
5 vol. substrate 

(60-minute incubation) 
5 vol. dinitrophenylhydraaine 

(20-minute color development) 
10 m10.4 N NaOH 
Measure OD at 510 mp 

A further application for sample diluters arises when an initial ex- 
traction or dilution is required before the normal sequential operations 
of an AutoAnalyzer can be started. Examples of this can be considered 
in relation to the assay of serum cholesterol and blood glucose. For the 
AutoAnalyzer serum cholesterol method an initial extraction is required 
before the extract can be placed in the AutoAnalyzer cup, and difficulties 
can arise if an automatic diluter is used to perform this, since the ex- 
tracting fluid precipitates the serum proteins a t  the interface in the diluter 
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tube, and this precipitate is not easily washed out. These difficulties can 
be overcome by using a wide-bore tube, a large volume of extracting 
fluid, and a forceful ejection; the Griffin Diluspence meets these require- 
ments. With glucose determinations on capillary samples of blood, using 
the AutoAnalyzer, the sample as a rule has first to be diluted so that a 
reasonable volume of fluid can be presented to the AutoAnalyzer probe; 
this dilution may be performed with the Filamatic diluter or other 
similar instrument. 

5.4.3. Automatic Analysis: General Considerations 

There can be little doubt. that the introduction of automatic systems 
of analysis into the clinical chemistry laboratory has had more far-reach- 
ing consequences than any other single recent development in the practice 
of this branch of scientific medicine. Automatic analysis is defined for 
the purposes of this review as the mechanization of manual methods of 
analysis, without the result of the analysis necessarily being used for 
control of the process (R5). It has influenced the quality control require- 
ments of clinical laboratories in several ways; some of these are connected 
with all forms of mechanization, though others are relevant only to 
mechanical systems that employ special principles of operation. 

Common to all analytical procedures (manual, automatic, etc.) is the 
initial careful measurement of a volume of fluid (in clinical chemistry 
usually blood, serum, plasma, or urine) as well as volumes of standard- 
izing solutions; the accuracy and precision of this single operation are 
probably the factors that most affect the reliability of the whole proce- 
dure for any particular type of analysis. Several different sorts of error 
may be introduced at this stage: the absolute volume of sample measured 
for each of a batch of replicate analyses may be incorrect; the variation 
from one member of a batch to another in respect of the volume of sample 
taken may be outside the limits acceptable for the analysis; and, when 
batches of specimens are analyzed, there may be cross-contamination of 
one specimen with material remaining in the system from the analysis of 
another specimen. 

All the automatic systems of analysis that have so far gained accept- 
ance in clinical laboratories, or have been projected, include a device for 
the successive, mechanical measurement of samples in a batch, and these 
systems have substantially eliminated variations in volume of sample 
taken from different specimens. In  other words, the precision of these 
sampling devices falls, or can be made to fall, within the desired limits 
for the analysis. However, if the absolute amount of sample taken needs 
to be known, calibration is required and the possibility of a variation 
of the volume taken with time must be recognized. Mechanical samplers 
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are also a potential source of carry-over or cross-contamination errors, 
and the extent to  which this type of error can occur is a function of the 
instrumental design. 

Subsequent stages in mechanical analysis also offer increased reliability 
by eliminating variations from sample to sample in the volume of 
reagents added, a danger always present potentially with repetitive 
pipeting by a human operator. The need to calibrate all these stages re- 
mains, however, and again the possibility of alteration in calibration 
when a large batch of samples is being processed sequentially (i.e., 
instrumental “drift”) must be acknowledged, and procedures, such as the 
analysis of standard solutions processed intercurrently with the unknown 
samples, should be adopted to monitor drift. 

All automatic analytical systems for use in clinical chemistry begin 
with the presentation of a large number of calibration standards, control 
samples, and patients’ specimens to the sampling head in a sequence 
determined by their relative positions on a turntable or series of racks, 
and end with the passage of the reactants through a measuring module 
coupled to a pen-recorder or print-out unit that  produces a record of 
results for the individual samples, etc. Although the correlation of the 
sequence of specimens with the output of results is, in principle, a 
straightforward matter, in practice the possibility of misalignment of 
these sequences is a real one, arising, for example, from the omission from 
the record of a peak signal or printed result as a consequence of instru- 
mental failure or insufficient sample volume, etc., and the operator or 
instrument designer must recognize this risk and institute a system of 
checks to eliminate it. I n  their simplest form, these safeguards may 
consist of the operator verifying that the number of results in the record 
corresponds with the number of samples, and that series of samples in 
which the values bear a known relationship to each other (e.g., an ascend- 
ing or descending run of calibration standards) appear in their expected 
positions. With more sophisticated systems, where the output of the 
analytical measuring module is processed by a computer, the program 
provides for the application of checks of this type (B4, F3). 

5.4.3.1. Automatic Continuous-Flow Analysis. A t  the time of writing, 
the only system of automatic analysis t o  have gained widespread accept- 
ance in clinical chemistry laboratories employs the principle of continu- 
ous flow devised by Skeggs (S4) and incorporated into the AutoAnalyzer. 
Application of the AutoAnalyzer to large batches of samples can materi- 
ally improve the reproducibility of the results (Section 6.2). The princi- 
ples of the AutoAnalyzer are by now well known and do not require 
recapitatulation ; relevant features of the functioning of the basic process 
modules will, however, be discussed. Other more specialized modules 
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such as a flame photometer, digestor unit, fluorometer, etc., are available, 
but the structural and operational features that affect reliability can be 
considered in relation to  the basic units. 

The volume of sample withdrawn by the sampling probe depends on 
the period for which the probe is inserted in the liquid, which is inversely 
proportional to the sampling rate, the bore of the sample-line tubing 
where i t  passes through the pump, and the rate of rotation of the pump 
head. In practice, the rate of rotation is regarded as constant, and the 
volume of sample withdrawn is varied by altering the first two factors. 
For a given arrangement of individual modules, changes in the absolute 
value of these variable factors can affect the accuracy and reproducibility 
of the analyses, even though calibration standards are analyzed as part 
of the same batch, since any variation during an analytical run will 
result in a change in calibration and produce instrumental drift. In  a 
recent survey by the Association of Clinical Biochemists (N2), the speed 
of the proportioning pump head in 29 different pumps was found to be 
very constant, but i t  was suggested that variation in speed could occur 
in a worn pump that had been stressed by the use of large manifolds 
and by increasing the platen pressure, thereby giving rise to drift. A more 
likely cause of drift would seem to be changes in the elasticity, and hence 
the effective bore, of pump tubing during a run. Instrumental drift may 
be progressive in one direction or may be variable, and its importance is 
greater in some types of analysis than in others. The corrections required 
because of drift have been discussed by Thiers and Oglesby (T2). 

The volume of sample aspirated by the sampler is independent of the 
amount of liquid in the sample cup, provided there is more than the 
minimum required for the analysis. However, Thiers and Oglesby (T2) 
found a correlation between the depth of sample in the cup and the cor- 
responding peak height on the chart record, and the variation was suf- 
ficiently significant to affect accuracy and precision. This effect could 
result from the reduced period of aspiration of sample when the liquid 
level is low; in the original form of AutoAnalyzer sampler, the crook 
carrying the sample probe moved slowly. With the later forms of sampler, 
the movement of the crook from the raised to the aspirating position is 
much more rapid, and the effect of variation in sample depth on peak 
height has been largely eliminated. 

Since only a proportion (usually less than 35%) of the diffusible 
constituents of the sample passes across the dialysis membrane, the main 
influence of this module, as far as  a discussion of accuracy and precision 
is concerned, is in reducing the sensitivity of the method. This lowered 
sensitivity may result in a reduction of accuracy if the background 
against which the analysis is conducted (i.e., “blank” color, instrumental 
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“noise,” etc.) begins to approach the level of the “signal” (e.g., color) 
given by the constituent being estimated. Because dialysis reduces the 
sensitivity of several determinations, when performed by continuous-flow 
techniques, there is a temptation to favor alternative methods that  do not 
require deproteinization; when this is done i t  is essential to assess the 
specificity of the modified procedure. Probably all components of the 
AutoAnalyzer system contribute to a phenomenon characteristic of 
continuous-flow automatic analysis, namely, the tendency of one sample 
to influence the result of the analysis of the following sample. This 
interaction is most marked when a sample containing a high value of the 
constituent being determined precedes one in which the concentration 
is much lower (Fig. 10). Thiers and Oglesby (T2) have demonstrated 
that interaction is directly proportional to the concentmtion of the 
preceding sample and is independent of the concentration of the measured 
sample, and that, as a first approximation, any given sample interacts 
only with the one immediately following it. These authors suggested a 
procedure for assessing and correcting for interaction in a given analyti- 
cal method. As well as depending on the relative concentrations of the 
samples being analyzed, the degree of interaction is a function of the 
rate of sampling, and depends on whether a water wash is introduced 
between samples. The use of a water wash, as adopted in the later models 
of AutoAnalyzer sampler units, markedly reduces the degree of inter- 
action (Fig. 10). 

The introduction of AutoAnalyzer equipment has resulted in a consider- 
able degree of standardization in the practice of clinical chemist‘ry 
laboratories. However, i t  is well known that when ’the same techniques 
and reagents are used with different AutoAnalyzer modules the results, 
as evidenced by the standard curves, may vary markedly from one set of 
equipment to another. From a survey conducted to identify the source of 
this variation, Northam (N2) concluded that, excluding variation in 
pump-tube sizes, the most likely cause was the considerable differences 
found in heating-bath coil volumes; he also recommended that a standard 
practice should be followed when publishing details about AutoAnalyzer 
methods, including sufficient information about standard curves in these 
descriptions to allow other laboratories to compare their own performance 
directly. 

A recent development in the application of continuous-flow analysis 
has been the grouping of analyses of related diagnostic significance into 
multichannel equipment, so that a specimen is analyzed simultaneously 
for several constituents after only a single sampling operation ( S 5 ) .  A 
more advanced form of this technique is illustrated by the Technicon 
SMA-12 analyzer (Fig. 11) , which performs 12 different analyses 
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FIG. 10. AutoAnalyzer recorder tracings illustrating interaction between samples 
when urea solutions of the concentrations indicated (mg/100 ml) are analyzed 
sequentially a t  a sampling rate of 40/hour. When a Sampler Type I is used (I) 
interaction is eliminated by a water wash between samples (right), but with a 
reduction to half the effective rate of sampling. The Sampler 11, which incorporates a 
water wash in its functioning, virtually eliminates interaction without a reduction 
in sampling rate (11). 
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FIG. 11. Technicon 12-channel sequential multiple analyzer (SMA-12). The instrument illustrated is the Survey model 
equipped with machine-readable (IBM punch card) sample identification (by courtesy of Technicon Instruments Co. Ltd., 
Chertseg, Surrey, England). 
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simultaneously on each specimen (W5). Multichannel analyzers present 
problems in the field of quality control somewhat different from those 
associated with the operation of single-channel machines, in view of their 
special requirements for appropriate calibration and drift-correction 
standards (Section 3.1.1.3). Since a single sampling operation is carried 
out for all 12 analyses of the unknown samples, a logical step is to 
provide calibration and drift-correction standards that  contain known 
amounts of each of the constituents being determined. Compared with 
the use of two or more standards, containing fewer than the 12 constit- 
uents, this procedure is more economical of spaces on the sampler plate 
and helps to retain the maximum throughput of unknown samples. A 
multiple standard of this nature, placed in every tenth position on the 
sampler plate, is used to correct for drift on the SMA-12 machine. 
Standards of this nature are usually secondary standards, since their 
composition is determined by analysis rather than by weighing-in of 
pure constituents. Initially, therefore, they are only as good as their 
calibration, and it is essential also to take account of possible differ- 
ences in the rates of deterioration of the several constituents of the 
standard serum. 

A further problcm in multichannel analysis is encountered when estab- 
lishing calibration curves for each of the constituents being determined, 
since solutions having a range of known composition must be provided 
for each of the constituents. This problem becomes increasingly dif- 
ficult as the number of channels of simultaneous analysis increases, and 
with the SMA-12 instrument current practice does not favor the daily 
calibration a t  several levels of the various analytical channels. Following 
the initial adjustment of the base line and 100% transmission settings, the 
recorder settings are adjusted on the basis of readings for a standard 
serum; thereafter the detection and correction of drift are carried out on 
the basis of repeat analysis of the standardizing serum every 20 
minutes. 

When grouping analyses, the temptation to simplify techniques in 
order to make the inaximum use of the apparatus, by eliminating blank 
or control assays, is particularly strong. An example is the elimination 
of the blank from the estimation of total serum protein and albumin in 
the SMA-12 analyzer. Modifications of this nature must be shown not 
to affect adversely the performance of the analysis concerned (W3). 

Automatic Discontinuous and Continuous Discrete Analysis. 
Although the continuous-flow system of automatic analysis has fully 
demonstrated its practicability and gained widespread acceptance, its 
principle of operation imposes a limitation on the rate of analysis because 
interaction between successive samples, and the magnitude of the readings 

5.4.3.2. 
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given by each sample a t  the sensing module (i.e., the sensitivity), are 
functions of the frequency of sampling. I n  current AutoAnalyzer practice 
the maximum sampling rate is considerably less than 100 samples per 
hour, including calibration and drift standards and quality control 
specimens. 

For this reason the development of discrete systems of analysis has 
continued to attract interest; in these the analysis of a particular speci- 
men is carried out as in manual methods in a single tube, or perhaps two 
tubes, and the only stages a t  which interaction between specimens can 
occur are the initial sampling step and the final measuring process (e.g., 
in the colorimeter). At both these stages, it is possible to safeguard 
against interaction, by adding reagents through the sample probe to act 
as a wash following pickup of a sample, and by programming the 
automatic colorimeter to use part of the final colored solution to wash out 
the cuvette. With the systems now coming into use, rates of analysis of up 
to 300 samples per hour are anticipated. At the time of writing, little 
practical experience with these second-generation automatic systems is 
available. As they are likely to have as profound an effect on the prac- 
tice of clinical chemistry as continuous-flow analyzers, however, brief 
details of the developments now taking place are included here. 

Discrete automatic analyzers may be divided into two categories (N3). 
In  the discontinuous discrete systems the samples are processed in 
batches, with mechanized sampling, addition of reagents, measurement, 
etc., but with human intervention between stages to transfer the racks or 
turntables carrying the samples from one module to another. An example 
of this type of analyzer is the Mecolab system (Joyce, Loebl Co. Ltd., 
Gateshead-on-Tyne, England) (Fig. 12a), which processes batches of 
15 samples (including standards, etc.) a t  one time. The sampler can 
withdraw as little as 15 pl with a reproducibility of &l%, and can then 
add as many as three different reagents in measured volumes a t  the 
sample-dilution stage. Up to four further reagents can be added in the 
reagent-addition unit. I n  the present form of the system, only colori- 
metric analyses can be carried out; when the various stages of the re- 
action are complete the solutions are presented on a turntable to a re- 
cording, double-beam colorimeter. The solutions are drawn in turn into 
the photometer cuvette automatically, the first half being used to wash 
out the cuvette; the colored sample then spends 5 seconds in the light 
path, and registration of the extinction as an average value over a timed 
period begins after 2.5 seconds. An analog-to-digital converter transforms 
the photometric data to values giving the concentrations of the constit- 
uents being assayed, and the results are printed out together with sample 
identification numbers. The characteristics of the analog-digital con- 
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verter require a linear calibration curve for the method in use; it is 
possible, however, to fit the colorimeter with a tapped analog potentiom- 
eter, and to generate a function which can then be used to correct the 
results on the print-out for nonlinearity of the calibration curve. No data 
about the performance of the Mecolab system, and particularly about 
drift during prolonged operation, are available. 

The second category of discrete automatic analyzers consists of those 
machines in which transfers of the samples from one stage in the analyti- 
cal process to the next do not require the intervention of the operator. 
Examples in this class currently available are the Robot Chemist 
(Warner-Chilcott Laboratories, Instruments Division, Richmond, Calif.) 

FIG. 12a. Mecolab, discontinuous discrete analyzer (by courtesy of Joyce, 
Loebl & Co. Ltd., Gateshead-on-Tyne, England). 

(Fig. 12b), and the AutoChemist (AGA, Lidingo 1, Sweden). The Robot 
Chemist can accept batches of up to 100 specimens; after measurement 
of sample, reagent addition, and (if necessary) incubation, the solutions 
are read in a spectrophotometer and the results of the analyses are 
printed out with identification numbers. The manufacturers claim that 
the rate of analysis is up to 120 specimens per hour; sample volumes 
between 20 pl and 5 ml can be measured to an “accuracy” of l%, and up 
to seven different reagents can be added with 0.5% “accuracy.’’ It is 
further claimed that interaction between samples has been eliminated. 

The AutoChemist is a large-capacity, multichannel machine capable in 
its basic form of carrying out 20 different analyses on each specimen. The 
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FIG. 12b. Robot Chemist, continuous discrete analyzer (by courtesy of Warner-Chilcott Laboratories Instruments Division, 
Richmond, Calif.). 
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samp!as are loaded in blocks of up to 100 a t  a time onto belts which feed 
into two types of analytical channel. The short channel is used for 
analyses in which heating is not required, whereas the long channel 
includes heating stages. The analysis time on the short channel is 15 
minutes and on the long channel 50 minutes. The sensing device a t  the 
end of each channel is typically a colorimeter, but could be a flame 
photometer or fluorometer. The analytical data are processed by a 
computer and the results printed out. The sample racks are identified 
in the machine by a magnetically readable card. Although the Auto- 
Chemist offers data processing by an on-line computer, the capital out- 
lay is inevitably high (approximately $120,000 or $336,000), and it 
remains to be seen whether its performance will be so much superior to 
the less expensive and more flexible modular automatic systems as  to 
justify its greater expense. 

The discrete systems of automatic analysis developed so far have not, 
in general, solved the problem of deproteinization in a way as satisfactory 
as the dialysis step adopted in the continuous-flow system. An earlier 
version of the Robot Chemist included a module in which precipitation 
of proteins followed by filtration was carried out, and the Mecolab sys- 
tem can incorporate a centrifugation step, following which a sample of 
supernatant can be automatically aspirated, but both these approaches 
are relatively cumbersome. Consequently attention has been directed to 
the development of analytical methods for blood serum or plasma that  
do not involve a deproteinization stage, but although alternative methods 
not involving the removal of protein may be feasible for many esti- 
mations, the responsibility for confirming the validity of such alternative 
procedures remains with the analyst. 

5.5. DATA PROCESSING AND COMPUTER TECHNIQUES 

The stages of data handling in clinical laboratories include (1)  the 
computation of instrumental readings to give final results, corrected 
where necessary for instrumental or other analytical error, (2) the cor- 
relation of these results with the corresponding report for,m and the cor- 
rect transfer of the findings onto the report, (3) trammission of the 
results (as reports) to wards, outpatient clinics, and departments, etc., 
and (4) the classification and storage of the results so that they can be 
retrieved subsequently by specific or class retrieval in accordance with 
a number of reference categories-e.g., patient’s name, type of analysis, 
diagnosis, etc. At all these stages, factors can operate that affect the 
quality of the data produced by the laboratory, and these are particularly 
relevant in the first three stages of data handling. 

Mechanical means of sorting and classifying large numbers of numeri- 
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cal data are not new and, with the introduction of the electronic digital 
computer, these possibilities for mechanization of data handling have been 
greatly extended; they now include the facility for rapid, error-free 
complex mathematical calculations. Great advances have also taken 
place in the recording and transmission of data without need for manual 
transcription. Until comparatively recently, clinical chemists have not 
felt the need to explore the application of these advances in data handling 
but, with the continuing increase in output of work from clinical labora- 
tories, the rate of data processing has become a factor limiting the 
further expansion of the laboratory service. The following sections list 
some of the solutions to these problems that are currently being explored, 
with particular reference to their effects on the quality of results. 

5.5.1. Off-Line Systems 

Mechanical systems of sorting and transcribing laboratory data reduce 
the possibility of errors from incorrect assignment of results to individual 
patients, and inaccurate copying of results from laboratory work sheets 
to report forms. Systems of varying degrees of complexity using punch 
cards have been described (J2, PI, W1, W6). In some of these systems, 
analytical results, after calculation, are punched into cards which can 
then be used to produce printed reports of the pay-slip variety by means 
of an electric typewriter. Another approach is for the analyst to enter 
readings from instruments directly onto the cards (by a key punch, or by 
using an electrographic pencil), and the cards are then used as input to 
a computer for conversion of these data into analytical results. 

An extension of these off-line systems dispenses with the manual stage 
of transcription of instrumental readings, replacing this by a device that 
translates the output of analytical equipment, such as pen recorders, 
into a form suitable for subsequent use as input to a computer. In  the 
ALA system developed by Flynn e t  al. (F5), the pen recorders of several 
AutoAnalyzer channels (urea, Na, K, C1, and bicarbonate) are monitored 
by separate peak-picking devices and associated circuits that  record the 
fall-away from a peak value of the recorder trace, together with identify- 
ing data relating to the position of the sample on the AutoAnalyzer turn- 
table and the nature of the analysis, all in coded form on 5-hole punched 
paper tape. This data tape, bearing information about the output from 
the AutoAnalyzers, and another tape prepared separately carrying 
details about the patient (name, age, ward, etc.), are input to the com- 
puter, where the program first finds the standards and assesses their ac- 
ceptability, after which it corrects individual readings from patients’ 
samples for the drift-correction standards, and then calculates the con- 
centrations of the various components in the individual samples. In 
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printing out these final results, which appear on the output tape matched 
up with the identification data about the patient, the computer has also 
been programmed to indicate those samples where the analytical findings 
will have been adversely affected by interaction or carry-over from the 
previous specimen. As a result of minor programming modifications 
adopted in this laboratory, the print-out of results (Fig. 4) here is ac- 
companied by an indication of the difference between the total sum for 
plasma sodium and potassium and chloride and bicarbonate figures, as 
well as an alphabetical coding for rapid visual assessment of the pattern 
of results, as suggested by Lindberg et al. (L4). 

5.5.2. On-Line Systems 

Data processed by off-line systems have the disadvantage that they 
provide information retrospectively about an analytical process that has 
been completed. Any indication of deteriorating performance, as shown 
for example by control samples, therefore cannot be used to initiate cor- 
rective action. On-line systems, in which data are continuously processed 
as they emerge from the measuring modules of the instruments, provide 
an opportunity for feedback control of the analytical process, as well as 
for reducing the overall time lapse between starting the analysis and 
reporting the results. 

Several on-line data-processing systems for use in clinical chemistry 
have been explored, and the main area of variation between them is in 
the degree of complexity of the units used to translate instrumental 
readings into final results. These may range from analog-to-digital 
converters that are calibrated by known standards (as in the Mecolab 
and Robot Chemist systems) to data-acquisition systems coupled 
directly to a digital computer, as with the Autochemist or the system 
described by Blaivas (B4) or the Technicon on-line computer control 
system (G3a). The main advantage of the use of digital computers over 
the simpler systems lies in the number of simplifying approximations that 
must be made in each case. When only a simple analog-to-digital con- 
version unit is employed, the assumption must be made that the shape 
and slope of a calibration curve remain constant until reset by fresh 
standard solutions. A digital computer, on the other hand, is able to 
evaluate and act on changes affecting the calibration curve, as revealed 
for instance by drift-correction standards, and to correct the intervening 
unknown samples accordingly. When data are presented in the form of 
continuously varying signals reaching a peak value, as in the Auto- 
Analyzer, the criteria applied to  digitizing a peak, recognizing its maxi- 
mum value and accepting the quality of its shape, can be more strict 
when a digital computer is used (B4). At the present time no on-line 
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systems have been described in clinical chemistry in which data are 
fed back from a controlling computer to regulate the analytical process, 
except through the intervention of a human operator. 

6. Results of the Application of Work Simplification, 
Mechanization, and Automation 

6.1. THE ADVANTAGES AND RESULTS OF INTRODUCING WORK 
SIMPLIFICATION 

The advantages of work simplification of all types may be summarized 

(1) Greater reproducibility: a relatively unskilled person can achieve 

(2) Increased speed of operation with less strain on the worker. 
(3) The use of smaller samples is often practicable (e.g., for pediatric 

work). 
All these have an impact upon the reliability of the laboratory worker, 

and many of these advantages may be demonstrated by the results of the 
examples for work simplification (given in Section 5.4.2.2). 

Table 3 shows the results of introducing work simplification in the 

as follows: 

and maintain the precision of a skilled individual. 

TABLE 3 
REPRODUCIBILITY OF RESULTS FOR THE ASSAY OF SERUM SODIUM AND 

POTASSIUM BY FLAME PHOTOMETRY" 

Coefficients of variation 

Work- 

technique technique Analyzer 
Manual simplified Auto- Variance ratios 

(MI (WS) (-4-4) M/WS ws/AA 

Sodium 4 . 5  3 . 3  2 . 7  1.86 1.56 
Potassium 3 . 3  1 . 6  1 . 5  4,  26b 1.18 

Mitchell et al. (M10). 
Variance ratio significant at the 1 % level. 

operation of the E.E.L. flame-photometer (MlO). There is considerable 
improvement in the CV when the fully manual method is replaced by the 
work-simplified technique ; the figures obtained by using the Auto- 
Analyzer flame unit are approached. The required dilution of 1 in 100 is 
achieved by diluting 0.08 nil of serum to 8 ml ; most manual methods in 
routine use require 0.2 ml of serum. 

Table 4 shows the improvement obtained in the assay of serum as- 
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TABLE 4 
REPRODUCIBILITY OF RESULTS FOR THE ASSAY OF SERUM 

ASPARTATE AMINOTRANSFERASE~ 

Coefficients of variation Variance ratios 
- 

Work- 
Manual simplified Senior/ Senior/ 

technique technique student student 
Technician (M) (WS) M/WS (MI (WS) 

4.02b 1 .16  
Senior 2 .00  2 .15  1.12 
Student 4.01 1.96 4 . 1 2  

Mitchell el al. (MIO). 
Variance ratio significant a t  the 5% level. 

partate aminotransferase, and Table 5 shows the improvement in CV for 
assay of plasma cholesterol by the AutoAnalyzer when the initial ex- 
traction of the plasma is carried out by an automatic diluter; the amount 
of plasma required is also considerably reduced. 

In  a similar way, Fig. 13 shows the effect on the AutoAnalyzer record 
for the assay of blood glucose of carrying out an initial dilution of the 
sample in three different ways. In  the first procedure, both the blood 
sample and the diluting fluid were measured by conventional pipets, but 
in the second, the diluting fluid was added from an automatic dispenser. 
In  the third, sampling and dilution were carried out completely auto- 
matically, using the Filamatic diluter. 

TABLE 5 
REPRODUCIBILITY OF RESULTS FOR THE ASSAY OF PLASMA CHOLESTEROL 

BY AUTOANALYZER" 

Initial plasma extraction by 

Manual pipet- Automatic dilu- 
ing (M) tion (A) 

(0.5 ml of (0.2 ml of Variance ratios 
plasma, 4.5 ml 
of isopropanol) of isopropanol) Senior/student 

plasma, 1.8 ml 

Technician (CV) (CV) M/A (MI 

2.01" Senior 3.5  2 . 7  1 . 7  
Student 5 . 0  2 . 7  3 . 8  

Mitchell e l  al. (M10). 
Variance ratio significant a t  the 1% level. 

c Variance ratio significant at the 5% level. 
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Monuol pipet 1.0 ml Auto-dispense 1.0 ml 
Manual pipet 005rnl Manual pipet 005 ml Auto-diluter 

rnqlI00 rnl I I 

200 - 
190 - 
180 - 
170 - 

Ronge. 2 2  mg/100 ml Range. 16 mg/IOO rnl Range, 2rng/100 ml 

Correct ossoy, 202 rng/100 rnl 

FIG. 13. AutoAnalyzer trace for blood glucose assayed by a glucose oxidase 
technique, showing the effect of three different methods (described in text) of making 
the initial dilution of the blood sample; the assumed true value for the glucose 
content of the blood was 202 mg/100 ml [Mitchell et al. (M10)I. 

6.2. THE ADVANTAGES AND RESULTS OF INTRODUCING AUTOMATIC 
ANALYSIS 

Automatic analysis may be considered an extension of the techniques 
of work simplification discussed (Sections 5.4.2 and 6.1), and as such 
possesses the same advantages to a greater degree. Data  will be presented 
for AutoAnalyzer performance only, since corresponding information for 
alternative systems is not yet available. 

Table 6 shows the SD for several determinations using manual 
methods, and compares these with two sets of data for AutoAnalyzer 
operation, (a) during the first month after introduction of the automated 
method, and (b)  6 months after the changeover; progressive improvement 
in the SD has occurred in several cases. This is not always to be found, 
however, and Table 7 shows the results for long-term quality control 
assessment of five other analyses carried out on the AutoAnalyzer; in 
all cases the SD shows some deterioration, and this serves to emphasize 
the need to calculate the SD a t  regular intervals (Section 3.3.3). This 
deterioration during long-term operation of a method is probably the 
result of undetected relaxation of laboratory discipline (e.g., decrease in 
the care taken when reading AutoAnalyzer charts in a particularly busy 
sector of the laboratory). 

The error obtained with serum calcium assays by the Clark and Collip 
(C6) method requires special comment (Table 6 ) .  This figure was re- 
corded a t  a time when the technicians were grossly overworked; intro- 
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TABLE 6 
QUALITY CONTROL RESULTS USING MANUAL A N D  AUTOMATED METHODS" 

Manual techniques Automated t,echniques 

Reference Result Method Kesultb Resultc 
Determination value (SD) ref. (SD) (SD) 

Alkaline phosphatase 
(K.A. units/100 ml) 

Bilirubin (mg/100 ml) 
Cholesterol (mg/100 ml) 
Uric acid (mg/100 ml) 
Creatinine (mg/100 ml) 
Phosphate (mg/100 ml) 
PBI (pgj100 ml) 
Iron (pg/100 ml) 

Calcium (mg/100 ml) 

13 

1 .2  

4 . 8  
0.79 
3 . 4  
4 .9  

175 

130 

10.0 

1 . 8  

0 .25  

0.8 
14 

0 . 6  
- 

190 
7.70 
1,4g 
0.60 

1 . 0  

0.13 
8d 
0.45  
0.06 
0 . 2  
0.2f  
5 . 6  

0 .23  

~~ ~ ~ ~ ~ ~ ~ _ _ _ _ _ _  ~~ ~~ 

Mitchell (M9). 
The SD of results obtained during the first month, using the AutoAnalyzer. 
The SD of results obtained during the sixth month, using the AutoAnalyzer. 
Preliminary extraction done, using an automatic diluter (Sectioii 5.4.2.2). 

Complete technique done by AutoAnalyzer. 
e Colorimetric part of technique done by AutoAnalyzer. 

0 Bench standard sera only used. 

TABLE 7 
QUALITY CONTROL ILESULTS U S I N G  AUTOMATED METHODS" 

Results a t  commencement 
of control Results after 6 months 

Reference Result Reference Result 
Determination value (SD) value (SD) 

Urea (mg/100 ml) 18 1.06 (5.9%) 5'2 1 . 9  (3.6%) 
120 1.9 (1.6%) 262 6.7  (2.6%) 
170 3 . 4  (2.0%) 
219 3.3 (1.5%) 

Sodium (mEq/liter) 135 1 . 5  1 42 1 .8  
Potassium (mEq/liter) 4 . 6  0 .10 5 . 1  0.12 
Chloride (mEq/liter) 100 1 . 5  107 2 . 1  
Total protein (g/100 ml) 6 . 0  0 .15  6 . 0  0.20 

Mitchell (M9). 
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duction of a simpler manual technique (T5) significantly reduced the 
error, but more acceptable results were obtained only by introduction of 
an AutoAnalyzer method. Both manual methods are widely accepted 
as satisfactory when carried out under favorable conditions, but this 
example emphasizes the fact that  even competent staff when overworked 
can obtain results that are essentially valueless and, predictably, the 
more complicated the technique the greater chance for error from this 
source. Data  have been presented elsewhere (H5) indicating the adverse 
effects of increasing workloads on serum calcium determinations. It is 
interesting to compare the reproducibility of these calcium methods with 
results reported when an atomic absorption spectrophotometer is used 
(S l l )  ; with the standard Jarrell-Ash instrument, these authors obtained 
a CV of 3.8% (i.e., an SD of k0.38 mg/100 nil) and this figure narrowed 
to 1.1% (an SD of kO.11 mg/100 ml) after the installation of a Zeiss 
burner. 

A similar but less striking example is illustrated by the results for 
serum iron determinations (Table 6) .  The Caraway method (C2) has a 
smaller number of manipulations and gives better reproducibility than 
Ramsay’s method (R2), but automation improves upon both of them. 

6.3. PRELIMINARY RESULTS OF THE APPLICATION OF COMPUTER CONTROL 

The particular value of mechanical data-processing equipment and of 
computers in the rapid performance of statistical calculations based on 
laboratory data has been discussed (Section 3.3.4), as has their con- 
tribution to  easing the burden of collecting data from measuring instru- 
ments, the performing of repetitive calculations, and the preparation of 
reports for laboratory work (Section 5.5). This section will consider the 
few examples that  a t  present provide objective evidence for improve- 
ments in the reliability of laboratory work attributable to  the introduc- 
tion of modern data-processing equipment. 

McKay et  al. (M7) ,  using a modificd double-beam photometer, com- 
pared the results for a series of hemoglobin dcterminations calculated 
by conventional means with the corresponding results obtained by both 
an analog and two different digital computer programs. They showed 
that the data obtained by all three of the computer systems compared 
well with the manually obtained results, and concluded that  a relatively 
inexpensive analog computer could be designed for the performance of 
photometric calculations with much increased speed and with the elimi- 
nation of human sources of error in this type of calculation. 

Lotito et  al. (L7) later described the application of a similar data- 
acquisition system for accepting signals obtained during the scanning of 
electrophoresis strips ; the data were stored as individual integration 
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voltages, and these stored voltages were subsequently used (in separate 
stages of the program) to compute the percentage contributed by the 
individual protein fractions, and to present these graphically for reporting 
purposes. The repeatability of the results proved very satisfactory, and 
the savings in time and labor were again emphasized. 

In  the ALA system described by Flynn et  al. (F5), the accuracy of the 
readings obtained by visual assessment of the chart records was com- 
pared with the values punched on the paper tape. Only minor differences 
were reported, but these comparisons of accuracy were less valid (since 
the observer records the height of the peak, whereas the ALA system 
punches the reading of the pen after i t  has fallen away by a predeter- 
mined amount from the peak position) than the earlier set of comparisons 
(F3), which recorded a close degree of agreement between manually 
produced and computer-produced results. For long series of results, the 
computer-prepared data had clear advantages, since the program allowed 
the regular application of correction factors which become tedious to 
apply manually, and the overall time required for the actual computation 
of results and preparation of reports was greatly reduced. I n  our ex- 
perience, however, these advantages are to be set against the major short- 
coming of this particular off-line system of data processing that derives 
from the fact that none of the data can be computed until the end of a 
run of analyses. It sometimes happens, therefore, that a whole series of 
results have to be calculated manually as a matter of extreme urgency 
if, a t  the end of the run (which with plasma urea and electrolytes also 
means near the end of the working day), some fault in the operation of 
the AutoAnalyzers or in the working of the computer or its peripheral 
equipment is discovered. In  addition, results requiring urgent treatment 
during the day have to be reported by conventional means. 

On-line computer systems have also been evaluated in a limited num- 
ber of clinical chemistry laboratories, and these systems have great 
potential in process control (e.g., for validation of peaks and rejection 
of artifacts), as well as in data processing (Section 5.5).  It is stated that 
the results produced by them compare acceptably with those obtained by 
conventional means (B4, C3), but data substantiating these claims 
have yet to be published. 

7. Conclusions 

Medicine is becoming increasingly an objective and quantitative 
science, and like other sciences demands a realistic appraisal of the value 
of the numerical data upon which its conclusions are based. No longer is 
it permissible to regard a result of a blood glucose estimation, for in- 
stance, as  an absolute value beyond question. Instead, such a figure must 
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be seen as an approximation, made with a stated probability of its cor- 
rectness, to the biochemical state of the patient a t  the moment when 
the specimen was collected. The clinical chemist can contribute to this 
attitude by his ability to define the accuracy and precision which should 
be attributed to his analytical techniques. For his part, the clinician must 
learn to appreciate that changes in the chemical composition of samples 
from patients are not to be regarded as significant unless they exceed the 
range of variation inherent in the analytical method, or in normal 
fluctuations of the individual’s biochemical makeup; in addition he must 
take into account the distribution of values found within the normal 
population. 

I n  deciding on the confidence limits appropriate for his analyses, the 
clinical chemist will take into account several factors. The first and 
most important of these is the effect on the clinical value of the result of 
variations in each method’s degree of reliability; if, because of a narrow 
normal range for a particular blood constituent, small variations from 
normal are of considerable diagnostic significance (as is the case for 
serum calcium), he must endeavor to ensure that the total error of his 
estimations is such that these small fluctuations can be detected. In  
general, however, other factors, such as expense in terms of staff and 
equipment and the reduction in clinical usefulness of chemical results 
unduly delayed, may dictate a compromise between the speed of a 
technique and its reported ability to provide results to a greater number 
of significant figures. It must again be emphasized that urgency is never 
an excuse for failing to  meet the standards of accuracy and precision 
demanded by the clinical situation. 

We would also draw attention once more to the growing dependence on 
chemical investigations for the early recognition of disease or of a 
tendency to develop disease. The emphasis in the various surveys which 
form the basis for this statement (e.g., C7, 53) has been on quantitative 
chemical measurements, the object in some cases (e.g., regular insurance 
checks) being to detect changes or trends in individuals attending for 
follow-up assessment. If the hypothesis is true that  for many diseases 
there is a presymptomatic stage showing biochemical abnormalities, the 
ability to detect this will clearly depend on laboratory work that con- 
forms to high standards, particularly with respect to reproducibility; this 
will necessarily place great emphasis on a searching program of quality 
control. Acceptance of van Peenen and Lindberg’s ( V l )  contention that 
the clinical state of the patient is a t  present the most effective means of 
quality control would mean rejection of the concept of possible pre- 
symptomatic recognition of many diseases by means of chemical tests, 
and would serve only to delay developments in the field of quantitative, 
and especially preventative, medicine. 
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1 . introduction 

The physiological role of the oxypurines is not completely understood. 
but certain facts have been amply confirmed . There are many pathologi- 
cal or physiologically abnormal conditions which can lead to concomitant 
alterations in the metabolism of these compounds . Under certain condi- 
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tions abnormalities in oxypurine metabolism can exist with no known re- 
lated malfunction, and, finally, i t  is possible for abnormalities in oxy- 
purine metabolism to lead to pathological conditions. For these reasons 
the study of the production, distribution, and fate of the oxypurines is of 
great importance. 

Purines are integral components of various fundamental biological 
entities. Their production and function are vital to all life. One of 
the most disturbing aspects of studies of oxypurines in man, however, is 
the fact that  one can find little evolutionary advantage to modern man 
in the production of these compounds. The products are inherently 
dangerous because of their low solubility. Their synthesis does not seem 
to be a necessary by-product of a vital biochemical reaction, and their 
production results in the ultimate loss from the body of purine moieties 
that were produced a t  great biochemical expense. Nevertheless, they are 
very much a fact of life, the study of which is of fundamental significance. 

Current research has begun to make it possible to discuss physiological 
conditions causing or resulting from disorders in oxypurine metabolism in 
terms of their biochemical bases. The action of drugs that influence the 
synthesis and interconversion of these compounds can be considered in 
light of the intricate balance and control systems regulating purine 
metabolism. The purpose of this review is to cover the synthesis of purine 
nucleotides and the transformation of these compounds leading to oxy- 
purines. The control of the production is exerted ultimately in terms of 
enzyme level and function, and by various transport systems in the 
kidney a t  least. Superimposed on this are the genetic composition of the 
host and influence of his environment. 

2. Purine Anabolism 

The early experimental work that determined the mechanism by which 
purines are synthesized was carried out on a variety of laboratory 
animals and microorganisms. None of the data so obtained indicates a 
difference in the reactions utilized by the various species, nor is there 
evidence to indicate that man is unique in this regard. 

2.1. SYNTHESIS de Novo OF PURINES 

All animals are able to synthesize purines. I n  1874 Miescher (M13) 
noted the ability of migrating salmon to synthesize large amounts of 
nucleic acid, apparently from other body constituents. The direct demon- 
stration of the ability of cells to synthesize purines was first recorded in 
1885 by Tichomiroff (T3), who noted production of purines in developing 
silkworm ova. A year later, Kossel (K14) reported that, although he 
could not demonstrate purines in fresh eggs, after incubation of fertilized 
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eggs for several days considerable amounts of purines could be isolated. 
The ability of mammals to synthesize purines was demonstrated in 1891 
by Socin (S24), who showed that mice were able to grow and hence 
synthesize purines on a purine-free diet. There were early demonstrations 
that amino acid nitrogen ( K l l )  or ammonia (57) was converted to uric 
acid by fowl, but the direct demonstration came from the work of Barnes 
and Schoenheimer (BlO), who showed by use of heavy nitrogen that 
ammonia is a precursor of nucleic acid purines in the rat. 

The classical work on the details of the synthesis of purines was 
carried out by Buchanan and his co-workers (B35, B36, S25, 526) and 
Greenberg and his associates (G8, G9, G14, G15, G16). Each of these 
groups used the pigeon liver system that had long been recognized to 
have the advantage of lacking xanthine oxidase. These investigations 

- _ _ _  
One 
pool 

'Glutornine amide' 

FIG. 1. Source of the atoms of the purine ring. 

showed the carbons of the purine ring to be derived as follows: carbon 
dioxide is the source of carbon atom 6, the carbon atom of formate is the 
precursor of carbon atoms 2 and 8, the carboxyl carbon of glycine is the 
source of carbon atom 4, and the methylene carbon of glycine is the 
precursor of carbon atom 5 (Fig. 1 ) .  In  1947 Shemin and Rittenberg 
(515) administered glycine containing 15N to an adult human subject, 
isolated uric acid from the urine, and determined by chemical degrada- 
tion that most of the label was located in position 7. This, in conjunction 
with the carbon studies, led to the conclusion that glycine supplies atoms 
4, 5, and 7 of the purine ring. Sonne e t  al. (S27) were able to show that 
nitrogen atoms 3 and 9 were derived from glutamine, and that nitrogen 
atom 1 came from the amino group of either glutamic or aspartic acid. 
The ambiguity regarding the source of nitrogen atom 1 was later resolved 
by Levenberg et al. (L12), who showed unequivocally that i t  was the 
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nitrogen of aspartic acid that was the source of nitrogen atom 1 of the 
purine ring. It was largely through these amino acids that the exogenous 
ammonia given by Barnes and Schoenheimer (B 10) was incorporated 
into purines. 

Greenberg, by comparing the rate of labeling of inosinate and hypo- 
xanthine, was able to deduce that a ribosylpurine is synthesized prior to  
the free purine (G15). This established the then surprising fact that the 
first purine-containing entity was a ribonucleotide. As a result of the 
investigations carried out in the laboratories of Buchanan and Greenberg, 
the specific reactions involved in the synthesis of purine nucleotides have 
been delineated,* as summarized in Fig. 2. 

2.2. INTERCONVERSION OF PURINES 

Just as most living cells are able to synthesize inosinate from smaller 
precursors, so most cells are able to convert inosinate into the other 
purines that are physiologically important, and here, too, all cells appear 
to use the same sequence of reactions shown in Fig. 3. The role of the 
intermediate adenylosuccinate was detected by Carter and Cohen (Cl )  . 
Inosinate reacts with aspartate in the presence of guanosine triphosphate 
to form the intermediate adenylosuccinate, cleavage of which results in 
adenylate and fumarate. This reaction is catalyzed by the enzyme 
adenylosuccinate AMP-lyase and is reversible. Inosinate with the media- 
tion of NAD can also be converted to xanthylate, which can be aminated 
to guanylate. In  most mammalian species, this amino nitrogen is donated 
by glutamine (A3, L1, L2, L3, M2, M17). These reactions are all 
catalyzed by specific enzymes. However, it appears that the enzyme ad- 
enylosuccinate AMP-lyase is the same enzyme responsible for the cleav- 
age of the succinoimidazole ribonucleotide derivative that is an inter- 
mediate in the synthesis of purines (Fig. 2). Purification of the enzyme 
over 200-fold did not change the ratio of activities toward the two sub- 
strates (M14). Furthermore, in a certain class of mutants, the loss of 
activity for one substrate has always been accompanied by an equal loss 
of activity toward the other (G11). Similarly, in those tumors shown to 
be susceptible to 6-mercaptopurine (6-MP) because of a deficiency in 
adenylosuccinase, examination has shown that the tumors also have a re- 
duced level of the activity toward the imidazole substrate (B2). 

As was mentioned above, most species are able to  convert inosinate 
into adenylate and guanylate to varying degrees. Many microorganisms, 
however, are unable to carry out one or both of these conversions, and 
mutant strains have been isolated that differ from their parent in that 
they have lost the enzymes necessary for catalyzing various reactions 

'These reactions are discussed in detail in reviews by Buchanan (B34) and 
Davidson (D4). 
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FIQ. 2. Pathways of purine synthesis. 

(Ml) .  Although no clear-cut case of a mammalian tissue being unable 
to carry out these conversions has been reported, i t  is theoretically possi- 
ble for such mutations to  occur. 

2.3. UTILIZATION OF PREFORMED PURINE DERIVATIVES 
The first unequivocal demonstration that an exogenously synthesized 

purine could enter into the normal purine anabolic pathway was the 
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finding (B29, B31) that, in the rat, dietary adenine is incorporated into 
tissue nucleic acids as adenine. In  addition, these workers showed that 
exogenously supplied adenine could also serve as a precursor of nucleic 
acid guanine. Following the feeding of 0.2 mmole of adenineJkg of body 
weight for 3 days, more than 5% of the nucleic acid adenine was derived 
from this exogenously supplied material. When higher levels were fed, 
almost 14% of the nucleic acid adenine was found to be derived from this 
exogenous source after 5 days. These results were all the more striking 
because in 1944 Plentl and Schoenheimer (P5) had reported that 15N- 
labeled dietary guanine was not used per se in the synthesis of nucleic 
acid, and these results had been confirmed by Brown and his associates. 
Later, with a more sensitive tracer, 14C, it was possible to  show that 
guanine was incorporated into nucleic acid guanine in the rat ;  about 
0.1% of guanine was derived from the exogenous source (B4). Similar 
results were found by Abrams (A2). Kidder and his associates had 
suggested that tumors were better able to utilize exogenous guanine for 
nucleic acid synthesis than were normal tissues (K7). This postulate was 
substantiated when, after massive doses of labeled guanine were adminis- 
tered to tumor-bearing mice, the tumor did in fact incorporate guanine 
into its nucleic acid (B30). Later work with smaller amounts of highly 
labeled guanine did not bear out these initial conclusions (B5, B6, M5). 
An investigation of the degree of incorporation and the level of adminis- 
tration of exogenous guanine revealed that, in fact, the utilization of 
guanine by tumors was much greater than by host tissues if the level 
of precursor were high, and much lower if the level were low (Bl ) .  Pre- 
sumably these utilizations were related to the known presence of the 
enzyme guanaee, which degrades exogenous guanine (see Section 3.3). 
The simultaneous administration of a guanase inhibitor regularly in- 
creased the utilization of guanine, so apparently the inability or ability 
of tissues to utilize exogenous adenine and guanine is related to  the level 
of degradative enzymes, which might destroy these potential substrates 
before they could be anabolized. 

Adenosine was shown to be incorporated into nucleic acid purines, but 
to only about half the extent of adenine itself (L2). The incorporation of 
guanosine was also studied and here again the guanine derivative was a 
poorer precursor than the adenine derivative, but the utilization of 
guanosine was considerably greater than that of the aglycone (L22). 
The administration of the adenine nucleotides revealed that these com- 
pounds, whether as the 3’ isomer or the 5’ isomer, were poorer precursors 
than the free base adenine ( W l ) .  With all nucleotides studied, the 
incorporation of the 5’ isomer was less extensive than of the 3’ isomer 
(R9). Roll et al. have shown that guanine nucleotides are considerably 
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better precursors than guanine per se (R10, R12). These findings were all 
the more interesting because the phosphorus of the guanylic acid was not 
incorporated preferentially into the nucleic acid of the cells (R11). A 
similar pattern obtains with microorganisms, in which it was shown that 
the phosphorus of neither adenine nor guanine nucleotides was incor- 
porated into the nucleic acid while the purine moieties were (B3). 

Evaluation of the potential role of hypoxanthine and xanthine as pre- 
cursors of nucleic acid purines led to preliminary conclusions that the 
purine moieties of these two compounds could not be incorporated as such 
into nucleic acids, but instead were rapidly eliminated as allantoin in the 
rat (G3) .  It had been believed that this was a result of the absence of 
enzymes necessary for the conversion of the exogenous hypoxanthine and 
xanthine to  the intermediate inosinate and xanthylate, which are known 
to be interconverted (Fig. 3). An alternative explanation, namely, that 
actually hypoxanthine and xanthine are excellent precursors , but are too 
rapidly degraded to be incorporated, is in fact correct. The demonstration 
of this was made possible by the availability of allopurinol, an inhibitor 
of the degrading enzymes to be discussed later. Concurrent administra- 
tion of this inhibitor with hypoxanthine or xanthine as potential pre- 
cursors led to relatively extensive incorporation of these purines into 
nucleic acid purines (P6, P7). Thus, all the purines whose nucleotides are 
involved in the interconversion shown in Fig. 3 are, in fact, capable of 
serving as precursors of nucleic acid purines and entering into this 
scheme in mammals. The extent to which this utilization occurs is a 
function not only of the ability of the animal to  utilize these compounds, 
but also, inversely, of the presence of enzymes which can degrade the 
purine into a form not available for anabolism. As a corollary of this 
fact, purines of cells breaking down are not readily available to other 
cells in the animal for anabolic purposes. The nucleic acids of fetuses 
growing in mothers whose purines contained I4C were not labeled, 
although most of the maternal purines had been replaced during the 
period of the experiment. Tumors implanted into animals with pre- 
viously labeled nucleic acids did not utilize these purines in the course 
of their growth, nor did the tissues of animals that were parabiosed with 
animals whose nucleic acid purines were highly labeled (D2). Therefore 
it appears that, in normal animals, purines that leak out of cells are 
rapidly degraded and removed, and do not reach the available metabolic 
pools. 

3. Purine Catabolism 

Oxypurines are end products of purine metabolism in man. They do 
not serve as a general end product of nitrogen, as is the case with some 
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other species. The enzymes that produce them are varied in location and 
nature. Their properties have been studied in detail, but extensive de- 
scription is beyond the scope of this review, which should be more con- 
cerned with their role in catalyzing a large variety of reactions. 

3.1. DEGRADATION OF RIBONUCLEIC ACIDS 
Jones showed that nucleic acids could be degraded by the pancreas 

(54) to yield a mixture of products less complex than nucleotides. Several 
years later, i t  was shown (55) that boiled extracts of the pancreas are 
capable of degrading ribonucleic acid to water-soluble products without 
the liberation of inorganic phosphates or purines or pyrimidines. This was 
the first demonstration of the existence of the enzyme now referred to as 
pancreatic ribonuclease or ribonucleaee I, capable of cleaving the inter- 
nucleotide linkage. Crystallized by Kunitz (K25), i t  has received much 
attention (54) and been shown to cleave the bonds between the 3’-pyrimi- 
dine nucleoside phosphate group and the 5’-hydroxyl group of adjacent 
purine or pyrimidine nucleotides (L21, S6). Even after exhaustive incuba- 
tion with ribonuclease, the nucleic acid is not degraded entirely to mono- 
nucleotides, although all four mononucleotides are present. In  the course 
of hydrolysis of the internucleotide bond, the intermediate cyclic 2‘,3’- 
nucleoside phosphate diesters are formed (B27, M7), which may be 
further hydrolyzed to  the 3’-nucleotides, the final product of the enzy- 
matic reactions. The cyclic pyrimidine nucleotides which are inter- 
mediates in this reaction are, of course, of themselves substrates for this 
enzyme. Apparently the acidic polysaccharide, heparin, is a competitive 
inhibitor of ribonuclease (Z2), which is also inhibited by the sulfhydryl 
binding reagent p-chloromercuribenzoate. It has been suggested that  this 
latter substance forms a complex with sulfur-containing groups of the 
enzyme that is inhibitory, and also that it combines with polar groups of 
the ribonucleic acid per se and so inhibits the overall reaction (L6). The 
presence of copper also inhibits the reaction, although no mechanism has 
been defined (Zl) , 

Many other ribonucleases have been described. They differ with respect 
to specificity toward various internucleotide bonds, in heat stabilities, 
and in pH optima. In  1949 Maver and Greco (M8) reported the presence 
in extracts of spleen of a heat-labile nuclease that had a pH optimum of 
approximately 5.2 in the presence of magnesium, and 6.6 in the absence 
of magnesium. That  this was a different enzyme entirely from pancreatic 
RNase was shown most dramatically by Hilmoe and Heppel (H7), who 
found that this enzyme was able to hydrolyze the limit polynucleotide 
obtained by exhaustive treatment of RNA with ribonuclease I. The 
ubiquity of ribonucleases can perhaps best be demonstrated by noting 
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that there is a ribonuclease on human skin that  can become a serious 
problem in laboratory work, since glassware, dialysis tubing, and other 
common laboratory tools can be contaminated merely by being handled 
without kid (polyethylene) gloves (H10). 

There may be many proteins that inhibit ribonucleases. Clear evidence 
has been presented that there is a t  least one such substance in ra t  liver 
that is a powerful and specific inhibitor of the pancreatic enzyme, but is 
inactive against RNases obtained from plants or bacteriophage (R14, 
517). 

Variations in RNase levels may occur in several diseases (Section 5.2). 
These changes may be of a fundamental nature; for example, Daoust 
and Amano (D3) have postulated that the loss of ribonucleases is a 
common characteristic of tumors in general. In  view of the several RNA’s 
that are known and the several RNases that have been described, a 
variety of relationships are possible. Without more information it is 
impossible to  evaluate this hypothesis. 

Another enzyme of possible significance in this metabolic area is 
polynucleotide phosphorylase, which was first viewed as primarily a 
catalyst for RNA synthesis. The reaction involved is the reversible 
polymerization of ribonucleotide 5’-diphosphates with the concomitant 
liberation of inorganic phosphate (G17). It is quite possible that the 
biological role of this enzyme is the reverse reaction, i.e., the production 
of nucleoside diphosphates from RNA. 

3.2. DEGRADATION OF DEOXYRIBONUCLEIC Acn, 

There are two main types of mammalian DNase; both have been very 
well identified. These are endonucleases, that is, they cleave the polymer 
in the interior rather than a t  the terminal nucleotides. These two DNases 
differ in pH requirements and in the products formed. The first enzyme 
is that initially characterized (Al, 55) from the pancreas, and cleaves 
DNA to yield some monomers with a 5’ terminal group. The other type 
of DNase, referred to as DNase 11, is found largely in spleen and thymus. 
DNase I yields oligonucleotides of an average chain length of 4, with a 
free hydroxyl group in the terminal 3‘-position and a phosphate group on 
the terminal 5‘-position. It is activated by magnesium, operates in the 
alkaline range slightly above pH 7, and has long been known to be 
inhibited by ions such as citrate, borate, and fluoride; this inhibition is 
undoubtedly caused by the chelating properties of these ions, which bind 
the magnesium ions necessary for activation. On the other hand, inhibi- 
tors such as sulfides and thioglycolate appear to act by reacting chemi- 
cally with a functional group of the enzyme (G6). 

The destruction of DNA is obviously of intense biological interest per 
se. The reports that the action of DNA a8 a primer for DNA replication 
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is increased by mild treatment with DNase have created considerable 
interest in the mechanisms that control the action of this enzyme or 
these enzymes. Inhibitors of the enzyme have been shown to exist. A 
protein inhibitor of deoxyribonuclease I has been demonstrated in several 
tissues, and one such protein has been partially purified (Dl) .  These 
conclusions regarding the varying amounts of inhibitor may explain the 
observation that, in nonmalignant growing tissues, placentas or re- 
generating rat  liver, for example, there are measurably higher levels of 
deoxyribonuclease activity, although in malignant tumors there is no 
pronounced increase in the apparent level of this enzyme (B24, B25, 
B26). 

The second DNase referred to as DNase I1 differs from DNase I in 
that it completely hydrolyzes DNA to small fragments and will digest 
the cores not hydrolyzed by DNase I. DNase I1 is an acid enzyme with 
a pH optimum of approximately 5. It is not susceptible to  the specific 
protein inhibitor that is active against DNase I, and does not have a 
requirement for magnesium. As a matter of fact, higher conc,entrations of 
magnesium can inhibit it (L3). There are, of course, many nucleases in 
bacteria and other microorganisms, but they are not relevant to  the 
present discussion (see K6). The assay of these enzymes is made ex- 
tremely complicated by the fact that inhibitors for each have been 
described, but the levels and stabilities of these inhibitors have not been 
accurately determined. Thus, i t  is difficult to distinguish between changes 
in enzyme level and changes in inhibitor activity, and this latter may be 
an artifact of the assay itself. 

DNase inhibitors from a variety of sources have been investigated, as, 
for example, those from plasma (D12) and spleen (L17). The latter 
inhibitor has been extensively purified and studies have been carried 
out on the mechanism of action, but no specific conclusions have been 
reached. 

The existence of inhibitors in various tissues probably explains the 
discrepancies in the literature regarding the level of DNase in serum. Red 
blood cells contain a large amount of inhibitor of DNase that is easily 
released, and it has been postulated that the presence of this inhibitor in 
serum samples has led to the variations between published analytical 
results (G18). It is quite natural to speculate on the possible significance 
of the levels of these nucleic acid-destroying enzymes to the production 
of purine breakdown products from nucleic acids. 

3.3. NONSPECIFIC PHOSPHOESTERASES 

As phosphodiesters, both RNA and DNA are subject to hydrolysis by 
nonspecific phosphodiesterases. Historically, the enzymes of greatest 
interest in this area are snake venom phosphatases. Certain venoms con- 
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tain an enzyme or enaymes capable of hydrolyzing all polydeoxyribonu- 
cleotides and polyribonucleotides that do not contain a phosphate group 
on the terminal 3’-position. Crude snake venom usually contains, in 
addition to  the phosphodiesterases, phosphomonoesterases capable of 
cleaving the nucleotide products further. These phosphodiesterases are 
not specific for nucleic acids. As a matter of fact, the assay of activity is 
usually done by treating esters such as bis-p-nitrophenyl phosphate; the 
liberated nitrophenol can be determined directly. A phosphodiesterase 
obtained from intestinal mucosa and from duodenal juice acts not only 
on nucleic acids, but is a more general phosphatase. It is without effect 
upon high molecular weight nucleic acids. Highly polymerized DNA is 
resistant to it (S2), but digests obtained by partial hydrolysis of DNA 
with pancreatic DNase are susceptible to its hydrolytic action (55). 
These nonspecific diesterases are exonucleases, that attack from the end 
and remove nucleotides one a t  a time. 

3.4. DEGRADATION OF NUCLEOTIDES AND NUCLEOSIDES 

Following the breakdown of nucleic acids by specific nucleases or 
nonspecific phosphodiesterases, a number of possible fates can await the 
nucleotides. Intracellularly they could mix with the normal pool of 
nucleotides to  increase its size and be further anabolized, or they might 
leak out or be excreted from the cell. Normally, purine-containing break- 
down products do not find themselves incorporated to an appreciable 
extent into the nucleic acids of other cells (D2). As was mentioned, many 
enzymes are able to degrade the derivatives until the breakdown products 
are biologically useless. There are many additional nonspecific phospha- 
tases such as those found in the intestines, bone, and prostatic tissue. Reis 
(R3, R4, R5) in a series of studies established the existence in many 
tissues, including human, of specific enzymes capable of splitting the 
phosphate ester from 5’-nucleotides. This enzyme is present in rather 
high concentrations in bull semen; i t  has been highly purified and its 
properties studied by Heppel and Hilmoe (H5). More recently Bodansky 
and his associates (B22, L14) have shown that this enzyme has the 
unusual property of possessing two pH maxima in the presence of 
magnesium, and that the activity is altered by the presence of certain 
amino acids. This eneyme can cleave the phosphate from all the purine 
5’-nucleotides. A second nucleotide phosphatase was described by Shuster 
and Kaplan (SlQ), who demonstrated its presence in germinating rye 
grass and certain bacteria, and its specific cleavage of 3’-nucleotides 
without effect upon 2’ and 5’ isomers. Its action is probably responsible 
for the poor utilization in microorganisms of the 2’-adenylic acid as a 
purine source when contrasted with that of the 3’ isomer (B3). 
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Purine nucleosides are cleaved by the action of purine nucleoside 
phosphorylase with the liberation of ribose 1-phosphate (Kl, P l ) .  The 
enzyme is apparently specific for purines. The material from erythrocytes 
catalyzes the phosphorolysis of purine but not pyrimidine nucleosides 
(T6.) Purine phosphorylase activity is found widespread in nature and in 
many animal tissues (F10). Friedkin and Kalckar investigated an enzyme 
capable of cleaving purine deoxynucleosides to the aglycone and deoxy- 
ribose 1-phosphate. They concluded that the enzyme was identical to 
that which splits purine ribonucleosides (F8, F9). This enzyme is capable 
of degrading inosine, xanthosine, and guanosine to forms readily attacked 
by other enzymes. In  so doing, it permits living cells to retain the ribose 
and deoxyribose moieties. 

3.5. HYDROLYSIS OF AMINO PURINES 

The amino groups of purines can be hydrolyzed by a variety of 
enzymes. Adenine deaminases are present in bacteria, but the tissues of 
higher animals do not seem to contain an enzyme capable of hydrolyzing 
the amino group of free adenine. Schmidt (S3) has commented, “State- 
ments to the contrary in the literature are based upon indirect evidence 
such as a decoloration of methylene blue by adenine in the presence of 
xanthine dehydrogenaae.” Adenine is slowly oxidized a t  the 2- and 8-posi- 
tions by xanthine oxidase (B23, K9). Adenosine deaminase, on the other 
hand, is widely distributed and found in most tissues of higher animals 
(C7). This enzyme has been of great interest because of its role in 
limiting the physiological effects of adenosine. The enzyme not only 
deaminates adenosine, but also acts upon synthetic compounds which 
could otherwise be of greater interest pharmacologically, such as ara- 
binosyl- or xylosyladenine and 2,6-diaminopurine ribonucleoside ((24, 
L10). The presence of adenosine deaminase in rodents correlates with the 
less extensive incorporation of adenosine than adenine into nucleic acid 
purines (L22). The finding that adenylic acids were incorporated to about 
the same extent as adenosine is consistent with the abundance of both 
nucleotidases and nonspecific phosphatases. 

There is a widely distributed enzyme capable of hydrolyzing guanine 
to xanthine; i t  is absent in pigs and spiders. So nearly ubiquitous is this 
enzyme in higher animals that, in practically all species studied, guanine 
is not a precursor of nucleic acid purines to an appreciable extent (B28) 
(see Section 2.3). It is not possible to  say with certainty whether guano- 
sine is deaminated to xanthosine, which is then hydrolyzed to xanthine, 
or whether guanosine is first hydrolyzed to guanine, which is then acted 
upon by guanase. It is well known that nuoleotides do not pass freely in 
and out of cells. Therefore it would appear that cleavage to either 
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nucleoside or aglycone must occur within the cell before purine deriva- 
tives escape from it. The hydrolysis of these derivatives proceeds, as 
outlined in Fig. 4, to hypoxanthine or xanthine. From the studies of 
Ayvaeian and Skupp (A7) with labeled precursors, in which they demon- 
strated that, after the administration of labeled adenine, the urinary 
adenine and hypoxanthine had the same specific activity, it can be 
concluded that hypoxanthine, which is found in the blood and conse- 
quently in the urine, is derived not from inosinate but from adenosine, so 
that the normal pathways of breakdown of nucleic acid derivatives 
would be those indicated by the solid heavy lines in the figure. It is not 
possible to say whether the primary source of xanthine is via xanthylic 
acid to xanthosine and thence to xanthine, or via guanosine and guanine, 
with possibly some xanthosine arising from guanosine. 

3.6. OXIDATION TO URIC ACID 

Xanthine oxidase, which is capable of catalyzing the conversion of 
hypoxanthine and xanthine to uric acid, was first detected in 1882 by 
Horbaczewski (Hll) ,  who noted that extracts of various tissues could 
catalyze the conversion of xanthine to uric acid. A similar enzyme was 
detected in milk (M15). These enzymes contain a flavin-adenine dinu- 
cleotide prosthetic group (C9). As a result of the essential nature of the 
flavin-adenine dinucleotide portion of the enzyme, a striking parallelism 
was seen between the riboflavin content of the diet and the xanthine 
oxidase concentration in tissues of growing rats (D10). The enzyme 
contains molybdenum. That the molybdenum is contained in a function- 
ally important component has been demonstrated by several workers 
(G13, T5). Totter and his associates injected labeled molybdate into a 
cow, and then isolated the enzyme from the milk to show that the 
proportion between the molybdenum and flavin remained constant a t  a 
value of 0.5. Corran e t  al. (C9) postulated that  the xanthine oxidase of 
milk is identical with the xanthine oxidase of liver, but the protein 
portions of the enzyme appear to differ. 

Xanthine oxidase is a rather nonspecific enzyme; i t  not only catalyses 
the oxidation of hypoxanthine and xanthine, but also the conversion of 
adenine to 2,s-dihydroxyadenine (B23, K9) as well as the oxidation of 
many unusual purines, such as 2-aeaadenine (514). It also acts on 
xanthopterin (K4), and catalyzes the oxidation of a variety of aldehydes 
and NADH. Several pterins, notably 2-amino-4-hydroxy-6-formyl- (K3), 
2-amino-4-hydroxy-6-carboxy-, 2-amino-4-hydroxy-, and 6-hydroxy- 
methyl- (P3) pterins, inhibit xanthine oxidase. A variety of purines are 
both substrate and inhibitor of the enzyme. Antabuse (tetraethylthiuram 
disulfide) has a considerable inhibitory effect on xanthine oxidase in ra t  
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liver, but does not inhibit that from milk. Even small concentrations of 
copper have been shown to inactivate xanthine oxidase (538). The dif- 
ferences in response to inhibitors support the concept that the enzyme 
prepared from milk is not identical with that from liver, and suggest that 
the protein carrier is different. More recently some purine analogs have 
been shown to be very potent inhibitors of xanthine oxidase (see Section 
6.3). 

3.7. DEGRADATION IN OTHER SPECIES 

The degradation of purines varies with the species. Actually uric acid 
is excreted as the principal end product of purine metabolism by very few 
mammals, of which man is unfortunately one. Most nonuricotelic animals 
possess the enzyme uricase, which converts uric acid to the much more 
soluble end product allantoin. Man and certain of the higher apes, as well 
as fowl and reptiles, do not possess this enzyme, so that they must 
excrete uric acid as the end product of purine metabolism. Despite the 
fact that it possesses uricase, as do other dogs, the Dalmatian coach 
hound is peculiar in that i t  excretes uric acid. This anomaly results from 
the absence of tubular reabsorption of uric acid in the kidney (F11). 

Man, of course, excretes a relatively small proportion of nitrogen as  
uric acid, and there probably is little significance in the uric acid excre- 
tion in terms of nitrogen elimination (N3). Needham postulated that the 
method of elimination of excess nitrogen can be correlated with the mode 
of reproduction. Ureotelic metabolism, that is, elimination of nitrogen 
waste as urea, is associated with viviparity. On the other hand, uricotelic 
metabolism, uric acid as the principal nitrogenous end product, is asso- 
ciated with development in a cleidoic egg. His reasoning is essentially 
the following. Cleidoic eggs develop under a strict limitation of the water 
supply. The developing embryo metabolizes carbohydrate and protein 
in the course of its development and must produce ammonia. The toxic 
ammonia is not easily removed. Converted to urea its toxicity would be 
overcome, but by the end of development the amount of urea produced 
could be so considerable as to disturb the osmotic balance. The animal 
has a survival advantage if i t  can convert the ammonia into something 
nontoxic and insoluble ; uric acid fulfills these requirements. 

In man and other animals that produce uric acid, the product is not 
normally toxic but may be upon occasion. The animals that produce 
allantoin seem to have an advantage over man, since they are not in 
danger of producing a harmfully insoluble end product. Most fish cleave 
allantoin through the action of the enzyme allantoinase to allantoic acid. 
Some fish and amphibia split the allantoic acid further to  urea and 
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glyoxylic acid by the action of a second enzyme, allantoicase (F3). The 
temptation to  generalize is restrained by such oddities as the fact that 
the spider eliminates its nitrogenous waste as  guanine ! 

4. Fate of Oxypurines 

In  view of the obvious relationship between high uric acid levels and 
gout there has been a great deal of interest in hyperuricemia, and rela- 
tively little consideration has been given to  a possible significance of 
hypouricemia. Studies have revealed, however, that in addition to  the 
greatly discussed hyperuricemias there exist a certain small but real 
number of individuals whose uric acid levels run from a third to a sixth of 
the normal value (E7, F6). 

4.1. URIC ACID POOL 

The determination of pool size has been one of the most important 
studies in the investigation of the metabolism of uric acid. The initial 
work was done by Benedict et al. (B14) ; a similar series of experiments 
was done shortly afterward by Geren e t  al. (G2). The rationale behind 
these experiments was that, if labeled uric acid were injected into indi- 
viduals and if this uric acid were able to mix quickly with the endog- 
enous uric acid and specific radioactivity of the resultant uric acid 
could be determined, then, by simple calculations of the “isotope dilu- 
tion” method, the size of the endogenous pool could be determined. The 
samples of uric acid could be obtained most readily from the urine. If a 
series of urine collections were made over a period of days and the 
activity of the urinary uric acid determined, these values should decrease 
logarithmically as a straight line function. Extrapolation of this line back 
to zero time gives the value of the pool uric acid a t  the time of injection. 
From this it is possible to calculate the size of the endogenous miscible 
pool. The rationale was probably correct, as is evidenced by the fact that 
the activity of the uric acid did decrease as a logarithmic function (Fig. 
5) .  Extrapolation of this line back to zero time permitted the calculation 
of pool sizes, which were of the order of 1 g for a normal adult. About 
50% of this was replaced per day, as shown by the slope of the curve. 
With normal subjects, approximately 80% of the daily turnover was 
found as urinary uric acid. 

The serum uric acid pool and the amount of uric acid excreted are 
dependent upon many physiological factors. One of the more obvious of 
these is kidney function. About 60 years ago, Leathes (L5) noted that 
during work there was a decrease in urinary uric acid excretion coupled 
with an apparent increase in excretion of other purine bases. He  felt that 
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this increased excretion resulted from differential retention of uric acid 
by various tissues. Shortly afterward Kennaway (K5) made similar 
observations in subjects who had exercised vigorously. Unfortunately the 
determination of other bases a t  that time involved a laborious and not 
very quantitative silver precipitation step. Kennaway interpreted hie 
observation in terms of the decreased oxidation of purines. These obeerva- 
tions have been repeated and confirmed with better techniques by Quick 
(Q2). Attempts were recently made to understand the nature of the 
altered balance in purine excretion, and the suggestion was made that 
there were specific increases in hypoxanthine and perhaps xanthine 
elimination following exercise ( N l )  . The methods of differential spectros- 
copy that were used are not, however, extremely accurate, nor can they 
distinguish between hypoxanthine and xanthine. 

Time,doys 

FIQ. 6. Decrease in label of urinary uric acid with time. The pool size can be 
calculated from the y intercept and the daily turnover (k) calculated from the 
equation k = l / t  In A / ( A - X ) ,  in which A and X are isotope excew at to and t ,  
respectively. [From (G2) .I 

Diminished uric acid excretion has been attributed to the action of 
organic acids produced during exercise. The effects can be mimicked by 
administration of benzoic (Ql) and lactic (G4, M12, Q2) acids. Similarly, 
the changes in serum uric acid levels associated with the toxemia of 
pregnancy (H2, 532) and glycogen storage disease (J l )  have been related 
to lactic acid production. Traditionally, alcoholic beverages have been 
considered a precipitating agent in gout, and there is reason to believe 
that this may be true. Administration of alcohol does alter uric acid 
levels. Since ethanol can be converted to  lactate enzymatically, Lieber 
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e t  al. (L16) proposed that the hyperuricemia associated with alcohol 
results from a similar mechanism of reduced urinary urate output. 

4.2. URICOLYSIS 

The great bulk of the oxypurines released as a result of the action of 
hydrolytic enzymes normally is ultimately oxidized to uric acid. Not all 
the uric acid, however, is eliminated as such. This was first demonstrated 
by Benedict et al. (B14), who showed that as much as 20% of the 
injected uric acid was broken down and eliminated as forms other than 
urate. These findings have been confirmed by several investigators (B37, 
B38, W11). Sorensen (528) investigated the possible role of intestinal 
bacteria in uricolysis. He found that in a particular patient 69% of 
intravenously administered uric acid-2-14C was eliminated in 10 days as 
urinary urate, while 22.5% of the injected radioactivity was recovered 
as degradation products: half as expired COz and one-third as fecal 
products. Following the establishment of effective bacteriostasis through 
the concurrent administration of sulfonamide, streptomycin, and neomy- 
cin, 56% of an equivalent dose of urate was recovered as urinary uric 
acid after 5 days. Only 3% of the radioactivity was found as breakdown 
products, and only 0.5% of the injected activity was expired as 14C0,. 
In  the treated patient 30% of the 14C was found in fecal urate, but in the 
control experiment there was no fecal urate. As Sorenson pointed out, 
there is uric acid in sweat but the quantity is so small as to be of no 
significance in this context. 

One of the more interesting observations in this regard was the finding 
that in patients with renal insufficiency there was a far greater extrarenal 
elimination of injected urate (S30). In  three such patients, 42, 33, and 
61% of the uric acid radioactivity was recovered in expired CO,, and 
each had approximately 10% in fecal products. At the other end of the 
spectrum is the observation that patients with hepatolenticular degenera- 
tion excreted approximately 90% of an administered dose of uric acid as 
urinary uric acid; here this is attributable to the abnormality in kidney 
function that favors nonreabsorption of urate. In  view of the observa- 
tions of Lesch and Nyhan ( L l l ) ,  that their pediatric patients (Section 
5.4) with excessive uric acid production eliminated a relatively small 
amount of their daily turnover of uric acid in urine, and that several 
gouty patients excreted relatively large amounts of uric acid extra- 
renally (B39) , there is a temptation to attribute the concurrence of such 
extrarenal elimination to excessive production of urate. On the other 
hand, it may well be that extrarenal elimination of urate can in some 
cases be attributed to undetected abnormal kidney function. 
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4.3. XANTHINUFUA 
There have been reports in the literature of hypouricemia coincident 

with specific inborn metabolic errors, but many of these cases are at- 
tributable to defects in the kidney leading to failure of renal tubular 
reabsorption. It was mentioned above that the excretion of uric acid by 
the Dalmatian coach hound can be attributed to such a mechanism 
(F11). Similarly, the hypouricemia found in the Fanconi syndrome (L4) 
and Wilson’s disease (B12) can be attributed to kidney malfunction. 
These are not true examples of underproduction of oxypurines, including 
uric acid, since the daily output of uric acid is normal. The large number 
of healthy people who have extremely low serum urate values, however, 
may indicate that there are individuals who underproduce oxypurines 
but suffer no ill effects because of this. The one well-documented inborn 
error that results in underproduction of uric acid is xanthinuria. It has 
been reported in relatively few cases, probably because individuals with 
this metabolic abnormality who suffer no ill effects would not come to 
the attention of a physician. 

Although the existence of xanthine was first discovered in a stone 
(M6) , it is only in the past 30-odd years that xanthine stones have been 
widely recorded. The precipitation of xanthine in cases studied in the 
past was accompanied by normal or even somewhat high levels of serum 
uric acid (JB, P2, R2, T2). The nature of this abnormality has not been 
determined ; presumably i t  results from an overproduction of xanthine 
per se. A second group of patients, who also have high levels of xanthine, 
are characterined as a distinct entity by the fact that they have extremely 
low values of uric acid. The uric acid levels are in fact so low that the 
small amount determined can be attributed to dietary sources or perhaps 
to the action of intestinal bacteria. The first reported case of xanthinuria 
was presented by Dent and Philpot (D9). They found only traces of 
uric acid in the blood and urine of a 4-year-old girl; the urinary purine 
was primarily xanthine, and this was quantitatively comparable to a 
normal uric acid excretion. At that time Dent and Philpot felt that the 
defect was attributable to either a deficiency of liver xanthine oxidase 
or a renal tubular defect that resulted in greatly increased clearance of 
xanthine. This girl passed a urinary stone that was almost pure xanthine. 
She was seen clinically because of hematuria and urinary frequency. Five 
years later Dickinson and Smellie (D11) examined the same patient in 
more detail. Through emymatic determinations and more refined chro- 
matographic procedures, these investigators demonstrated that 1040% 
of the oxypurines in the urine of the patient was hypoxanthine. They 
essentially agreed with Dent and Philpot’s interpretation of the disorder, 
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except that they felt it to be not a question of either/or, but of both 
abnormalities being present. However, i t  has since been shown that 
clearance of xanthine in such patients is normal (K10). Other patients 
have since been reported and studied in considerable detail. One such 
patient, a 47-year-old man, also had hemochromatosis (A5, A7) ; another 
was suffering from pheochromocytoma (E6). In  these patients the 
absence of xanthine oxidase was demonstrated in the liver and intestinal 
mucosa, two places where the enzyme is presently reported in normal 
human subjects. It has thus been demonstrated that the fundamental 
biochemical alteration leading to this abnormality is the absence of 
xanthine oxidase. 

Administration of labeled xanthine resulted in the production of a 
small amount of labeled uric acid, but this could be explained in terms 
of the action of intestinal bacteria. Several labeled purines were adminis- 
tered to these patients, and the fate of the labeled compounds was con- 
sistent with the possible mechanisms of purine metabolism developed 
through studies of laboratory animals and microorganisms (see Section 
2) .  Thus there was greater utilization of hypoxanthine, xanthine, and 
guanine than has been seen in individuals who possessed xanthine oxidase 
(W13), as determined by the delayed release of labeled purines in urine 

The bulk of the oxypurines are eliminated as xanthine, which is con- 
sistent with the presence of a large amount of enzymes capable of 
degrading guanine, and relatively small amounts of enzymes capable of 
degrading adenine. This is consistent with the fact that guanine is a poor 
precursor of nucleic acid purines in most animals, although adenine is an 
excellent one (B28). On the other hand, guanine is an excellent precursor 
of nucleic acid purines in vitro (Bl) .  Following the administration of 
labeled adenine to a xanthinuric, urinary hypoxanthine and urinary 
adenine had essentially the same specific activity (A7). Similar findings 
have been made with normal subjects (W13). Since it is not possible for 
urinary adenine to have been derived from the hypoxanthine that was 
being eliminated and since the two had the same specific activity, i t  must 
follow that the hypoxanthine was derived from an adenine derivative. 
Thus studies of these patients would indicate that the normal routes to  
urinary oxypurines are the degradations of guanylic or xanthylic acid 
and of adenylic acid. These two purine nucleotides are ultimately hy- 
drolyzed to hypoxanthine and xanthine, which are then oxidized to uric 
acid if the enzyme xanthine oxidase is functioning. 

The patients with xanthinuria who have been studied came to the 
attention of clinicians because of secondary ailments or because of the 
fact that relatives had the disease. Since the absence of xanthine oxidase 

(A7) * 
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does not produce overt symptoms, many individuals with this defect 
might exist who escape detection. 

5. Overproduction 

The most common defect in oxypurine metabolism is that manifested 
by hyperuricemia and hyperuricosuria. The many epidemiological in- 
vestigations of uric acid levels have shown a distribution of serum uric 
acid values ranging from approximately 0.5 to  9.5 mg/100 ml of serum 
(E7, F6, N2). Many of the individuals with extreme levels are perfectly 
healthy, although there is a correlation between secondary complications 
and high uric acid values.2 

5.1. GOUT 
Hyperuricemia is found not only in gout, and not all gouty individuals 

are hyperuricemic, but there is a very distinct correlation between hyper- 
uricemia and gout when populations are studied. Seegmiller et al. meas- 
ured the uric acid levels of 940 normal individuals and 60 gouty indi- 
viduals. There was a mean serum value among the gouty of greater than 
9 mg/100 ml, and of approximately 5 mg/100 ml for the normal. This was 
true despite appreciable overlap (S10). 

Just as  there is no clear line of differentiation between hyperuricemic 
gout and normo-uricemic nongout, so there is no clear indication of the 
mechanism of the overproduction of uric acid. Many investigators have 
shown, by the administration of various labeled precursors, that in 
hyperuricemic and hyperuricosuric individuals there is a greater incor- 
poration of labeled precursors into uric acid than there is in normal 
controls. Actually these studies merely confirm the fact that more uric 
acid is made by these “overexcretors.” If more uric acid is made, then 
more of the precursor must be incorporated, and we should therefore be 
most surprised to find that there is no increase in the labeled precursors. 

Interestingly, several studies in the United States have indicated an apparent 
correlation between mean serum uric acid level and social or academic achievement. 
For example, urate values were shown to have some correlation with scores of 
inductees in the Army aptitude test (S37). Another survey indicated that executives 
have an average higher uric acid level than do craftsmen in several Pittsburgh 
companies. It was also shown that Ph.D. scientists have a higher value than 
supervisors, and supervisors in turn higher uric acid levels than craftsmen, a t  the 
Oak Ridge National Laboratory (D13). On the other hand, similar elevations in the 
level of uric acid have been noted in the serum of mongoloids (C5, F12). Since, in 
addition, there are differences in urate levels of various races (L9, 01, S39) and 
since urate concentration seems to vary geographically (P8), it is difficult to draw 
firm conclusions regarding the interrelationship between uric acid levels and 
intelligence or aptitude. Nevertheless, hyperuricemia apparently predisposes to 
certain mental aberrations, and is a result of certain other infirmities. 
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These studies seem to indicate that the uric acid production found in 
cases of hyperuricemia and gout occurs by the usual biosynthetic path- 
ways. 

In microorganisms, it has been shown that de novo synthesis of purines 
can be prevented by the addition of relatively large amounts of the 
“normal” purines to the growth medium (B9). Examination of these and 
similar data led to the postulate that purines were able to  repress the 
synthesis of purine nucleotides a t  an early step (G10). The postulates of 
Gots have been confirmed, and it has been shown that the actual mecha- 
nism is interference with the functioning of phosphoribosylpyrophosphate 
amidotransferase by nucleoside phosphates (M11, N4). The control of 
the synthesis of many natural metabolites by internal feedback control 
mechanisms has been demonstrated to  be an exquisitely eEcient mecha- 
nism for maintaining the proper balance of cell constituents, and i t  is 
tempting to postulate that destruction of the normal system is what has 
led to the metabolic error resulting in hyperuricemia. However, no one 
has been able to gather information that would clearly delineate this as 
the mechanism of action in hyperuricemia. 

The first step in purine synthesis involves the condensation of phos- 
phoribosylpyrophosphate (PRPP) with glutamine. The PRPP also reacts 
with orotic acid in the normal synthesis of pyrimidines (K12). An 
attempt to deplete the PRPP supply was the basis for the attempts to 
use orotic acid as an inhibitor of uric acid production in the treatment of 
gout (see Section 6.2) (D8). Another reaction of PRPP is the condensa- 
tion with imidazoleacetic acid to form a ribonucleotide. A study of the 
synthesis of this ribonucleotide was used as a method to  investigate 
whether or not the turnover of PRPP was normal in gouty subjects. 
Imidazoleacetic acid was administered to subjects also given labeled 
glucose as an ultimate source of labeled ribose (H6). The results of the 
study indicated an increased turnover of the ribose moiety in over- 
producers of uric acid, but no difference in ribosyl synthesis between 
gouty and nongouty subjects who produced approximately the same 
amount of uric acid (53). Thus there is no support for the postulate that 
altered metabolism of this initial precursor of purines is involved either 
in gout or in the overproduction of uric acid. 

On the basis of the relative distribution of I5N among the nitrogens of 
urinary uric acid of control and gouty individuals given labeled glycine, 
particularly the nitrogens N3 and N9, Gutman and Yu (G19) postulated 
that an abnormality in glutamine metabolism was responsible for the 
overproduction of purines. They believed that there was a defect or a 
deficiency in glutaminase in gouty individuals. This would result in a 
diversion of glutamine from the hydrolytic pathway to  purine synthesis ; 
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the increased amount of substrate would cause an increased reaction with 
PRPP, and an increased production of inosinate and the ultimate purine 
products. Although the interpretation of their data was consistent with 
the facts, many other explanations of their observations are possible 
(W10). No direct experimental verification or support of this suggestion 
has been obtained, but i t  is a plausible postulate and one that only 
further research can evaluate. 

The most fundamental observation regarding the biochemical nature of 
gout was in all probability that of Benedict et al. (B14), who showed 
that the uric acid pool size in gouty overproducers was considerably 
larger than that of normal individuals. In  those cases where the urinary 
output was not greater than normal, there were greater extrarenal elimi- 
nation and degradation of the uric acid. This was shown both by the fact 
that the slope of the activity curve (Section 4.1) indicated a replacement 
of much more uric acid than was actually found in the urine, and by the 
fact that only a small fraction of the injected uric acid was recovered 
as urate. The fraction of the injected uric acid recovered from the urine 
was equal to the fraction of the daily turnover of uric acid which ap- 
peared as urinary uric acid. 

All that is really known about the hyperuricemia of gout is the fact 
that there is a greater synthesis of uric acid in gouty than in normal 
individuals, and in some cases this excessive production is disposed of 
extrarenally and in some cases i t  is not. The amount of uric acid produced 
leads to the creation of a pool much greater than that found in normal 
individuals, and in some cases the pool is so great that it exceeds the 
solubility of urate under physiological conditions. The values of pool size 
determined experimentally may be minimal, since part of the pool may 
be slowly miscible or immiscible and not exchange with the injected 
labeled uric acid (B14, B15, B19). There is then precipitation in sensitive 
sites, which is one step toward the ultimate development of gouty 
arthritis. 

The fact that the uric acid content of blood is increased in gout was 
first reported by Garrod (Gl)  and has been confirmed countless times. 
Given the fact that most gouty individuals are hyperuricemic does not in 
any way indicate the nature of the initiating reaction that causes some 
hyperuricemics to  become gouty or furthermore, why some individuals 
have attacks of arthritis that disappear and then return again under 
certain other conditions. It would appear that there are two requirements 
for gout: one is hyperuricemia, and the other, an initiation of crystalliza- 
tion in the sensitive sites. Some years ago Hellman (H4) showed that 
precipitation of acute attacks of gouty arthritis could be induced by 
adrenocorticotropic hormone. Hellman was led to carry out his studies 
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because of the observations of Shipley et al. (S16) that nonspecific 
stresses such as trauma, infection, X-irradiation, or chilling produced 
increased adrenocortical activity, and the fact that these same stresses 
have been known to precipitate acute gouty arthritis. Ayvazian and 
Ayvazian (A6), studying the changes in serum and urinary uric acid in 
patients who had developed acute attacks of gout, noted an increased 
excretion of 17-hydroxycorticosteroids during the development of gouty 
symptoms. They were unable to postulate whether these were cause or 
effect, but, in relationship to the observations of Hellman, one would 
tend to believe that there is presumptive evidence that the changes in 
corticosteroid production may be a link in the chain initiating the events 
of acute symptomatic gout. 

A second aspect of the precipitation of acute attacks of gout is related 
to the inflammatory reaction produced by the injection of sodium urate 
crystals. The historical background for believing that such materials are 
related to the occurrence of acute attacks is reviewed by McCarty (M10). 
Since synovial fluid from patients with acute attacks contains micro- 
crystalline sodium urate, it appeared reasonable to believe that the 
presence of these crystals would cause gouty attacks. A number of 
investigators showed that administration of a microcrystalline sodium 
urate resulted in attacks in normal human subjects, in dogs, and in gouty 
patients in a quiescent phase (Fl ,  H12, M4). 

A condition known as pseudogout has been investigated by Kohn et al. 
(K12). Clinically, their patients appeared to have gouty arthritis. How- 
ever, the serum urate levels were normal. When fluid from these patients 
was removed, it was found to contain crystals that were not sodium 
urate but calcium pyrophosphate. The mechanistic parallels to gout are 
obvious. 

Not only does sodium urate precipitate acute attacks, but other sub- 
stances with similar crystal structures, such as sodium orotate, can also 
cause symptoms of acute gout (S9). Since solutions of urate do not have 
the same effect (M3), i t  would be consistent with these data to suppose 
that precipitation, induced by seed crystals in the presence of high uric 
acid concentrations, is another link in the chain leading to acute gouty 
symptoms. The gouty symptoms precipitated by injection of crystals 
have another factor in common with normal gout, in that they are 
relieved by treatment with colchicine (H12, M4, S9). Seegmiller et al. 
had postulated that the mechanism of the gouty paroxysm required a 
crystal either of urate or something isomorphic in the target area and 
the presence of high concentrations of the substance in solution so that 
precipitation of additional crystals could occur. This would then be 
followed by leukocytosis and phagocytosis of these crystals, producing a 
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resultant inflammatory response. The response to stress and adrenocorti- 
cotropic hormones would also have to  involve precipitation of uric crystals 
in the target area. These data and their interpretation would lead to the 
postulate that gout is a combination of a t  least two defects. The first 
leads to high concentrations of uric acid and, more than simply high 
serum levels, high miscible pools so that uric concentrations are present 
throughout the host, presumably leading to high concentration in certain 
target areas. A second defect leads to a more ready precipitation of the 
acute phase, either by increased sensitivity to the effects of stress and/or 
hormones or by another defect leading to the precipitation of crystals in 
these same target areas. The fact that any agent that lowers the level of 
urate production and decreases the size of the urate pool can prevent the 
symptoms from developing is consistent with this interpretation. 

5.2. PSORIASIS 
This disease is of considerable interest in relation to oxypurine metab- 

olism, although a wide variety of potential metabolic abnormalities have 
been said to be associated with it. In a review in 1961 Tickner (T4) as- 
serted that there was evidence to support the postulate that psoriasis was 
associated with alterations in lipid, protein, carbohydrate, and mineral 
metabolism as well as in serum protein level. Investigators have since 
supported a myriad of hypotheses. Note has been taken of variations in 
carbohydrate metabolism (R16), and of changes in the synthesis of 
hyaluronic acid with resultant alterations in transport mechanisms 
(C10). Changes in fatty acid levels and metabolism (C8), alterations of 
aldolase activity (CS) , increased proteolytic activity (S33), and alter- 
ations in the composition of proteins in psoriatic scales (L20) have been 
suggested. Changes in serum copper content in psoriatic patients have 
been observed (L18). 

There were early reports that in patients with psoriasis there was a 
greater output of urinary uric acid (B11) and increases in serum uric 
acid levels (E2). Eisen and Weissman showed that the increase in uric 
acid excreted was proportional to the amount of skin involved in the 
disease. This increase in uric acid may be partially the result of increased 
turnover of the diseased cells and release of their nucleic acid to the 
purine catabolic pool. There are other alterations in nucleic acids 
related to cellular metabolism in psoriasis. The ribonucleic acid con- 
centration of psoriatic tissues is approximately 3 times that of normal 
skin, and the DNA can be as much as 13-14 times greater than in 
normal tissues (H8, W5). A fundamental change in the nature of 
psoriatic deoxyribonucleic acid was suggested by Steigleder et al. (S36) , 
who isolated DNA’s from psoriatic skin and from normal skin and 
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compared their sensitivity to DNase. They found that the psoriatic 
DNA was relatively resistant to the action of this depolymerase. In  view 
of the constancy of the DNA content of cells (Vl), these excessive 
amounts of DNA could represent either enormous polyploidy and/or the 
presence of unusual, perhaps nonfunctional, nucleic acids. If so, differ- 
ential susceptibility to DNase would not be unexpected. 

The DNase levels of psoriatic tissue vary depending upon the fraction 
of the tissue examined (534). That  i t  is lower in psoriatic scales (S35) 
must be considered together with the fact that DNase is high in normal 
skin (T l ) .  On the other hand, the RNase level was found to be much 
higher in affected skin, approximately 3 times the normal level (L19, 
535). Examination of the enzyme indicated that i t  behaved like pan- 
creatic RNase (D5, S34). 

The levels of acid phosphatases were also much greater in psoriatic tis- 
sue and higher in the surrounding normal tissue as well (D6, W7). The 
high level of acid phosphatase found in adjacent normal tissues led to  
the postulate that  the basic defect of psoriasis is an inborn error leading 
to greater levels of acid phosphatase (or lowered amounts of an inhib- 
itor), so that there would be a degradation of nucleotides resulting in a 
hyperuricemia and abnormal metabolism in the cells per se. That  this 
explanation might be too simple is indicated by the observation that not 
only is there a large amount of destruction of the nucleotides, but also 
a high level of nucleotides in psoriatic tissue (M9). 

Eisen and Seegmiller (E l )  attempted to investigate the cause of the 
large amount of uric acid produced by psoriasis patients by adminis- 
tration of labeled precursors, followed by study of the rate and mecha- 
nism of uric acid synthesis. They also administered labeled uric acid 
and determined the pool size and the turnover rate. Half of their patients 
were hyperuricemic, and the extent of the elevation in the serum uric was 
roughly proportional to the amount of skin involvement. These patients 
incorporated more label from a dose of glycine-14C into urinary uric than 
did normal individuals, but the increase was not so great as that  seen 
with gouty patients (W9). There was nothing unusual in any other 
aspect of the utilization of the precursor. The increase was commen- 
surate with that t o  be expected from the larger amount of uric acid 
produced and excreted, and the larger pool. No abnormal metabolic 
pathway appeared to be involved, and the only unusual biochemical 
feature of the uric acid metabolism of these patients seemed to be its 
rapidity. Several of the patients studied by Eisen and Seegmiller had 
quite elevated uric acid levels, but none developed the symptoms of 
gout. One with both psoriasis and gout did not have a very high serum 
uric acid level. These results emphasize the fact that hyperuricemia alone 
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does not always produce gout, but a secondary effect, apparently un- 
related to that found in psoriasis, is necessary to precipitate the arthritic 
symptoms. 

5.3. MYELOPROLIFERATIW DISEASES 

These diseases are characterized by, among other features, the presence 
of a large number of cells undergoing increased proliferation and death. 
As a result, in the host there is a greatly increased nucleic acid deg- 
radation that produces an excessive amount of nucleic acid breakdown 
products and ultimately uric acid. This in turn may bring the serum and 
urinary urate concentrations to a level high enough to precipitate 
symptomatic gout. The incidence of gout in patients with polycythemia 
Vera and myeloid metaplasia is too high (5-976) to be a coincidence 
(Yl). In  Yu’s studies, a positive family history of gout was found in 
about 30% of the primary gout patients, but in only 3 of 42 patients with 
gout secondary to the myeloproliferative disease. Thus he concludes that 
this secondary gout is a separate entity from primary gout. 

Excessive uric acid production is consistently seen in untreated chronic 
granulocytic leukemia patients, but not in those with chronic lymphocytic 
leukemia (K15, K24, Sl). That  the increased production of uric acid is 
a symptom of the disease is shown in a series of patients studied before 
and after initiation of therapy. When the disease was under control, there 
was a marked decrease in both serum and urinary uric acid (Table 1). 
The unusual nature of the high uric acid production and its relationship 

TABLE 1 
URIC ACID EXCRETION IN UNTREATED AND CONTROLLED CHRONIC 

GRANULOCYTIC LEUKEMIA‘ 

Untreated Controlled 

Serum uric Serum uric 
Urine uric acid (mg/ WBC Urine uric acid (mg/ WBC 
acid (mg/ 100 ml, ( X  lo*, acid (mg/ 100 ml, ( X  lo*, 

Patient day, mean) mean) mean) day, mean) mean) mean) 

F.S. 2044 9 . 9  116 504 7 . 4  39 
M.P. 1055 10.4 263 511 7 . 1  13 
M.W. 1217 5 .7  212 717 4 . 0  5 
M.Y. 810 6 . 6  198 500 5 . 8  16 
T.Y. 89 1 5 .6  228 433 3 .7  15 
P.K. 618 8 . 0  73 341 5.7 10 

Average 1106 7 .7  177 507 5 . 6  16 

These values represent the mean of 8-12 consecutive days of observation during 
each phase in each patient (K19). 
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to the renewal of granulocytes were shown in an experiment in which the 
administration of labeled formate to patients with chronic granulocytic 
leukemia resulted in a large incorporation of this precursor into the uric 
acid, with a maximum not only a t  the end of 2-3 days, but also a second 
maximum that appears 12 days after administration of the isotope (Fig. 
6) .  Presumably the first peak of excretion results from the direct syn- 
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FIG. 6. Incorporation of formate-"(= into urinary uric acid of a patient with 
chronic granulocytic leukemia. [From (K24) .I 

thesis of labeled uric acid through the breakdown of purine nucleotides 
in the soluble cell pool, and the second is attributable to the destruction 
of granulocytes. Mathematical analysis and interpretation of the isotope 
data indicate that approximately five-eighths of the area under the curve, 
and therefore of the radioactivity obtained, is attributable to the turnover 
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of granulocytes, and is consistent with the magnitude of the over- 
production of uric acid seen in such patients. Labeled formate incor- 
poration curves from patients with chronic lymphocytic leukemia had 
a single maximum like those from nonleukernic patients (K19). These 
findings, consistent with the data of Hamilton (Hl ) ,  indicate the dif- 
ferences in life span of human granulocytes and lymphocytes. Some 
attempts, made by Adams et al. (A4) to analyze the oxypurines other 
than uric acid in the urine of leukemic subjects, were inconclusive. No 
significance was attached to the findings by these investigators, who also 
recognized their data to be semiquantitative, like those with many of the 
earlier methods. Their work was important in that i t  established the 
existence of the oxypurines in urine, but, because of the difficulty in 
determining small amounts, the data could not be considered adequate 
for complete evaluation of the significance of these compounds (W3). 

5.4. CONGENITAL JUVENILE HYPERURICOGENESIS 

There have been reports of young children with elevated serum uric 
acid levels, some of whom appeared to have concurrent mental aberrations 
(C2, R7). In  a t  least one case there were no symptoms other than those 
normally associated with gout (R13). 

I n  1965 Lesch and Nyhan (L11) described the third and fourth cases 
diagnosed until then of elevated serum uric acid accompanied by mental 
retardation. The patients were hyperuricosuric as well. The most striking 
characteristic was the self-mutilation of the patients (L11). They 
reported studies of two brothers, listed the clinical manifestations of the 
disease, and followed the rate of uric acid synthesis as well as the turn- 
over of the uric acid pool. As in gout, incorporation of the labeled 
precursors resulted in the rapid extensive labeling of urinary waste. 
Examinations of the rate of excretion of injected labeled urate indicated 
the pool sizes in the two children to be 530 and 787 mg, or values similar 
to those seen in patients with nontophaceous gout (B14). However, the 
rate of replacement of the pool was higher than that of most gouty 
patients ( S l l ) ;  one of the brothers replaced 2.06 pools per day, and 
the other 1.61. Only a relatively small fraction of the uric acid was 
eliminated in the urine by these infants, and the turnover was so rapid 
that after a few days the amount of label was too small to be detected. 
On the basis of the first 5 days, Lesch and Nyhan concluded that none 
of the deviation from linearity to be expected with slow equilibration 
with tophi existed. Because of the rapid turnover in these patients, how- 
ever, the decay curve was so short that curvature might well have been 
missed. The concentration of uric acid/kg of body weight was comparable 
to that of gouty patients (B15, S29), for whom it has been calculated 
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that the average concentration of uric in the total body water is about 
half that of the serum. The uric acid/body water ratio obviously in- 
creases in patients with tophaceous gout. It may well be that, in these 
two children, the concentration would increase in time as the kidneys 
failed to handle the massive amounts of uric acid presented to them. 

The most striking thing is not so much the size of the pool but the 
rapidity of its replacement, i.e., amount of uric acid synthesized daily. 
The adults with primary gout, secondary gout, and hyperuricemia 
studied by Seegmiller e t  al. (S l l )  eliminated a t  most 1.7 g/day compared 
to the greater than 1 g/day put out by these 14-kg children. Benedict 
et al. (B14) reported one case of tophaceous gout that produced even 
more uric acid than these children, but the daily turnover was still only 
about half the pool of uric acid. It is therefore quite possible that the 
high figures reported in Benedict’s case were misleading because of 
temporary mobilization of the uric acid tophi. Certainly nontophaceous 
gouty individuals do not produce amounts of uric acid of the same order 
of magnitude as did these children. Thus, the disease is characterized 
more by hyperuricogenesis than by hyperuricosuria or hyperuricemia 
alone. 

Nyhan later described another patient who was a hyperexcretor and 
displayed the associated clinical symptoms. This child synthesized uric 
acid from labeled glycine 200 times as rapidly as did normal controls 
(N5). Another aspect of Nyhan’s studies was the rapid decrease of la- 
beled uric acid from patients given glycine-14C. The fact that, a week 
after administration of the isotope, the radioactivity of uric acid in the 
control and the patients under study approa.ched approximately the same 
value would seem to indicate that  the initial large amount of labeled 
uric acid was formed by the synthesis of purine nucleotides, which were 
rapidly broken down and did not involve an increased turnover of nucleic 
acid per  se. It reflects a labile nucleotide pool, not a highly labeled one. 

That children can have gout and excessive uric acid production and/or 
excretion without suffering the cerebral damage of Nyhan’s patients 
would seem to indicate a fundamental difference in the mechanism of uric 
acid production in these children and in gouty patients. The postulate 
that the control enzymes were deficient could explain symptoms similar 
to those seen in gout; such a mechanism had already been suggested for 
gout. An alternative explanation is that the purine intermediate that is 
overproduced or that leaks from the cell is different from that found in 
gout. The secondary effects could be attributed to the perfusion of the 
patient by higher than normal levels of some particular purine derivative. 
Ultimately the compound would be broken down to uric acid, by which 
time the damage may have been done. The dissimilar symptomatology 
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of the two diseases suggests that overproduction of uric acid is not the 
cause of both syndromes. 

That two patients are brothers ,indicates the possibility that there is a 
familial trait involved. Examination of the pedigree of patients suggests 
that the disease is carried by an X-linked recessive gene. The disease 
has been seen only in males but, interestingly, female carriers of the 
gene appear to be hyperexcretors of uric acid, although they do not 
develop the mental and neurological symptoms (H9, S13). The uric 
acid metabolism of relatives of gouty patients and of hyperuricogenic 
children is quite different (Section 7),  again indicating that the two 
diseases are fundamentally different. 

Recently i t  has been shown that patients with this disease excrete more 
hypoxanthine than xanthine in their urine. All other subjects studied 
excrete more xanthine than hypoxanthine (B7). Furthermore, although 
the administration of allopurinol reduces total oxypurine output in other 
patients, i t  does not do so in these children (B7, 02) .  These observations 
have been clarified by the demonstration that patients with juvenile 
hyperuricemia lack inosinate pyrophosphorylase, the enzyme that catal- 
yses the conversion of hypoxanthine (and guanine) to inosinic acid (and 
guanylic acid) (SlOa) . They, thus, excrete any hypoxanthine formed 
rather than reutilize it. This may identify the fundamental difference 
between this entity and gout, but offers no explanation of the neurological 
damage. 

5.5. OTHER HYPERURICEMIAS 
Hyperuricemia has been found associated with myxedema, where it is 

accompanied by normal or low urinary urate excretion. On the other 
hand, hyperthyroidism is usually found with slightly increased urinary 
excretion (L8, M16). These variations have been interpreted in terms of 
changes in pool size and the relative role of extrarenal excretion (L7). 

It has been known for some time that rapid destruction of tumor or 
leukemic tissue can result in excretion of large amounts of uric acid. The 
mechanisms by which various agents can cause this have been studied by 
Krakoff (K15). Agents capable of reducing leukocyte mass may do so 
either by destroying cells (e.g., X-rays, alkylating agents, and steroids) 
or by inhibiting additional cellular proliferation (e.g., antimetabolites) . 
Substances of the first class cause an increase in uric acid production. 
The nucleic acid released by the dead cells is degraded by the enzymes 
referred to (in Section 3) (K24). Normally purine breakdown products 
of nucleic acids are not reutilized (D2). There is no reason to assume 
that only neoplastic tissue releases purines upon destruction, although 
these are the most common cases where massive quantities of tissues are 
known to be destroyed. 
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In  general, hyperuricemia would result from a condition that  causes 
the sudden destruction of tissue; in these cases, hyperuricosuria would 
also result. Interference with renal clearance (referred to in Section 4.1) 
could also result in hyperuricemia, but in this case there would be a 
decrease in urinary output. Most reported cases of hyperuricemia, aside 
from those involving hormonal abnormalities, are most likely related to 
these changes in renal clearance, possibly resulting from changes in the 
level of various organic acids (Section 4.1). 

6. D r u g s  Affecting Purine M e t a b o l i s m  

Compounds active in the regulation of oxypurine metabolism can 
influence the production of purines de novo and the interconversion or 
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FIQ. 7. Structural formulas of some thiadiazoles and niacin. 

excretion of the purine moieties. The latter compounds are of consider- 
able clinical importance, but are not active in the metabolism of the 
oxypurines per se. A recent review by Krakoff (K17) deals with the 
clinical aspects of compounds active in this area. Suffice i t  to say that  
drugs are known which can alter the secretion and/or the reabsorption 
of urates in the kidney. Such actions lead to altered concentrations of 
urate in blood and urine without necessarily changing the production or 
destruction of any of the oxypurines. 

6.1. COMPOUNDS STIMULATING OXYPURINE PRODUCTION 

A number of 2-substituted thiadiaeoles (Fig. 7) are unique in that 
they, among all known drugs, cause an increase in the production of 
uric acid. The original observation came as a result of the evaluation 
of 2-ethylamino-1,3,4-thiadiaeole (EATDA) as  a potential antitumor 
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agent (K21). Patients receiving the compound had elevated serum uric 
acid as well as elevated urinary output. The several derivatives shown 
in Fig. 7 were tested. The three compounds mono-substituted in the 2- 
position were active, and the compounds with substituents in both the 2- 
and 5-positions were inactive (K18). The uricogenic effect of the thi- 
adiazoles was accompanied by a characteristic oral toxicity. 

The effects of thiadiazole were blocked by simultaneous administration 
of nicotinamide (K18) or nicotinic acid (58). Concurrent administration 
of 6-diazo-5-oxo-~-norleucine (DON) , an antagonist of glutamine that 
is also an inhibitor of purine biosynthesis (L13), abolished the uricogenic 
effect of the thiadiazoles although the toxicity remained. Azaserine, a 
compound structurally related to DON which has a similar activity 
(L13), is also capable of preventing the uricogenic effect of EATDA. 
The antimetabolite, 6-mercaptopurine, can also inhibit the increased 
production of urate without preventing the oral toxicity (K23). On the 
other hand, 6-thioguanine, a purine antagonist that resembles 6-mer- 
captopurine in structure and in some of its biochemical actions, was 
incapable of inhibiting any of the effects of thiadiazole even a t  toxic 
doses (K16). Allopurinol, an inhibitor of xanthine oxidase, also prevents 
the uricogenic effect of thiadiazole without affecting the oral toxicity 
(K20) . 

Not only are the effects of thiadiazoles blocked in patients, but the 
antileukemic action in experimental animals is also reversed by nicotin- 
amide (C3). No direct evidence of interference with NAD synthesis or 
function has been obtained, but these reversal studies obviously suggest 
this as  a possible explanation of the biochemical actions of these com- 
pounds. Ciotti and associates (C3) demonstrated an exchange reaction 
with NAD in vitro yielding an analog of NAD, but no evidence was 
obtained that this occurs in vivo. 

Other investigations into the action of these compounds revealed that 
patients receiving EATDA incorporated more sodium formate-14C into 
uric acid than did controls. The increase was similar to that seen with 
gouty overexcretions of uric acid (K18). The increase in incorporation 
was rapid, which suggested that the action wa8 attributable to increased 
de novo synthesis. This hypothesis was confirmed by an experiment in 
which a patient was given adenine-l*C to label the nucleic acid purines 
and, some time later when the label in urinary uric became stable, the 
patient was given thiadiazole and amrnonia-l5N. The latter compound 
was used as a measure of de novo synthesis. Administration of 16N was 
repeated after the effects of thiadiazole were gone. The thiadiazole treat- 
ment caused an increase in serum and urinary uric acid. It also resulted 
in a drop of the specific activity of the urinary uric acid, indicating a 
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dilution of the nucleic acid source (Fig. 8). The incorporation of the 16N, 
when the patient was receiving EATDA, was approximately 3-fold that 
seen during the control period, which indicates a 3-fold greater de novo 
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synthesis of purines. A somewhat similar observation was made in ex- 
perimental animals by Shuster and Goldin (Sl8) , who demonstrated that 
thiadiaaole results in enhanced incorporation of carbon precursors into 
soluble adenine derivatives in the liver of mice. 
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Examination of the urine of subjects receiving EATDA showed that 
several, if not all, of the urinary purines were excreted in increased 
amounts. There was, furthermore, no change in the mode of excretion of 
urates or in the proportion disposed of extrarenally (S12). The sug- 
gestion has been made (K18) that the fundamental mechanism of action 
of these compounds is the blocking of the incorporation of newly 
synthesized adenine into polynucleotides and/or coenzymes, with the 
production of an undefined deficiency state. This block could stimulate a 
compensatory increase in purine biosynthesis. The excess purines would 
not be utilizable and, therefore, would be excreted from the cells, and 
the normal degradation by enzymes would convert this material to uric 
acid. 

6.2. INHIBITORS OF PURINE SYNTHESIS 

Two compounds referred to in Section 6.1, azaserine and DON, are 
known to inhibit purine synthesis. These two compounds inhibit the 
conversion of formylglycineamide ribonucleotide to formylglycineamidine 
ribonucleotide (Section 2.1), presumably by virtue of their action as 
glutamine antagonists (L13). Both of these compounds inhibit the bio- 
synthesis of uric acid in man. This has been demonstrated by the fact 
that the amount of glycine-14C incorporated into urinary uric acid is 
decreased (G12, 23) by the glutamine antagonist. The actual reduction 
in the quantity of urinary uric acid brought about by these compounds 
is too small to be detected in view of the daily variations in output. Both 
of these compounds are toxic to bone marrow and the gastrointestinal 
tract. Presumably this action is a result of their interference with purine 
synthesis de novo. Although these compounds do not normally cause a 
measurable decrease in the uric acid production, i t  is interesting, as was 
mentioned (Section 6.1), that they are able to prevent the excessive 
production of uric acid stimulated by the thiadiazoles. In  view of the 
action of these compounds as antagonists of glutamine, i t  is not surpris- 
ing that in some systems large doses lead to  inhibition of conversion of 
xanthylate to guanylate (A3). Although this might potentially lead to an 
imbalance of purine interconversion, the levels required are so high as to 
be extremely toxic. 

One of the first studies that indicated the possible interference of 
amethopterin and aminopterin with purine synthesis was the demon- 
stration by Skipper et al. (521) that administration of these compounds 
to mice inhibited the incorporation of labeled formate into nucleic acid 
purines. Amethopterin (4-amino-N10-methyl-pteroylglutamic acid) has 
produced some inhibition of uric acid synthesis during the use of this 
compound for treatment of leukemia (K15, K24). Another inhibitor of 
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purine metabolism, 6-mercaptopurine, which acts either by pseudofeed- 
back inhibition of purine synthesis (M11) or as an inhibitor of the inter- 
conversion of purines (B8), does not normally cause detectable re- 
ductions in purine synthesis in man. However, as was mentioned (Section 
6.1), when given in conjunction with EATDA, it too can reduce the 
overproduction of the uric acid stimulated by this compound. 

Orotic acid reacts with phosphoribosylpyrophosphate to form orotidine 
5’-phosphate (K13). Since PRPP is also a reactant in de novo synthesis 
of purines (Section 2.1), the suggestion was made that  competition could 
exist between the orotic acid and glutamine for the limited supply of 
PRPP, and thus the presence of large amounts of orotate would prevent 
purine synthesis. The feeding of large amounts of orotic acid caused 
fatty livers. An analysis of this situation and its reversal by the addition 
of adenine to the diet led Handschumacher et al. to postulate that in 
wivo there was in fact an inhibition of purine synthesis because of the 
depletion of PRPP by orotic acid (ES, H3). Despite the logic, data to 
the contrary indicated that orotic acid stimulated hepatic purine syn- 
thesis (W6). The therapy of gout with orotic acid was undertaken and 
apparently was somewhat successful (D8). The success, however, is 
probably attributable to  the fact that orotic acid is a uricosuric agent 
(531). 

Although many compounds pharmacologically able to inhibit de novo 
purine synthesis are known, none has been useful in the treatment of 
overproduction of uric acid because of their general toxicity, since they 
are not specific for the overproduction per se. 

6.3. INHIBITORS OF XANTHINE OXIDASE 

A variety of pyraaolo(3,4-d)pyrimidines were shown to be both sub- 
strates and inhibitors of xanthine oxidase (F2). The 4-hydroxy com- 
pound was later shown to be the most potent of these derivatives (E4). 
This inhibition aleo occurs in vivo. In view of this fact it was suggested 
that the compound might prevent the destruction by xanthine oxidase of 
6-mercaptopurine (6-MP) and thus permit the use of smaller amounts 
of this antileukemic drug. The hypothesis was tested in animals and in 
patients and the hoped for results were obtained (E3, R15). These 
investigators also noted that in patients with hyperuricemia treated 
with 4-hydroxypyraaolo (3,4-d) pyrimidine (allopurinol) there was a re- 
duction in the uric acid level, a reduction not seen when 6-MP alone 
was administered. They then used the drug in the therapy of gout and 
were successful in reducing the uric acid level and the symptoms of gout 
in the patients under study. Their results have been confirmed in a 
number of other studies (K10, W12, Y2). As might have been predicted, 
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since the xanthine oxidase inhibitor prevents the conversion of oxypurines 
to uric acid, they are excreted as hypoxanthine and xanthine. Serum 
levels of hypoxanthine and xanthine usually approach 0.3-0.4 mg% 
(about 4 times normal) (R15). They do not reach the concentration 
that uric acid does, since the renal clearance of these compounds is a t  
least 10 times greater than that of uric acid (G7, K10). The amount of 
oxypurine excreted per day does not usually equal the decrease in uric 
acid output (Y2). As is seen with patients with xanthinuria, the output 
of xanthine in these patients usually exceeds that of hypoxanthine (DO). 
The drug is useful not only in treatment of primary gout but also in 
alleviating the hyperuricemia of leukemia (K22). The availability of this 
compound has permitted the demonstration that hypoxanthine and 
xanthine are excellent precursors of nucleic acid purines, if they are not 
degraded first (P6, P7). When allopurinol was used to inhibit xanthine 
oxidase in experimental animals, both of these compounds were well 
utilized. 

Allopurinol is a substrate as well as an inhibitor of xanthine oxidase. 
The product, 4,6-dihydroxypyrazolo (3,4-d) pyrimidine (alloxanthine) , is 
an analog of xanthine (E5). It is also an inhibitor of xanthine oxidase, 
although less potent than allopurinol. The dihydroxy compound is cleared 
much more slowly by the kidney than the mono compound, however 
(E5) ; therefore in practice i t  is the active inhibitor in vivo. 

A wide variety of compounds have been shown to inhibit xanthine 
oxidase: guanidines and some triasines (F7), purine derivatives such as 
purine 6-aldehyde (G5) ,  6-mercaptopurine (S20), 2,6-diaminopurine 
(WS) , flavonoids (B13), and Antabuse (R6). Although these compounds 
and the inhibitions they produce are of interest in understanding the 
nature of the action of xanthine oxidase, none has been useful clinically 
in limiting urate production. Antabuse, as a result of its action, produces 
other effects that (fortunately?) have not been found with allopurinol. 

7. Genetic Controls 

The investigators of gout have been lucky in that a reasonable number 
of the old wives’ tales proved to be useful leads. The influence of alcohol, 
although not necessarily red wine, has been confirmed, and the belief that 
gout is hereditary has a good deal of basis in fact. As Blumberg (B21) 
has pointed out, most investigators started with the assumption that 
gout, or a t  least hyperuricemia, is hereditary, and have set out to study 
the mode of heredity, assuming that tradition has taken care of the first 
problem. Examination of a variety of data has long since led to statistical 
confirmation of these beliefs. For example, asymptomatic hyperuricemia 
is often found in relatives of patients with gout (523). On the basis of 
determinations of serum urate levels, Smyth et al. (522) concluded that 
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hyperuricemia is apparently the result of a single autosomal dominant 
gene. On the basis of uric acid excretion studies and clinical diagnoses of 
19 gouty families, Rakic and associates (Rl)  concluded that  not only 
hyperuricemia but gout, too, is hereditary. This may mean merely that 
there is an increased predisposition toward gout in hyperuricemics, of 
course. No one has yet been able to demonstrate clear evidence of hy- 
peruricemia free of gout in any family group. Nevertheless the postulate 
that there is more than one gene involved in gout persists, and i t  certainly 
has the acceptance of the great majority of investigators in this area. 
Further evidence for the genetic nature of hyperuricemia in gout was 
obtained by Decker e t  al. (D7), who found the occurrence of hyper- 
uricemia and of gout higher among Filippinos, and the distribution of 
high uric acid values seemed to indicate that there were two populations, 
one hyperuricemic and a larger normo-uricemic one. 

The juvenile hyperuricogenesis described by Nyhan also appears to be 
a genetically controlled disease, as suggested by the fact that the first 
patients reported by Lesch and Nyhan (L11) were brothers. Examination 
of the pedigree of patients with this disease led to the conclusion (H9, 
513) that the disease is hereditary, and that i t  is X-linked and inherited 
in a recessive mode. The female carriers appeared to be hyperexcretors 
of uric acid; the males who did not develop this specific syndrome did 
not seem unusually prone to gout and were not hyperexcretors of uric 
acid. This is radically different from the picture seen with gout, and is 
a t  variance with the fact that in general males excrete more uric acid 
than do females. The genetic disorder of juvenile hyperuricogenesis 
probably acts a t  a locus quite different from that involved in gout. 

8. Assays of Oxypuriner 

The oxypurines can be determined by their ultraviolet absorption, 
changes in absorption following reaction with enzymes, colorimetric re- 
actions, or combinations of these methods. The assay of large quantities 
of reasonably pure oxypurines is quite simple ; practical problems, how- 
ever, arise in the determination of small quantities in the presence of un- 
known impurities. No completely satisfactory methods for the deter- 
mination of these compounds have been developed. One of the difficulties 
in interpreting some of the results in the literature is to decide whether 
the cerebrations of the investigators exceed the limitations of their 
methods. 

8.1. URIC ACID 

A colorimetric method for determination of uric acid was introduced 
by Folin and Denis (F5);  this initial method, which used phospho- 
tungstate, was modified by a series of investigators (B16, B32, F4). Brown 
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(B33) summed up the objections when he showed that the color was not 
linear in response to the amount of uric acid, that recoveries of added 
uric acid were not complete, and that the reaction was not completely 
specific. Improvements on this have been suggested, based upon prior 
purification of the uric acid. One method, for example, not designed to 
be used with the colorimetric procedure but with an enzymatic deter- 
mination, is to pass serum through a molecular exclusion resin to remove 
interfering large molecules (B18). Another suggested approach is to 
purify the uric acid by precipitation; it could then be redissolved and 
assayed free of many interfering substances. A procedure that uses acid 
mercuric acetate has been developed (B17, W4) ; unfortunately, the 
precipitation of the urate may not be quantitative under these conditions. 
Another way of avoiding the blank color by the use of uricase was 
suggested some time ago (B20, B37); uricase converts uric acid to 
allantoin, which does not react with phosphotungstate or have an ab- 
sorption a t  290 mp. Uricase is added to one sample followed by the phos- 
photungstate reagent; a duplicate sample is reacted with the reagent with- 
out enzyme. The color produced in the uricase-treated sample serves as a 
blank. The objections to this method are that i t  involves twice as many 
determinations, and, like all methods depending upon differences, that the 
errors of the determinations are additive. Kalckar (K2) suggested the dif- 
ferential spectrophotometric method, where the amount of uric acid is 
calculated from the decrease in optical density a t  290 mp following the 
addition of uricase ; this method was developed further by Praetorius 
(P9) and Praetorius and Poulsen (P10). A very extensive analysis of 
the method, its limitations, and its advantages was carried out by Liddle 
et al. (L15). The uricase procedure is the method of choice for routine 
laboratory analyses, and many investigators have found i t  to be the 
most reliable method within the limits of convenience. The uricase 
method is not perfect; for example, there may be inhibitors of uricase 
present, the serum absorption itself may change even without the ad- 
dition of uricase, and no perfect method of blanks has been developed. 
This problem has been investigated and no simple solution is available 
(KS) . Chromatographic methods have been developed (A4, A7) and 
there is the isotope dilution technique (R8), but these are practical only 
in limited research projects and are too time-consuming for normal 
routine determinations. 

The recent introduction of automatic analyzers with their standard 
and reproducible conditions has made the colorimetric method consistent 
and accurate, although the problem of the nonspecific blank still remains. 
This method is undoubtedly the quickest, easiest, and most reliable for 
routine analyses of serum uric acid (B40, 03) .  
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8.2. HYPOXANTHINE AND XANTHINE 

The problems outlined for uric acid also exist for xanthine and hy- 
poxanthine assays; however, they are amplified by the fact that the 
levels of xanthine and hypoxanthine are considerably lower. The method 
of Kalckar (K2) is excellent if sufficient material is present. Attempts to 
use this method in urine meet with the difficulty that urea is an inhibitor 
of xanthine oxidase, and the color change to be expected is so low that 
spontaneous changes are often as great as those seen with the enzyme. 
A method was developed to  overcome these dficulties by Jergensen and 
Poulsen (57). More recently the method has been improved (P4) so 
that, through the use of differential spectrophotometry, xanthine and 
hypoxanthine can be individually determined and the sum confirmed 
through the use of uricase to hydrolyze the uric acid formed by the 
action of xanthine oxidase. However, because of the low optical densities 
observed and the extreme sensitivity of the optical density of hypoxan- 
thine and xanthine to  changes in pH, the results often do not agree with 
theory. Improvements have been noted with urinary oxypurines by first 
absorbing them on Dowex ion-exchange resin, according to the method 
of Weissmann et al. (W2), and determining hypoxanthine and xanthine 
in the material eluted from the resin. However, even here the impurities 
present are of sufficient magnitude that the individual oxypurines hypo- 
xanthine and xanthine cannot be determined, although the sum can be 
easily measured by the increase of optical density a t  290 mp, which is 
lost upon the addition of uricase. Probably the only truly quantitative 
method available for determining the small amounts of hypoxanthine and 
xanthine present in normal blood and urine is the ion-exchange or isotope 
dilution method (A4, A7). The enzymatic methods, however, are suf- 
ficiently accurate for determination of these substances in xanthinuric 
patients or patients receiving allopurinol in whom the levels are con- 
siderably increased. 

Methods have been devised for the determination of these compounds 
in the presence of uric acid through the use of uricase. The uricase is 
destroyed and the xanthine and hypoxanthine determined enzymatically. 
In  the absence of uric acid (e.g., patients with xanthinuria), addition of 
xanthine oxidase converts the hypoxanthine and xanthine to uric acid 
and any method for uric acid determination could then be employed. 
The determination of hypoxanthine and xanthine by any method is 
complicated if the patient has received allopurinol, since allopurinol 
does not separate well from xanthine on ion-exchange resins and both 
allopurinol and alloxanthine are inhibitors of xanthine oxidase. Carefully 
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controlled chromatography will permit separation, and excess xanthine 
oxidase overcomes the inhibition by the pyrazolo compounds. 
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1. Introduction 

Collagen is the only mammalian protein that contains appreciable 
amounts of hydroxyprolinel (N4). Determination of this amino (or 
imino) acid can therefore be used to estimate collagen, and hydroxypro- 
line found in the biological fluids, in the absence of dietary sources, is 
assumed to be derived from collagen and is useful as an index of col- 
lagen metabolism (S14). In  this manner, observations of the state of col- 
lagen turnover can be obtained in the intact subject without introducing 
the variables of tissue sampling and the effects of tissue repair. 

'Although all investigators do not agree, it is likely that elastin contains 1-2 
residues of hydroxyproline per 100 residues. This k considered inconsequential for 
the purposes of this discussion. 
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It is the purpose of this review to outline critically the methods avail- 
able for hydroxyproline assay, and to summarize the information ob- 
tained by hydroxyproline determinations in urine, plasma (or serum), 
and the tissues, with emphasis on understanding the physiological and 
pathological setting in which these measurements have been made. No 
attempt will be made to discuss recent developments in the chemistry 
(H3, H4) or the biosynthesis (Ul)  of collagen, since thorough reviews 
of these topics are available. 

2. Analytical Methods 

2.1. HISTORICAL INTRODUCTION 

Emil Fischer isolated 4-hydroxyproline from acid hydrolyzates of 
gelatin in 1902 and identified it as a hydroxy derivative of proline that 
had been isolated previously (F7). The synthesis of the four stereo- 
isomers was accomplished by Leuchs et  al. shortly thereafter (L lkL16) .  
The first method for the determination of hydroxyproline was developed 
in 1933 by Lang, who applied the earlier observation of Langheld that 
hydroxyproline could be oxidized to pyrrole or a pyrrole-like compound 
(L3). Lang’s colorimetric data for the proline and hydroxyproline content 
of gelatin were lower than those obtained with isolation techniques by 
Dakin (D2) and by Bergmann (B10) ; this led McFarlane and Guest to 
introduce a modified method also based on the oxidation of hydroxyproline 
to pyrrole and the formation of a chromophore which could be quantified 
(M2). Isatin was used initially to form pyrrole blue, because the oxida- 
tion product of proline was believed to react with p-dimethylamino- 
ben~aldehyde (p-DAB) and interfere with its use in the specific assay of 
hydroxyproline; the reaction with proline was later shown to result from 
the presence of hydroxyproline as an impurity (N4). Since the sensitivity 
of the pyrrole-p-DAB reaction was 4-10-fold that of the pyrrole-isatin 
reaction, Neuman and Logan introduced in 1950 a simple and sensitive 
procedure for hydroxyproline assay based on the formation of a pyrrole- 
p-DAB chromophore, which remains the prototype for comparison and 
the basis for a large number of subsequent modifications (N4). Table 1 
lists the published procedures for hydroxyproline determination.2 

2.2. COLORIMETRIC PROCEDURES 

The first reproducible procedure for the determination of hydroxy- 
proline, published by Neuman and Logan in 1950, placed the study of 

* The small amounts of 3-hydroxyproline recently identified in bovine collagen 
do not influence the determination or significance of 4-hydroxyproline measurements 
(02). 
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TABLE 1 
PROCEDURES FOR HYDROXYPROLINE ASSAY 

~ ~~ ~~ 

Colorimetric procedures 
~ ~ 

(A) p-DABa chromophore of hydroxyproline oxidation product 
(1) No separation prior to chromophore formation 

(a) Oxidation with peroxide [Neuman and Logan, 1950 (N4); Martin and 
Axelrod, 1953 (M5); Baker et al., 1953 (Bl); Wierbicki and Deatherage, 1954 (W6); 
Miyada and Tappel, 1956 (M17); Grunbaum and Glick, 1956 (micromethod) (G9); 
Lollar, 1958 (L19); Fels, 1958 (F3); Bowes, 1959 (B18); Mitoma et d., 1959 (M16); 
Leach, 1960 (L4); Onitsuka, 1960 (04);  Hutterer and Singer, 1960 (H14); Bekhor and 
Bavetta, 1961 (B4); Zaides et d., 1964 (Z1); Dahl and Persson, 1963 (Dl) ;  Blomfield 
and Farrar, 1964 (B13); KO, 1964 (K30); Filliat et d., 1966 (F5)] 

(b) Oxidation with Chloramine-T [Stegemann, 1958 (S22) ; Woessner, 1961 
(W8); Hurych and Chvapil, 1962 (H12); Dahl and Persson, 1963 (Dl); Go11 et al., 1963 
(G4); Bergman and Loxley, 1963 (B9); Grant, 1964 (AutoAnalyzer) (G5); Koevoet, 
1965 (K32); Firschein and Shill, 1966 (F6)] 

(2) Distillation of hydroxyproline oxidation products [Lang, 1933 (L3) ; Wald- 
Schmidt-Leitr and Akabori, 1934 (Wl);  Wiss, 1949 (W7); Mitoma et al., 1959 (M16); 
Serafini-Cessi and Cessi, 1964 (SlO); Muhlbach et al., 1966 (M23)] 

(3) Extraction of hydroxyproline oxidation products [Prockop and Udenfriend, 
1960 (for urine hydroxyproline) (P11); Go11 el d., 1963 (G4); Pil’v and Titaev, 1963 
(Pi’)] 

(4) Extraction of nonspecific chromogens [Prockop and Udenfriend, 1960 (P11); 
Hutterer and Singer, 1960 (H14); Woessner, 1961 (WS)] 

(B) Isatin chromophore of hydroxyproline oxidation products [Lang, 1933 (L3); 
McFarlane and Guest, 1939 (M2)] 

(C) Ninhydrin chromophore of hydroxyproline [Troll and Cannan, 1953 (T4)] 

Chromatographic-colorimetric procedures 
(Chromatographic separation prior to colorimetric determination) 

[Rogers et al., 1954 (ion-exchange, column) (R6); Pier et d., 1956 (ion-exchange, column) 
(P6); Iachan et d., 1959 (paper) (11); Alexeenko and Orekhovich, 1960 (starch, column) 
(Al) ; Dunn and Murphy, 1961 (paper) (D10) ; Leach, 1961 (ion-exchange, column) (L5) ; 
Partridge and Elsden, 1961 (ion-exchange, column) (Pl) ; Cucco, 1962 (ion-exchange, 
column) (C12); Myhill and Jackson, 1963 (thin layer) (M26); Nicholls et d., 1963 (gas) 
(N7); Titaev, 1963 (paper) (T2); Gray et d., 1964 (paper) (G8); LeRoy et al., 1964 (ion- 
exchange, column) (for plasma protein hydroxyproline) (L9) ; Blau and Darbre, 1965 
(gas) (B12); Marcucci and Mussini, 1965 (thin layer) (M4); Mussini and Marcucci, 1965 
(gas) (M25) ; Oeriu and Tanase, 1965 (paper) (01); Stalder, 1965 (ion-exchange, column) 
(520); Firschein and Shill, 1966 (ion-exchange, column) (F6) ; Maskaleris et al., 1966 
(thin layer) (M8)] 

~~ 

Isotope dilution procedures 

[Keiser et d., 1963 (K5); Stanley et al., 1966 (S21)] 
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TABLE 1 (Continued) 

Procedures for measurement of labeled hydroxyproline 

[Prockop el d., 1961 (P13); Peterkofsky and Prockop, 1962 (P3); Juva and Prockop, 
1966 (J l l ) ;  LeRoy el al., 1966 (L12)I 

~ 

Enzymatic procedures 

[Rosano, 1966 (R7)] 

Procedures for primary amino acid removal (leaving imino acids) 
~ ~~~~~~~ ~ ~ 

[Hamilton and Ortiz, 1950 (Hl) ; Satake el al., 1960 (Sl)] 

a p-Dimethylaminobenzaldehyde. 

collagen and the measurement of hydroxyproline on a sound basis for the 
first time. The previously described colorimetric procedures (L3, W1, 
M2) gave low values for the hydroxyproline content of gelatin, requiring 
large corrections. Why have over 60 modifications or separate procedures 
been introduced in the ensuing 25 years? The answer lies in the increas- 
ingly complex biological mixtures in which hydroxyproline is being 
measured. 

The intermediates of the oxidative reaction used in virtually all the 
colorimetric procedures have not been completely characterized. Neuman 
and Logan did not define the products of oxidation in their procedure. 
Radhakrishnan and Meister obtained spectrophotometric and chroma- 
tographic evidence for the production of pyrrole-2-carboxylic acid from 
hydroxyproline under oxidative conditions similar to those of the Neuman 
and Logan procedure (Rl)  . In  accompanying enzymatic studies, pyrrole- 
2-carboxylic acid was derived from the unstable intermediate Al-pyr- 
roline-4-hydroxy-2-carboxylic acid. These studies led Prockop and Uden- 
friend to propose the reaction shown in Fig. 1 as  adequate to explain the 
behavior of the oxidation products in their multistage procedure (P11). 
Bergman and Loxley, on the other hand, have presented spectral data 
to suggest that the oxidation products of hydroxyproline are neither 
pyrrole nor pyrrole-2-carboxylic acid (BQ) . This disagreement does not 
detract from the many useful methods available; it might be easily 
settled with the techniques of organic chemistry (e.g., the mass spectrom- 
eter). The various colorimetric procedures may produce several oxidative 
intermediates with virtually identical spectral characteristics on chromo- 
phore formation. 

Neuman and Logan realized that the presence of significant quantities 
of tyrosine (and presumably other aromatic compounds as well) would 
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interfere with their procedure; they assumed that hydroxyproline would 
be purified prior to assay. Subsequent investigators have applied correc- 
tion factors, changed the concentration of reagents, used extraction pro- 
cedures, or introduced separation techniques to remove interfering 
materials that detract from the specificity of the original method. Indeed, 
it is specificity and not sensitivity that has prompted the many subse- 
quent modifications, since a microadaptation of the Neuman and Logan 
method is perhaps the most sensitive procedure available (G9). 

Peroxide was the original oxidant, but its incomplete removal quenched 
the chromophore reaction. Stegemann introduced the oxidant Chlora- 
mine-T, which has been widely adopted because i t  is simple to neutralize 
and does not interfere with chromophore formation (522). Using Chlor- 

A'Pyrroline- Pyrrole-2- 
Hydroxyproline 4-hydroxy- carboxylic P yr r ole 

FIG. 1. Series of reactions involved in the colorimetric assay of hydroxyproline, 
demonstrating the oxidation and decarboxylation of hydroxyproline to pyrrol (514). 

2-carboxylic acid acid 

amine-T as oxidant, Prockop and Udenfriend introduced a technique of 
differential extraction of pyrrole into an organic solvent and chromophore 
formation in that solvent system (P11). This procedure has become most 
widely used for urinary hydroxyproline determinations, where the ratio 
of hydroxyproline to total amino acids is about 1 : 100. 

2.3. CHROMATOGRAPHIC PROCEDURES 

On the basis of the original observations of Stein and Moore that amino 
acids can be separated by ion-exchange chromatography, many chroma- 
tographic procedures have been used prior to the colorimetric deter- 
mination of hydroxyproline. In  general, this type of procedure would seem 
necessary where the ratio of hydroxyproline to total amino acids is 
considerably less than 1 : 100. I n  blood plasma hydrolyzates, for example, 
where the ratio is 1 part of hydroxyproline to 5000 parts of amino acid, 
the existing colorimetric procedures were found to allow the formation 
of interfering chromophores, requiring a chromatographic-colorimetric 
procedure adapted for multiple simultaneous determinations (L9) (see 
Section 4.2). More recent chromatographic techniques, such as thin 
layer and gas-liquid systems, have not yet been used with a wide variety 
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of biological materials; consequently no precise recommendations can be 
made as to their application (see Table 1). 

2.4. ISOTOPE DILUTION PROCEDURES 

This type of procedure, although laborious, circumvents many of the 
pitfalls of the colorimetric reaction (such a8 variable recovery and 
interference), and is helpful in authenticating a new procedure or in 
applying a known method to an unknown situation where complex 
mixtures are confronted for the first time. The author has had experience 
with the procedure of Keiser (K5) and found i t  extremely accurate and 
reproducible. 

2.5. RADIOACTIVE HYDROXYPROLINE DETERMINATION 

Many of the chromatographic procedures are applicable to the measure- 
ment of labeled hydroxyproline; in general they do not allow for multiple 
simultaneous determinations. Since collagen hydroxyproline is labeled 
only by administering its precursor, proline, in labeled form, the diffi- 
culties in radioactive studies have arisen largely because the nonhydroxy- 
proline metabolic products of proline or proline itself have not been 
rigorously separated from hydroxyproline or hydroxyproline-derived 
pyrrole. This is the purpose of the more recently introduced modifications 
for labeled hydroxyproline assay (Jll, L12). It is too early to know 
whether one or both of these will suffice for general use. 

2.6. OTHER METHODS 

A new approach to hydroxyproline assay is a recently introduced 
enzymatic procedure based on the ability of a multiple-enzyme system in 
adapted Pseudomonas strains of bacteria to degrade hydroxyproline 
(R7). Also, a standard colorimetric procedure has been adapted for use 
in an AutoAnalyzer apparatus (G5). Automatic amino acid analyzers 
can be easily programmed to isolate hydroxyproline from its more usual 
place in the shoulder of the aspartic acid peak (see M15). 

3. Urinary Hydroxyproline 

3.1. CHEMICAL NATURE 

Westall first noted the presence of hydroxyproline in normal urine; 
it was present only in peptide form and associated with proline. He 
concluded that this bound hydroxyproline was a degradation product of 
collagen (W2), a hypothesis later confirmed by the study of enzymatic 
digests of collagen (G6). The types of hydroxyproline peptide present 
in the urine and their relation to growth were reviewed by Smiley and 
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Ziff; this review includes the literature on urinary hydroxyproline pub- 
lished through 1963 (S15). Although at  least twelve different urinary 
hydroxyproline peptides have been isolated, 90-950/0 of total urinary 
hydroxyproline can be accounted for by the three peptides-Pro-Hypro 
(50-60%), Glu-Hypro-Glu (15%), and Gly-Pro-Hypro (15%) (K7, 
M11, M12). Pro-Hypro and Gly-Pro-Hypro have been shown to be 
frequent repeating sequences in the collagen molecule (G6). Also, free 
hydroxyproline constitutes 3% or less of total urinary hydroxyproline 
in the absence of dietary hydr~xyproline.~ A small proportion (&lo%) 
of urinary hydroxyproline is nondialyzable, suggesting larger compounds 
than the small peptides noted above (22).  Krane has recently charac- 
terized a polypeptide in the urine of a patient with Paget’s disease that 
has a molecular weight of about 8000 and contains hydroxyproline, 
glycine, and hydroxylysine (M24). This observation raises the interesting 
possibility that larger intermediates of collagen metabolism may be 
present in urine, and thus available for precise structural and metabolic 
investigations. Along these lines some urinary glycopeptides have recently 
been shown to contain hydroxyproline (B17, C4, C5). 

3.2. CLINICAL VARIABLES 
The first clinical studies of urinary hydroxyproline were those of Ziff 

et al. in 1956 (Z2), using the method of Wiss (W7). In the ensuing 
decade, there have been approximately 150 published reports of urinary 
hydroxyproline determinations in a variety of clinical disorders. Con- 
sidering the diversity of methodology and the numerous clinical variables, 
there is in general a high degree of agreement in these studies. The 
important variables will be considered individually. 

3.2.1. Effect of Diet 

The ingestion of collagen or gelatin, in quantities no greater than a 
large helping of Jello or gelatin-base ice cream, has been shown to 
increase urinary hydroxyproline excretion into the “abnormal” range 
(S14). Even without apparent gelatin feeding, the level of urinary 
hydroxyproline in a given subject is considerably more constant if 
sources of gelatin and collagen, such as meat, mayonnaise, and soft 
candies, are removed. Figure 2 demonstrates this effect of diet in a single 
normal adult. It is suggested that, when precise quantitative data on 
endogenous urinary hydroxyproline are desired, the diet should be care- 

s Free hydroxyproline is measured in an aliquot of urine prior to hydrolysis; total 
hydroxyproline is that amount present after complete hydrolysis (usually acid). The 
difference between the free and total memurements is bound or peptide 
hydroxyproline. 
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fully chosen to eliminate sources of collagen and gelatin on the days of 
collection. The determination of free hydroxyproline in urine is a useful 
check on the presence of dietary hydroxyproline, since free hydroxy- 
proline is elevated (>3%) along with peptide hydroxyproline after the 
ingestion of collagen products (P14). 

- Low Gelatin Diet -If +Gelatin-Free Diet - 

Decrease 28.8% 

0 5 10 15 0 5 10 15 

DAY 

FIO. 2. Comparison of the daily urinary excretion of hydroxyproline by a normal 
adult during the ingestion of two different diets. Low-gelatin diet consists of a 
regular diet from which gelatin-rich foods, such as gelatin, Jello, ice cream, and soft 
candies, have been eliminated. Gelatin-free diet is a meat-free diet in which all 
animal protein is derived from milk, eggs, and cheese (S14). 

3.2.2. Effect of Sex 

In  several published studies of urinary hydroxyproline excretion in 
normal adult subjects, males were noted to excrete larger quantities of 
total hydroxyproline (Table 2).  When absolute hydroxyproline excretion 
was corrected for either surface area or creatinine excretion, no differences 
between males and females were noted. This observation suggests that 
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TABLE 2 
URINARY HYDROXYPROLINE IN NORMAL ADULTS 

Urinary 
Number hydroxyproline 

subjects Average Range References 
of 

Uncorrected (mg/24 hours) 
~~ 

Adults (mixed) 524 28 9-70 D 

Males 49 33 17-59 (A2, B6, B16, K19) 
Females 37 27 11-50 (A2, B6, B16, K19) 

Corrected for surface area (mg/m2/24 hours) 

Adults (mixed) 
Males 
Females 

Corrected for creatinine excretion (pg/mg of creatinine) 

Adults (mixed) 12 19 ~ k 4 . 6 ~  (C11) 

Males 13 25 19-32 
20 10-30 (K4) 

Females 6 28 22-36 (-42) 

(I Normal adult determinations were compiled from the following references: B5, 
B20, C11, D9, G3, G11, H7, H9, 58, J9, JlO, K14, K31, K34, Ll, L7, L8, M9, M10, N1, 
N6, P9, R2, S12, 22. 

Standard error of mean. 

normal hydroxyproline levels, already shown to be quite constant in the 
individual subject, probably reflect total collagen mass rather than 
hormonal or other physiological differences between males and females. 

3.2.3. Effect of Age 

The age of the subject is a major factor in the interpretation of urinary 
hydroxyproline levels (Sl5). Measurements in subjects during active 
growth have shown elevations to  15-fold the normal adult level (J9). For 
this reason, i t  would seem reasonable to  divide subjects under the age of 
25 into several groups, each requiring its own “growth rateJJ-matched 
controls. Also, more variability is observed in the urinary hydroxyproline 
levels of these younger subjects than in those of adults. Consequently, 
attempts have been made to correct the actual hydroxyproline excretion 
for some parameter of size, such as body surface area. Table 3 outlines the 
published normal urinary hydroxyproline levels in infants, children, 
adolescents, and young adults. Both uncorrected and corrected data are 
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TABLE 3 
URINARY HYDROXYPROLINE IN NORMAL CHILDREN 

Urinary 
Number hydroxyproline 

subjects Average Range References 
of 

Uncorrected (mg/24 hours) 

Infants (0-1 year) 70 33 9-61 (A2, C8, 53, K16) 
Children (1-10 years) 88 67 15-210 (C8, 53, J9, K16, R.2) 
Adolescents (11-16 years) 86 143 45-700 (K16, 53, J9, R2) 
Young adults (17-24 years) 18 50 31-120 (JS, R2) 

Corrected for surface area (mg/m9/24 hours) 

Infants 
(0-1 year) 
(1-6 months) 
(7-11 months) 

(1-10 year) 
(0-10 years) 
(0-10 years) 

(11-14 years) 
(1 1-20 years) 
(1 1-20 years) 

Children 

Adolescents 

31 105 
43 130 
22 80 

40-190 
90-200 
57-104 

40-120 
f 5 b  

f9 

36-110 
f 15 
f 5  

(53, K16) 
(55) 
(55) 

(53, J5, K16) 
(-44) 
(A4) 

(53, 55, K16) 
(A41 
(A41 

Corrected for creatinine excretion (pg/mg of creatinine) 

Children (3-13 years) 28 50-195 (K25) 

5 m for males, f for females. 
b Standard error of mean. 

included. The “averages” given have no statistical meaning, since i t  was 
a t  times not possible to determine the number of observations used to 
calculate a published mean. 

The difficulty in obtaining complete 24-hour urine collections in the 
pediatric age group has prompted the introduction of a correction based 
on the concomitant determination of creatinine (W4). This type of 
determination, i.e., the hydroxyproline/creatinine ratio, might obviate 
the necessity of 24-hour urine collections in adult studies as well, and, 
if done on a fasting urine sample, might also eliminate the necessity of 
dietary restriction. Since creatinine is often determined to assess the 
completeness of 24-hour collections, the technical load would not be 
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greatly increased; on the other hand, the necessity of controlling the 
variables of patient cooperation in collection and diet might be elimi- 
nated. This would broaden the scope of hydroxyproline determinations 
considerably. The question is currently under investigation (A2). 

3.2.3.1. Infants  (0-1 year) .  An increase in the excretion of free 
hydroxyproline in early infancy has been reported from several labora- 
tories (C8, M20). The significance of this finding is unclear; i t  may 
represent a delayed maturation of the enzyme required for the degrada- 
tion of free hydroxyproline. An inborn lack of this enzyme has been 
reported by Efron et al. (E2). The total absolute urinary hydroxyproline 
excretion in infancy is similar to that observed in children in general, as 
shown in Table 2; when corrected for body surface area, however, the 
excretion is the highest of any group of normal subjects. 

3.2.3.2. Children (1-10 years).  There is large variation in normals 
in this age group, perhaps because of the variable growth rates in children 
and the early age a t  which females begin the prepubertal growth spurt. 
When the data are separately presented, normal female children have a 
higher urinary hydroxyproline excretion than males of comparable age 
(Table 2).  

3.2.3.3. Adolescents (11-16 years) . The highest absolute hydroxy- 
proline excretion of any group of normal subjects is seen in the rapidly 
growing adolescent. These levels are as high as any seen in disease 
processes yet studied, with the possible exception of widespread bone 
disease such as Paget’s or severe hyperphosphatasia. 

3.2.3.4. Young Adults (lY-24 years).  There is a gradual reduction 
in hydroxyproline excretion in subjects between ages 17 and 24. In  the 
individual case, however, it is not uncommon to see an occasional normal 
young adult, age 21-23, whose hydroxyproline excretion is 80-100 mg/ 
day, 2-3 times the older adult average. This factor limits the value of 
urinary hydroxyproline in the diagnosis of disorders such as Marfan’s 
syndrome, since the patient in whom this diagnosis is considered is often 
between ages 17 and 24 (see J10). 

The normal adult level of urinary 
hydroxyproline is fairly well defined, as shown in Table 2. In  32 studies 
surveyed, reporting data from 515 normal subjects, 25 studies found no 
normal adults excreting more than 50 mg/day; three studies, no more 
than 60 mg (A2, B6, L7) ; three studies, no more than 70 mg (58, L8, 
R2) ; and one study, no more than 90 mg (B20). If three subjects were 
eliminated from this large group, all normal values would be less than 70 
mg/day. In the author’s experience, the upper limit of normal urinary 
hydroxyproline excretion, in adults of age 25 or older on diets free of meat 

3.2.3.5. Adults (24 years or older). 
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or gelatin, is 50 mg/day, with the large majority of normals excreting less 
than 40 mg/day. The possibility cannot be excluded that dietary hydroxy- 
proline ingestion has increased the range of several studies listed. 

3.3. VALUE IN DIAGNOSIS AND MANAGEMENT 

3.3.1. Children 

The wide variation in normal urinary hydroxyproline levels in children 
has been discussed above. The most consistent of the abnormalities of 
urinary hydroxyproline in children, as shown in Table 4, is the decreased 
excretion associated with defective growth. Whether the cause of growth 
retardation is hormonal, genetic, or environmental (malnutrition or 
chronic disease and/or drug therapy) , urinary hydroxyproline excretion 
is decreased. When the hydroxyproline excretion is corrected for surface 
area or creatinine excretion, this measurement seems to  correlate well 
with the extent of growth retardation (W4). In  spite of the fact that 
creatinine excretion is also reduced in malnutrition, Whitehead found an 

TABLE 4 
URINARY HYDROXYPROLINE IN CHILDHOOD DISEASE 

Urinary 
hydroxyproline 

Number (mg/24 hour) 
of 

Diagnosis patients Average Range Ref. 

Dwarfism, pituitary 

Dwarfism, congenital 
Dwarfism, other causes 

Hypothyroidism 
Rickets 

vitamin D-deficient (severe) 
vitamin D-resistant 

Malnutrition 
Kwashiorkor I 

Pseudohypertrophic muscular 
dystrophy 

2 
5 
3 
8 

18 
6 

6 
2 

19 
12 
9 

25 
45" 
38 
11 
56" 
10 

23 
203 

13 
8 

76 

14-48 
31-77" 
12-59 
5-17 

la-100" 
5-14 

8-62 
199-207 

5-30 * lb  
27-170 

(9) Hyperthyroidism 5 144 103-188 (K16) 
(10) Acute rheumatic fever 55 "High" Up to 164 (P8) 

(SQ) (11) Idiopathic hyperphosphatasia 1 1283 - 
(12) Thermal burns 11 65-250 (K25) - 

a In mg of hydroxyproline/m*/24 hours. 
* Standard error of mean. 
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excellent correlation between the “hydroxyproline index” [ (hydroxy- 
proline/creatinine) X body wt. in kg] and the degree to which mal- 
nourished children fell below standard weight-height expectations (W4 ; 
see also P4). This type of measurement would seem promising as an index 
of growth rate. It is currently in use to study the effect of dietary supple- 
ments on the growth of chronically undernourished subjects (W4). 

Hydroxyproline excretion is not diagnostically helpful in delineating 
the type of growth retardation present, as can be seen from the large 
overlap in several types of dwarfism shown in Table 4. However, it is 
useful in assessing the response to therapy, obviating the wait to deter- 
mine absolute growth. The response in patients with growth retardation 
to both human growth hormone (B15, C6, C7, D9, 53, 55, M10) and 
thyroid hormone (B6, C6, D3,53, K19) has been studied by the measure- 
ment of hydroxyproline excretion. Even though i t  is difficult to be certain 
of pathological elevations in this age group, elevated excretion has been 
reported in hyperthyroidism, acute rheumatic fever, and a case of 
idiopathic hyperphosphatasia. Because of the wide variation in urinary 
hydroxyproline in normal children and the difficulty of establishing an 
abnormality in the individual case, the comparison in each study with 
age-matched controls would seem essential. 

3.3.2. Adults 

3.3.2.1. Bone Disorders. The most consistent abnormalities of uri- 
nary hydroxyproline in adult patients are shown in Table 5. Distinct 
elevations occur in a variety of disorders that seem to have as a common 
denominator an increased metabolism of bone. Since bone contains 40% 
of total body collagen (S16) and is generally more active in remodeling 
its structure than other connective tissue, such as skin and tendon, i t  is 
not surprising that bone disorders produce the highest urinary hydroxy- 
proline levels. It seems likely that even such apparently diverse states as 
pregnancy, malabsorption, and paraplegia have increased bone turnover 
as the basis for elevated hydroxyproline excretion. 

Much has been written about the value of urinary hydroxyproline 
elevations in separating bone formation from bone resorption. Correla- 
tions have been attempted clinically between urinary hydroxyproline, on 
the one hand, and serum alkaline phosphatase, serum and urinary cal- 
cium, calculations of calcium turnover such as  the bone formation rate 
and bone resorption rate, bone histology, and bone radiology. Most 
authors feel that the level of urinary hydroxyproline reflects bone destruc- 
tion (B6, B16, D8, D9, G1, K26, L8, S16) more than bone formation (H9, 
K20). This does not seem to be a very useful argument clinically, because 
bone formation and destruction are usually occurring simultaneously in 



TABLE 5 
URINARY HYDROXYPROLINE IN ADULT DISEASE 

Urinary 
hydroxyproline 

Number (mg/24 hours) 

patients Average Range References 
of 

Diseases 

Bone 
Paget's disease of bone 
Metastatic bone disease 

Pulmonary hypertrophic osteo- 

Idiopathic hypertrophic osteo- 

Osteoporosis 
Fractures 

Hyperthyroidism 
Hypothyroidism 
Hyperparathyroidism 

(neoplastic) 

arthropathy 

arthropathy 

Endocrine 

Primary 
Secondary 

Acromegaly 
Hypogonadism 
Normal pregnancy 
Cushing's syndrome 

62 
238 

7 

1 

65 
9 

76 
6 

22 
6 

20 
3 

25 
3 

202 
79 

61 

120 

31 
44 

109 
11 

88 
90 
82 
70 
74 
12 

20-998 
10-340 

41-75 

- 

8-73 
11-65 

10-440 
4-15 

12-477 
59-119 
15-169 
66-76 

10-18 
31-127 

pil 
(Cll, D9, F2, G3, K31, L6, L7, M22, 513) 
(B16, GI, G11, H9, K24, K31, L6, L7, N1, P9, W, R9) z 
(H9) I 

r 
(MW 

(GI, K24, K31, L7, R3, R10) 
(C11, N2) 

(B6, D9, K19, K24, K31, L6, L7, R11) 
(K19, L6) 

(F8, 58, K20, K31, L6, N6) 
(58, L6) 
(B6, K31, L1, U) 
036) 
(B14, K22) 
(K24, L1) 
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Connective tissue 
Marfan's syndrome 
Ehlers-Danlos syndrome 
Rheumatoid arthritis 
Scleroderma 
Dermatomyositis 
Periarteritis nodosa 
Ankylosing spondylitis 

Psoriasis 
Stasis dermatitis 
Discoid lupus erythematosus 
Thermal burns 

Malabsorption states 

Sarcoidosis 
Acute paraplegia 
Carcinoid syndrome 

Skin 

Other 

7 
6 

73 
31 
2 
3 
2 

29 
5 
3 

21 

6 
17 
9 
3 
4 

161 
25 
36 
40 
49 
58 
23 

55 
62 
38 
- 

139 
6 o a  
49 

115 
34 

44-416 
15-34 

6-84 

46-71 

8-124 

21-77 

a 3 5  

12-130 
33-108 
26-55 
50-895 

40-242 
14-124O 
f 16(SD) 
105-126 
16-43 

( J l O ,  R4, Sl2) 
( M W  
(G2, Ll, L7, R8, R9, S18, T3, Z2) 
(Fl, L7, R5, Sl8) 
(W 
(SW 
(L7) 

(B20, K34) 
(sl8) 
(518) 
(E3, K21, K25) 

a In pg of hydroxyproline/mg of creatinine. 
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bone studied microscopically from a wide variety of bone lesions. More- 
over, bone destruction usually stimulates bone formation, and vice versa ; 
thus, the two processes are difficult to separate in the intact patient. 

In  spite of these inherent shortcomings, the measurement of urinary 
hydroxyproline offers a useful index of bone matrix metabolism to add to 
the spate of techniques of bone mineral measurement used to study the 
endocrinology and metabolism of bone (B8). 

3.3.2.2. Endocrine Disorders. The spontaneous elevations of urinary 
hydroxyproline seen in several endocrine disorders prompted studies in 
normal subjects given exogenous thyroid and parathyroid hormones 
(S14). Increases in urinary hydroxyproline excretion were observed with 
both hormones within several hours of parenteral administration, suggest- 
ing a direct, rapid response to the hormone. On the other hand, the re- 
sponse to growth hormone, usually studied in subjects with retarded 
growth, is slower and of smaller degree, requiring days to weeks to exhibit 
definite elevations (53). Attempts to change the endogenous levels of 
parathyroid hormone with calcium infusion can be measured indirectly 
by hydroxyproline excretion , and such determinations show promise of 
practical diagnostic value in the difficult area of hypercalcemic and 
hyperparathyroid states (B5). 

Experimental data, using both pulse-labeled collagen hydroxyproline 
measurements (P15) and excretion data following parathyroid extract 
administration (H5), suggest that the largest source of urinary hydroxy- 
proline normally and after parathyroid extract is mature insoluble col- 
lagen. Similar data following thyroid and growth hormone administration 
would be of interest, to see if the three hormones which elevate urinary 
hydroxyproline stimulate the same pool of collagen. 

3.3.2.3. Connective Tissue Disorders. The first clinical study of 
collagen metabolism in the intact subject was the measurement of urinary 
hydroxyproline in patients with rheumatoid arthritis and other connective 
tissue disorders (Z2). These and subsequent observations in the rheumatic 
diseases have revealed largely normal hydroxyproline excretion, with 
occasional patients in each study showing elevations sufficient to  raise 
the average slightly. Separate reports of consistent elevations in acute 
rheumatic fever (P8) and rheumatoid arthritis (H7) disagree with the 
majority of studies. Some observers feel that the patients with severe 
active systemic inflammatory disease will be more likely to excrete 
excess hydroxyproline, suggesting that urinary hydroxyproline may be 
slightly responsive to any generalized inflammatory process (R5, Sl8).  
If this is the case, urinary hydroxyproline is certainly an insensitive 
“acute-phase reactant,’’ and i t  is only in the severe generalized inflam- 
matory states that “nonspecific” elevations occur. Nonetheless, such a 
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mechanism might be the explanation for the occasional elevations seen in 
disorders of connective tissue. 

3.3.2.4. Skin Disorders. The evidence which implicates bone as the 
source of urinary hydroxyproline is necessarily indirect, and evidence of 
the contribution that skin, tendon, or cartilage makes to urinary hydroxy- 
proline is not available. The finding of occasional elevations in patients 
with disorders limited to the skin, such as psoriasis and stasis dermatitis, 
might suggest a minor role for skin collagen as a source of urinary hy- 
droxyproline (Sl8). In general, however, the normal levels in most skin 
conditions would seem to discourage the use of urinary hydroxyproline 
determinations in the diagnosis or management of skin disorders. 

3.3.2.5. Other Disorders. Elevated urinary hydroxyproline in mal- 
absorption states may be secondary to the well-known development of 
osteomalacia in such situations (K38, L l ) .  Sarcoidosis is known to in- 
volve bone (M9), and loss of bone is known to accompany paraplegia 
or enforced bed rest (K27) (or the space age counterpart, sustained 
“weightlessness”). Thus, all the elevations of this miscellaneous group 
can be explained on the basis of associated bone disorders. They were 
not so included in Table 5 because of insufficient data. 

4. Plasma Hydroxyproline 

4.1. CHEMICAL NATURE 
Hydroxyproline is present in human plasma in three forms; free, 

peptide, and protein-bound, as shown in Table 6. It was not appreciated 
until recently that 80% of plasma hydroxyproline is present in protein 
form; this material is nondialyzable, precipitable with the usual protein 
precipitants, and of sufficiently large molecular weight to be excluded by 
Sephadex G-200 gel filtration ( >200,000). This plasma hydroxyproline- 
containing protein (hypro-protein) has been shown to be resistant to 
enzymatic digestion by Pronase, a nonspecific protease that digests 
virtually all other plasma proteins. This is a property shared by the 
soluble collagen precursors, of which tropocollagen is the parent molecule; 
it suggests that hypro-protein may be collagen or collagen-like (L9). 
What relation hypro-protein has to a hydroxyproline-containing glob- 
ulin, found in an elderly patient with anemia by Mandema et al. (M3),  
is not known. Frey et al. have recently presented indirect immunological 
evidence that the hypro-protein shares antigenic determinants with acid- 
soluble human skin collagen (F12), and that it migrates in the a2-/3- 
globulin region on acetolized cellulose column electrophoresis (F10). 

During the initial studies of hypro-protein, the levels were compared 
in plasma and serum prepared simultaneously from the same normal 
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TABLE 6 
HYDROXYPROLINE IN HUMAN  PLASMA^ 

Hydroxyproline 
(pg/ml plasma) 

Form (no. of assays) Mean Range 

Free (6) 
Peptide (5)  
Protein-bound (73) 

1 . 5  
0 . 6  
8 . 0  

1.3-1.8 
0.4-0.8 
5.5-9.7 

All determinations were on fresh fasting plasma samples from normal young adult 
volunteers, age 21-29. Free hydroxyproline was measured by collecting the supernatants 
and washings after the ethanol precipitation of protein from 2 ml plasma, removing the 
ethanol by evaporation at  50"C, and applying the residue in water (acidified to pH 1) 
to a column. Elution and colorimetric measurement were as described for the hypro- 
protein assay. Supernatants and washings after the ethanol precipitation of protein 
from 2 ml of plasma were hydrolyzed overnight in alkali after the evaporation of ethanol. 
They were then assayed by the hypro-protein assay to obtain total nonprecipitable 
hydroxyproline. The value for free hydroxyproline was subtracted from the total value 
to obtain peptide hydroxyproline. Details of the hypro-protein assay are published 
elsewhere (L9). 

subject. The serum levels were always 10-2076 lower than those of 
plasma, and the losses in serum were variable; consequently the clinical 
studies were carried out on plasma. Oxalate or citrate is the preferred 
anticoagulant because of significant hypro-protein losses in the insoluble 
precipitate that forms on freezing and thawing heparinized plasma. 

4.2. METHOD OF ASSAY 

In  attempts to  ascertain a satisfactory method for hypro-protein 
assay, the existing methods being used for urine and plasma determina- 
tions were compared and widely divergent values were obtained, as 
shown in Table 7. By the use of an isotope dilution procedure (K5), it 
was found that the then existing methods (all but hypro-protein assay 
in Table 7) were measuring hydroxyproline as well as variable amounts 
of interfering material. The spectral characteristics of the interfering 
chromophore were found to differ from those of authentic hydroxyproline, 
as shown in Figs. 3 and 4. A useful guide to the presence of interference 
of this type is the absorbancy a t  the peak of the interference chromo- 
phore, 450 my. With this information, a chromatographic-colorimetric 
procedure was devised specifically for the measurement of hypro-protein 
(L9). Kibrick et al. have independently confirmed the presence and 
normal level of hypro-protein (K10). 

Recent studies by Frey (FlO) have shown that similar values for 
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TABLE 7 
VALUES FOR PLASMA PROTEIN HYDROXYPROLINE OBTAINED BY 

VARIOUS PROCEDURESO 

Procedure 

~~ ~ 

Hydroxyproline 
No. of &@;/mu 

determina- 
tions Average Range 

Neuman and Logan (N4) 
Human serum proteinsb 18 79 53-105 
Whole fowl serum (K35)* 100 115 81-132 

Prockop and Udenfriend (P11) 
Whole human plasma 7 20 18-22 
Whole rat plasma (B2)* 31 24 19-25 
Human plasma proteins 11 16 12-18 
Whole human plasma after nitrous acid 7 16 15-19 

treatment (Hl)  
Hypro-protein assay (L9) 

Human plasma proteins 21 8 . 1  7.0-9.7 

All assays were carried out in the author’s laboratory except those marked with an 

* J. C .  Houck, by the method of Martin and Axelrod (M5), personal communication 
asterisk, for which the values represent data taken from the reference cited. 

(1963). 

hypro-protein can be obtained by procedure I1 of Woessner (W8). No 
evidence is given as to  the presence or absence of the interfering chromo- 
phore in this method. Lower levels for protein hydroxyproline are reported 
by Cebecauer and TrnavskB (C l ) ,  using the procedure of Stegemann 
(522). A paper chromatographic method following hydrolysis has been 
used by Titaev in the study of total serum hydroxyproline in acute 
rheumatic fever; normal levels were not given in the one of two publica- 
tions of Titaev (Tl, T2) available to the author. 

4.3. DIAGNOSTIC SIGNIFICANCE 

4.3.1. Free Hydroxyproline 

The level of free hydroxyproline in the blood is relatively constant in 
fasting subjects with normal renal function, 1.3-1.8 pg/ml of plasma in 
the author’s study (Table 6 ) ,  and 0.6-3.9 pg/ml of plasma in a larger 
group of normal subjects in a study of Baumann e t  al. (B3). The latter 
study does not mention the fasting state of their subjects, which may ex- 
plain the wider variation. Laitinen e t  al. found the free plasma hydroxy- 
proline to vary only between 0.6 and 1.5 pg/ml in 95 subjects of various 
ages on a gelatin-free diet (Ll ) .  Kibrick e t  al. found 2.3 pg/ml of free 
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hydroxyproline in pooled normal human serum (K10). Using a technique 
of chromatographic separation, Oye found an average of 0.9 in twelve 
fasting normal young adults, with a range of 0.7-1.2 pg/ml (05). With 
paper chromatography, Dubovsky found 1.6 pg/ml (SD = 0.6) in the 
deproteinized plasma of 20 normal subjects whose postprandial state was 
not mentioned (D7). These studies taken together suggest that  normal 
free plasma hydroxyproline is 1-2.5 pg/ml, and that subjects with values 
in excess of this should be suspected of having recently ingested collagen 
or gelatin hydroxyproline. 

AUTHENTIC HYOROXYPROLINE 
PLASMA PROTEIN HYOROLYZATE 
BLANK 

- 
--- 
-. - 

- 
w 0 

z 4 

p: 0 v) 

U 

m 

m 

400 450 500 5 50 600 
WAVELENGTH, mp 

Fxa. 3. Absorption spectra of chromophores from 12.5 pg of authentic hydroxy- 
proline and protein hydrolyzate of 1 ml of plasma. Chromophores were concen- 
trated by adding 0.6 ml of water to  the final ethanol-sulfuric acid-toluene-Ehrlich’s 
reagent mixture of the colorimetric procedure, shaking the mixture, and separating 
the water-ethanol-acid phase; the latter was then diluted to 3.0 ml with ethanol (L9). 

Unfortunately, many of the published studies do not mention the 
recent dietary intake of their subjects. This is important because of the 
exquisite sensitivity of plasma free hydroxyproline to the ingestion of 
even small amounts of collagen or gelatin. This has been well studied by 
Prockop and Keiser (P14) and Baumann (B3). It is recommended that 
a t  least a 12-hour fast precede the blood taking if free hydroxyproline 
is to be measured. 

Although no determinations could be found, abnormal quantities of 
free hydroxyproline can be suspected in early infancy on the basis of 
the observed elevated free hydroxyproline levels in the urine and the 
presumptive mechanism of decreased metabolic breakdown and overflow 
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excretion. This mechanism has been elegantly substantiated by Efron in 
a retarded child with an inborn lack of “hydroxyproline oxidase” and 
massive quantities of free hydroxyproline in the plasma and urine (E2). 
I n  this regard a common tubular reabsorption mechanism has been 
demonstrated by Schriver et al. for hydroxyproline, proline , and glycine, 
and it might be expected that an aminoaciduria with this pattern of 
excretion could occur ( S 5 ) .  Slight elevations of free hydroxyproline in 
plasma were observed by Dubovsky et al. in severe renal failure, but 
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FIQ. 4. Absorption spectra of chromophores from hydroxypyroline and interfering 
material separated chromatographically from plasma protein hydrolyzates. The 
chromophores obtained were concentrated (as described in the legend of Fig. 3) and 
their spectra determined. (For details of chromatographic separation, see L9.) 

these are small compared to the enormous elevation of plasma peptide 
hydroxyproline reported by him; it seems possible that the slight change 
in free hydroxyproline might be an artifact of the evaporation procedure 
used (degrading small qua,ntities of the peptides) (D7). Also, in the 
presence of renal failure, dietary elevations of free hydroxyproline would 
persist longer than in subjects with normal kidneys. Slight elevations 
were observed by Kivirikko et al. in eleven patients with hyperthyroidism 
(K14). 

Thus, the major abnormalities of plasma free hydroxyproline appear 
to result from (1) the ingestion of hydroxyproline, collagen, or gelatin 
in any form, and (2) an inability to metabolize hydroxyproline from 
either prematurity or an inborn error of metabolism. Theoretically, a 
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defect in the renal tubular reabsorption of hydroxyproline could lead to 
low plasma levels, but this situation has not been observed. 

Hurych and Chvapil have implicated free tissue hydroxyproline as a 
breakdown product of newly formed soluble collagens in labeled studies 
in animals. These implications have not been studied in man (H13). 

4.3.2. Peptide Hydroxyproline 

The hydroxyproline peptides, as well as peptides in general, are cleared 
rapidly by the kidney, and their plasma level is low when renal function 
is unimpaired. Their clearance rate after hydroxyproline loading has been 
found to equal or slightly exceed the clearance of inulin in two normal 
subjects, causing Benoit et al. to suggest that hydroxyproline peptides 
were secreted by the renal tubules (B7). As was found with free hydroxy- 
proline, the peptides are also influenced by the ingestion of collagen or 
gelatin products. Prockop and Keiser demonstrated that hydroxyproline 
in peptide form was absorbed by the gastrointestinal tract and rapidly 
excreted, the first demonstration of intestinal absorption of a peptide or 
protein (P14). The possibility of using this as  a model system in the 
study of protein transport across the intestinal wall in cases of food 
allergy has not been explored. 

Marked elevations of plasma peptide hydroxyproline have been ob- 
served by Dubovsky et al. in chronic renal failure (D7). The highest 
levels were seen when uremia and severe bone disease occurred together. 
Removal of the parathyroids in four patients (three primary and one 
secondary hyperparathyroidism) was associated with return to  normal 
levels when renal function was normal, and significant reduction when 
renal failure was present. It seems possible that plasma peptide hydroxy- 
proline might be a rapidly changing and sensitive indicator of bone 
metabolism which could be studied even with renal impairment, a major 
obstacle to most current techniques in the diagnosis of hyperparathyroid 
states. 

4.3.3. Plasma Protein Hydroxyproline (Hypro-Protein) 

A broad clinical survey of the levels of plasma hypro-protein has been 
published (L10). The consistent elevations are shown in Table 8. No 
instances of a decreased level or absence were observed. Elevations of 
plasma hypro-protein were found in a large number of neoplastic and 
inflammatory conditions; in this regard plasma hypro-protein levels were 
comparable to the erythrocyte sedimentation rate and other “acute- 
phase reactants.” These observations led to the study of induced eleva- 
tions of hypro-protein in normal subjects by the production of fever and 
inflammation with the administration of etiocholanolone, a pyrogenic 
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TABLE 8 
ELEVATIONS OF PLASMA HYPRO-PROTEIN’ 

Protein-bound 
hydroxyproline 

Number w/ml  
of 

Disease patients Mean Range 

Hodgkin’s disease, afebrile 
Sjogren’s syndrome 
Familial Mediterranean fever 
Idiopathic recurrent fever 
Osteochondrosarcoma 
Acute febrile stated 
Advanced renal disease 
Carcinoid syndrome with heart lesions 
Hyperthyroidism 
Breast cancer with metastases 
Paget’s disease 
Rheumatoid arthritis 
Ehlers-Danlos syndrome 
Acromegaly 

Normal adult 

6 
3 
5 
4 
4 
3 
5 
3 
3 
2 
2 
8 
4 
4 
54 

18 
17 
16 
15 
15 
15 
14 
14 
14 
14 
13 
11 
11 
11 
8 

13-22 
11-21 
14-18 
8-23 
12-18 
13-16 
11-16 
13-14 
12-15 
13-14 
12-13 
8-16 
9-16 
8-16 
5-10 

Procedure of LeRoy el al. (L9). 
* Thrombophlebitis with pulmonary embolus, systemic viral infection, infectious 

mononucleosis. 

steroid. Conversely, the production of fever alone with endotoxin did not 
lead to elevated hypro-protein levels (L13). It was also demonstrated 
that the elevations seen in Hodgkin’s disease, the highest hypro-protein 
levels of the entire study, were well correlated with the activity of the 
disease, and a response to therapy was associated with a return to normal 
levels ; subsequent relapse was uniformly associated with elevated hypro- 
protein levels (L11). Although it may prove to be useful in the manage- 
ment of patients with Hodgkin’s disease or similar disorders, there seems 
to be nothing specific about elevated hypro-protein levels in patients 
with lymphomas. 

5. Tissue Hydroxyproline 

5.1. INTRODUCTION 

The experience with hydroxyproline measurement in tissue hydroly- 
eates differs distinctly from that with urine and plasma hydroxyproline 
determinations. In  tissues, methods have not been as carefully evaluated; 
results have been much more variable both within and between the 
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laboratory animals and commercially important species studied ; and the 
effects of age, diets, drugs, and hormones have been in such disagreement 
between studies that generalizations would be of no value. 

5.2. METHOD OF ASSAY 

The most critical feature of tissue hydroxyproline determination is the 
specificity of the method used. For tissues very high in collagen content 
and very low in plasma or globular protein content (i.e., skin, tendon, 
bone, lens) there is a minimal formation of interfering chromogen (see 
Figs. 3 and 4, and Section 4.2), and analyses by simple colorimetric 
procedures are satisfactory. On the other hand, in the analysis of viscera 
and in the presence of plasma proteins there is significant formation of 
interfering chromophore, and a simple procedure is no longer specific for 
hydroxyproline. The author’s studies on plasma and the studies of 
Hutterer and Singer (H14) on rat liver suggest that the simplest method 
to check the specificity of a procedure is to monitor the spectral charac- 
teristics of the chromophore produced either by a recorded spectrum 
(400-600 mp) or by reading a t  OD,,, for interference and OD,,, for 
authentic hydroxyproline (see Fig. 4) .  If the absorbancy a t  450 mp is 
significant, a purification or separation step prior to  colorimetric assay 
is imperative. Such a modification was found to reduce variability and 
improve recoveries in unpublished studies measuring the hydroxyproline 
of canine arteries in the author’s laboratory. It would be desirable for 
future studies employing tissue hydroxyproline measurements to  include 
spectral or other evidence of the absence of interfering chromophore 
formation. This is even more critical in the area of the radioactive hy- 
droxyproline determinations of tissues, to ensure that the radioactivity 
measured was a part of hydroxyproline (J l l ,  L12). 

5.3. STUDIES IN EXPERIMENTAL ANIMALS 

The list of tissue hydroxyproline measurements in experimental animals 
is long; in general three types of investigation have been carried out: 

(1)  Hydroxyproline has been used to assess the collagen content (and 
hence the commercial desirability) of various types of meat and hides 
as well as the effect of age, breeding, diet, anatomical location, and the 
processing or tanning methods used. Several of the methods in Table 1 
are for this purpose (Bl,  B18, D1, G4, L19, W6, Z l )  ; these studies would 
seem to be of value for the meat and leather industries. 

(2) Extensive studies have been carried out in most of the small 
laboratory animals available, measuring hydroxyproline in the various 
organs as an index of total collagen content. Among the experimental 
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situations studied were the effects of age, sex, diet, most of the poly- 
peptide and steroid hormones, drugs, and the experimental induction of 
disease. These measurements are often coupled with an  assay of a 
constituent of mucopolysaccharides in order to study overall connective 
tissue changes. Few such studies have been carried out in man; they will 
be considered below. It is uncertain whether the data in experimental 
animals are of value in predicting tissue responses in man; the labora- 
tory animal data will not be considered in detail here (B19, C2, C3, F11, 

(3) The most instructive types of tissue hydroxyproline measurement 
have been those aimed a t  an assessment of the metabolism or the turn- 
over of collagen in various areas. These have been of two types. (a)  
Tissues have been extracted in solutions of increasing solvating ability, 
and hydroxyproline, in both free and bound forms, has been measured in 
both the extracting solutions and the insoluble residue. The most “soluble” 
(extractable is preferred because these components are probably not in 
solution as they exist in v i m )  forms of hydroxyproline, and hence col- 
lagen, have been shown to be the most recently synthesized and the least 
cross-linked subunits of the collagen fiber (54, M6). Such studies have 
been critical to the understanding of collagen chemistry that exists today 
(see H3, H4). Studies utilizing the extraction principle have recently 
been carried out, using human skin biopsies from 8 variety of clinical 
disorders (vide infra). (b) Tissue hydroxyproline has been labeled by 
the administration of isotopically labeled proline, shown by the studies 
of Stetten to be the precursor of collagen hydroxyproline (S24), and the 
specific activity of tissue hydroxyproline has been used to compare the 
metabolism of collagen in various organs and sites directly (H5, H13, 
K15, K18, L18). Although the methodology is much more tedious, this 
type of study holds increasing promise in the study of the dynamic 
aspects of collagen and connective tissue. There have been virtually no 
detailed studies with labeled proline in man. 

H10,J4, K11, K13, K17, K35-K37, M6, M13, N5, N8, S17, S19, W5). 

5.4. STUDIES IN MAN 

Disorders of the skin and of the blood vessels have been studied by 
the measurement of hydroxyproline in these tissues (B11, C9, K2, S l l ,  
525, V1) ; skin samples have been used as an index of the general state 
of maturation of collagen in various disorders (H6). Hydroxyproline 
measurements in cardiac muscle have been used to quantify the degree 
of fibrosis from various cardiac diseases (C9, M19). Measurements have 
been made in amniotic fluid (K12), in the uterus a t  various stages (H2, 
W9), and in the whole body of infants (P5). 



238 B. CARWILB LEBOY 

5.4.1. Skin 

A decrease in hydroxyproline per unit area has been found in senile 
degeneration of the skin (S l l ) .  These authors are critical of earlier data 
showing an increase in skin collagen with age, because of the earlier use 
of dry skin weight or hexosamine/collagen ratios. It is difficult to decide 
which denominator is more accurate biologically a t  this point (C10). 
Verzar, using a denaturation technique, has shown that young scar tissue 
in skin of older persons behaves as young collagen for the first few years 
following its formation (Vl) . Fleischmajer has found the hydroxyproline 
content of the skin to be normal in eight patients with scleroderma, 
leading him to propose a defect in the ground substance (F9). 

Harris and Sjoerdsma have made a detailed analysis of skin collagen 
obtained from small punch biopsies of patients with a variety of skin 
and systemic disorders (H6) ; this type of study allows the detailed as 
well as the sequential study of human skin collagen in disease. These 
investigators measured water content, total collagen, “soluble” or acid- 
extractable collagen, and the ratio of CY and p subunits present in the 
extractions. Their data are shown in condensed form in Table 9. The skin 
of patients with keloids, homocystinuria, and thyrotoxicosis showed 
increased levels of “soluble” collagen; the skin of patients with sclero- 
derma showed a decreased “soluble” collagen fraction. This study demon- 
strates the feasibility of a direct approach to the study of skin collagen 
metabolism in man. 

5.4.2. Uterus 

The 6-8-fold increase in total collagen in the uterus with pregnancy, 
as well as the rapid loss of this relatively inert substance postpartum, has 
made uterine tissue a favorite for the study of rapid connective tissue 
turnover and the mechanisms involved, particularly the mechanism of 
rapid catabolism of such large amounts of insoluble collagen (H2, W9). 
The availability of human uterine tissue has enhanced the interest in 
these studies; however, they are not yet strictly pertinent to the under- 
standing of disease and will not be further considered here (see W9). 

5.4.3. Heart and Blood Vessels 

Cardiac muscle hydroxyproline, measured by a simple colorimetric 
procedure with inadequate specificity in this situation, increased slightly 
beyond age 35-40, while a similar rise was seen in the hydroxyproline of 
aortic tissue (C9). Other studies using identical methods showed no 
change with age in aortic and pulmonary artery hydroxyproline (B11, 
K2). The influence of both age and cardiac hypertrophy on cardiac 



TABLE 9 
SKIN COLLAGEN PROFILE I N  MAN“ 

Water Total collagen “Soluble” Collagen 
content olg of hYPro/mg collagenb subunits 

Condition (no. of subjects) (%I dry wt.) (%I (a:p ratio)” 

Control subjects (34) 60-69 95-129 1.4-3.5 0.8-1.2 1 

E 
i 

Skin diseases 2 

Scar tissue (5) 64-78 78-115 2.0-8.5 1.0-2.0 3 
Keloid (6) 74-80 104-124 4.6-12.1 1.3-1.9 
Mycosis fungoides (4) 63-75 36-78 2.3-9.8 1.0-1.7 

Heritable diseases of connective tissue 
0.9-1.1 Marfan’s syndrome (3) 61-66 102-128 2.3-2.8 

1.0-1.2 2.0-6.1 Ehlers-Danlos syndrome (3) 60-65 93-121 
Homocystinuria (4) 62-68 1.7-7.5 1.1-1.6 101-127 

Osteogenesis imperfecta (2) 57-68 9Cb124 1.3-2.8 1 .o 

E 
3 Growth hormone deficiency (3) 60-67 97-129 0.6-2.1 1.0-1.2 

Thyrotoxicosis (1) 62 101 6.9 1.1 Z 

Connective tissue diseases 2 
5 Rheumatoid arthritis (6) 62-65 97-118 1.7-3.6 1.1-1.2 

Endocrine disease 

U 

Scleroderma (8) 58-67 72-115 0.7-1.2 1 .O-1.7 
~ ~~~~ 

0 Data of Harris and Sjoerdsma (H6). 
Acetic acid extract of minced skin, % of total hydroxyproline. 
Determined by disc gel electrophoresis. 
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hydroxyproline has also been studied; when hydroxyproline was related 
to total heart muscle protein (nitrogen), no changes with age or hyper- 
trophy were noted (M19). The collagen content of the internal saphenous 
vein was found to be about 50% (525) ; thus, the veins represent a high- 
collagen tissue in which a simple colorimetric assay would probably be 
satisfactory without prior hydroxyproline separation. 

5.4.4. Other Tissues 

The concentration of free and total hydroxyproline in human amniotic 
fluid was observed to decrease in pregnancy between the fourth month 
and term (K12). The amino acid composition of collagen from human 
bone, tendon, dura mater, and postmenopausal uterus was found to be 
similar (H2). In  whole body measurements in malnourished infants, there 
was no change in collagen protein despite severe total protein depletion 
(P5). A distinctively high content of hydroxylysine has been noted in 
human renal glomeruli (L17). Also, the glomerular basement membrane, 
including initially all the hydroxyproline and hydroxylysine, is solu- 
bilized by collagenase, suggesting that an unusual collagen-like material 
may be an integral part of the renal glomerulus. To what degree altera- 
tions of this material can affect renal function is not yet known. 

It is clear from these studies that measurements of tissue hydroxy- 
proline in man have not progressed to the stage of hydroxyproline 
measurements in urine or plasma. With the availability of more specific 
techniques, it seems likely that the study of tissue hydroxyproline will 
play an increasing role in our understanding of disorders in which fibrosis 
and altered connective tissue are prominent. 
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1. Introduction 

By isoenzyme we refer to a biochemically distinct class of catalytically 
active proteins with the same specificity of bond cleavage or alteration 
which may occupy several zones following electrophoresis. If one cannot 
distinguish by biochemical means one enzyme zone from another, both 
catalyzing the same reaction, the two proteins are variants of the same 
isoennyme. 

The subject of isoenzymesl of human alkaline phosphatase has been a 
perplexing one (Fig. l), for the reason that the enzyme bands separated 
by electrophoresis on starch gel have had no clear complete interpretation 
with regard to organ source, biochemical individuality, or genetic consti- 
tution of the individual. Particularly disturbing is the fact that a number 
of tissues can each yield up to three and four bands that generally merge 
with one another in mixtures and become unrecogni~able with respect to 
tissue origin. I n  the case of alkaline phosphatase we are obligated to rely 
on a combination of organ source, biochemical properties, and electro- 
phoretic distinctions as guidelines for working in this field. Thus, placental 
alkaline phosphatase is an isoenzyme of alkaline phosphatase because it 
can be distinguished from other alkaline phosphatases by biochemical 
means. The different molecular forms of this isoenzyme which can be 
produced and separated by physical means are referred to  simply as 
variants of placental alkaline phosphatase. Moreover, the limitations of 
interpretation of isozyme bands in general are now being recognized even 
with lactic dehydrogenase, which appeared to  be the least complicated 
enzyme species (R23, VlO, V11) and has been the most intensively 
studied. 

‘Second Conference on “Multiple Molecular Forms of Enzymes,” N. Y. Academy 
of Sciences, December 13, 1966. Interpretation of the biological significance of 
isozyme bands is complicated by the fact that nongenetic variants in unpredictable 
numbers can arise. These include isozymes produced as artifacts in the preparation 
of the specimen and even on the starch gel, aggregates of monomeric forms, and 
conformers (Kaplan) that are essentially configurational isomeric proteins. Accord- 
ingly, the need is recognized for biochemical criteria with which to identify isozymes 
of the same basic molecular species. 
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Apart from isoenzymes, hyperphosphatasemia in diseases of liver and 
bone has made the serum alkaline phosphatase determination the most 
frequently requisitioned enzyme assay for over 30 years. Obviously, i t  
has also fixed for the great majority (C17) the expectation that liver 
and bone normally constitute the major sources of serum alkaline phos- 
phatase. Uneasiness rarely is expressed in the literature regarding the 
patients with bone and liver disease whose enzyme values are not ele- 
vated, or in the cases of hyperphosphatasemia where neither liver nor 
bone disorders exist. 

FIO. 1. Starch-gel zymogram of serum alkaline phosphatase in hepatobiliary and 
osteoblastic bone diseases [according to Taswell and Jeffera (T2)l. 

In view of this uneasiness and on the strength of experimental obser- 
vations, to be described, the authors have found i t  necessary in this 
chapter to consider the question whether or not serum alkaline phos- 
phatase in normal healthy nonpregnant individuals may be essentially 
a mixture of unmodified and metabolically modified intestinal alkaline 
phosphatases, whose relative proportions are predetermined by genetic 
and physiological factors. The basis of this statement and its implications 
constitute a major point of this chapter. 

Clearly, in this volume concerned with advances in clinical chemistry, 
methodology of the alkaline phoaphatase isoenzyme assay merits atten- 
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tion, and especially the automated procedures for L-phenylalanine-sensi- 
tive alkaline phosphatase (LPSAP) that are rapidly displacing manual 
techniques. Such isoenzyme methodology is based on conditions arrived 
a t  by biochemical studies, and therefore this review encompasses the 
extensive enzyme kinetic studies in the literature and in this laboratory, 
with particular attention to the mechanism of catalysis and uncompeti- 
tive inhibition. 

Also included are analyses of studies reporting distinctive immuno- 
chemical properties as well as physical properties of enzymes prepared 
from several organs. Separate sections are concerned with electrophoretic 
data and heat sensitivity. 

An understanding of the biological significance of alkaline phosphatase 
now requires a knowledge of ultrastructure and genetics. Tremendous 
advances have been made in our information of cell ultrastructure and of 
enzyme components of cell membranes. This knowledge is basic to a 
grasp of the physiological role which alkaline phosphatases may play in 
absorption (of fat, amino acids, and sugars), osteogenesis, and pregnancy, 
apparently unrelated processes which may have the same significance for 
the enzyme a t  the level of cell ultrastructure and function. 

No less striking contributions have come from the field of molecular 
genetics, which has produced the DNA, RNA, mRNA, and tRNA 
sequence for explaining the genetic control of protein synthesis. In  rela- 
tion to human serum alkaline phosphatase, the literature now contains 
many references to its association with ABO blood groups. In  addition, 
the inheritance of alkaline phosphatase in Escherichia coli and Asper- 
gillus niger, etc., has provided phenomena more readily amenable to 
genetic studies. 

A biochemical evalution of human alkaline phosphatase is postponed 
until the above considerations have been presented. In  our view, the most 
reasonable analytical approach is based on the measurement of L-phenyl- 
alanine-sensitive and -insensitive moieties along with their respective 
heat stabilities. To this may be added information gathered from starch- 
gel electrophoresis with native and heated serum and from the presence 
of L-phenylalanine-sensitive bands on the gels following electrophoresis. 
Experiments of a different type can be included, in which the serum is 
incubated with neuraminidase and susceptibility of the glycoprotein 
is established following electrophoresis. Finally, the data on L-phenyl- 
alanine inhibition of heat-sensitive and -insensitive moieties appear to  
make sense, if the population of normal subjects is divided into one with 
the slow-moving intestinal band and one without it. It is from this con- 
sideration and other indirect and direct inferences that the intestine is 



ISOENZYMES OF HUMAN ALKALINE PHOSPHATASE 259 

given serious consideration as the major source of human serum alkaline 
phosphatase in healthy individuals. 

2. Methodology 

Historically (D11, K1) , 8-glycerophosphate was the first substrate 
for alkaline phosphatase (B24) ; the liberated inorganic phosphate was 
measured by the classical Fiske-Subbarow procedure (F18). The intro- 
duction next of the phenyl phosphate substrate by King and Armstrong 
(K11) carried with i t  the advantages of a more rapid hydrolysis, and 
the opportunity to measure phenol liberation by the Folin-Ciocalteu 
method. More convenient colorimetric reagents for phenol followed later, 
which do not require deproteinization, such as Powell and Smith’s amino- 
antipyrine-alkaline ferricyanide reagents (P22) and diazo reagent (548). 
Also, other substrates have made their appearance, e.g., p-nitrophenyl 
phosphate (B16), phenolphthalein diphosphate (H22), indoxyl phosphate 
(T7), 4-methylumbelliferyl phosphate (Fl) , phenolphthalein monophos- 
phate (B2), naphthyl phosphate (M32), and phosphoenol pyruvate 
(534). Superimposed on these experiences with alkaline phosphatase 
assay has been automatic instrumentation, which is now commanding 
much attention. Consequently, the treatment of this section of the 
chapter will be concerned more with the evaluation of fundamentals of 
manual and of automated procedures than of details in technique. 

Adherence to  sound principles of the assay of serum enzymes in general 
(F5-F7) is required for both manual and automatic techniques. Thus, 
one should insure that the release of product that is being measured is a 
linear function of the amount of alkaline phosphatase. The reaction must 
be carried out a t  the optimal pH characteristic of the enzyme with that 
particular buffer and substrate. The period of hydrolysis and substrate 
concentration should be adjusted in such a way that an initial zero-order 
rate of hydrolysis is obtained. The standard curve should obey Lambert- 
Beer’s law. Arbitrary and variable dilutions of high-titer sera are not 
recommended. 

In  relation to  the variable of dilution, Nath and Ghosh (N7, N8) 
demonstrated (Table 1) that, contrary to serum acid phosphatase, 
alkaline phosphatase activity in native human serum is increased up to 
80% when diluted with either water or buffer. 

The above observations call for the adoption of a serum alkaline 
phosphatase assay method in which either an undiluted human serum is 
used or a constant dilution of sera is maintained. This is necessary to 
obtain comparable and reproducible results with different serum speci- 
mens. Fishman (F5, F6) avoided this difficulty by using a solution of 
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TABLE 1 
EFFECT OF DILUTION ON ALKALINE PHOSPHATASE ACTIVITY OF HUMAN SEBUM~ 

Specimen 
no. 1 2 3 4 5 6 

Undiluted A x 107 20 23 370 122.7 37.3 34.1 

Water- A X lo7 25.2 29.7 393.6 131.4 51 53.7 
8erum 

diluted 
serumb 

a The numbers are derived from the firsborder velocity constants of the hydrolysis 

'Serum was diluted three-fold. Here, the values are obtained by multiplying the 
of phenyl phosphate. Taken from Nath and Ghosh (N7). 

measured activities by three. 

another protein (bovine serum albumin) or heat-inactivated human sera 
for dilution of native high-titer sera. This is an important modification 
because in many diseases, like rickets, infectious hepatitis, and other 
hyperphosphatasemic conditions, the alkaline phosphatase level in serum 
or plasma is significantly enhanced to  a point that  exceeds the capacity 
of the photometer. Obviously it then becomes necessary for the accurate 
measurement of the total activity to dilute the native serum with a 
suitable diluent. 

Also, before one can choose the substrate concentration for a particular 
method, the Michaelis constant must be determined. Usually, if the 
enzyme does not exhibit inhibition a t  high substrate concentration, it may 
be reasonable to use a working molar concentration of the substrate equal 
to 3 or 4 times the K,  value so that the enzyme can manifest its highest 
activity. As in the case of /3-glucuronidase (F17), the conditions de- 
veloped for a particular isoeneyme (of alkaline phosphatase) in one 
tissue may not be applicable for another isoenzyme in another tissue or 
for those present in serum. Hence reevaluation of every reaction condi- 
tion (e.g., substrate concentration, optimum pH) is necessary for each 
isoenzyme. Vide injra 2.1.1. 

2.1. MANUAL METHODS 

The different methods in use may be broadly divided into two cate- 
gories: one based on the measurement of released phosphate, and the 
other on the determination of the liberated organic moiety. 

When liberated phosphate is allowed to react with ammonium molyb- 
date a t  a specified concentration and pH, ammonium phosphomolybdate 
is formed which can be reduced by a large number of reductants to give 
blue-colored solutions. The nature of the reducing agents used to  convert 
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ammonium phosphomolybdate to molybdenum blue varies from one 
method to another. For instance, the reductants employed in the Fiske- 
Subbarow technique by Bodansky (B23) , Shinowara et  al. (S30) , Dryer 
e t  al. (D23), and Lowry-Lopez (L19) are 1,2,4-aminonaphtholsulfonic 
acid, stannous chloride, N-phenyl-p-phenylenedianiine, and ascorbic acid, 
respectively. However, some of the methods mentioned use such a high 
concentration of acid in the ammonium molybdate reagent that acid- 
labile phosphates cannot be used as  substrates. To circumvent this dif- 
ficulty, Lowry and Lopes (L19) employed very low concentrations of 
acids in the ammonium molybdate and ascorbic acid mixture, an ex- 
tremely sensitive color reagent. However, this method and the others did 
not overcome the problems of instability of the color produced and the 
necessity of carrying out the color reaction a t  a definite fixed pH. Nath 
and Ghosh (N7), by taking a number of colorimetric readings a t  5- 
minute intervals and finding out the zero-time reading from the linear 
rate of increment of the intensity, successfully performed the Lowry- 
Lopez method under conditions of variable pH and despite the time- 
dependent intensity of the color. 

Moreover, the advantage of a method involving the assay of inorganic 
phosphate is that it can use any organic phosphate as a substrate for 
alkaline phosphatase. Thus Fishman e t  al. (Fll), in their search for 
organ-specific substrates for alkaline phosphatase, used this method, 
employing a wide variety of phosphates of phenol, salicylic acid, glucose, 
ethanolamine, serine, threonine, choline, phenolphthalein, propanediol, 
a- and ,&naphthols, menthol, borneol, methanol, and octanol, each of 
them being studied with alkaline phosphatase preparations in b!ood, bone, 
intestine, lung, liver, and kidney. This method was employed to assay 
serum alkaline phosphatase activity with p-methylphenyl phosphate 
(N4, N13), m-methoxyphenyl phosphate, m-methylphenyl phosphate 
(N9, N10) , 16~-methyl-9~-fluoroprednisolone phosphate (N12, N13) and 
alkyl phosphates like n-amyl and isoamyl phosphate (N3) in Nath’s 
fundamental and clinical studies on the substrate specificity of this 
enzyme. 

The second category of methods concerns the estimation of the 
liberated organic phenolic group, based either on its inherent chromo- 
genicity, e.g., p-nitrophenyl phosphate (L19) , phenojphthalein diphos- 
phate (H22), and phenolphthalein monophosphate (B2), or on its con- 
version to a pigment product by coupling with a diazotized amine (G13, 
548) or by allowing i t  to react with some specific reagent (K10, P22). 
The chromogenic substrates in the former class have the advantage that 
they need no other special reagent for developing the color. A disadvan- 
tage to  p-nitrophenyl phosphate is its limited stability and the fact that 
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high concentrations of bilirubin and hemoglobin interfere with the 
accuracy of the method, as the absorption maxima of these substances 
are close to that of p-nitrophenolate. Methods for measuring alkaline 
phosphatase continue to appear (F26,55, K27). 

The most sensitive and reproducible manual procedure in the latter 
group, in which the diazo coupling reaction is utilized, is that of Fishman 
e t  al. (F14, S48). In this method, the liberated phenol from phenyl 
phosphate is coupled with 5-nitroanisole-2-diazoniumnaphthalene-l,5-di- 
sulfonate (Fast Red B salt, Hilton-Davis Chemical Co., Cincinnati, 
Ohio) (Fig. 2) .  

LONa 
OH- P . . . . . . . . .. . I..?. 

OH H+ ONa 

fast red B salt 
(diazonium-napthalene- 

1,5-disulfonate salt of 
4-nitro- 0 -anisidine) 1 

PH 

(Pink dye) 

FIG. 2. Diazotization color reaction for determining phenol [according to Stol- 
bach et al. (S48)l. 

The pink azo dye formed is completely soluble in alcoholic borate 
solution; the color was remarkably stable even up to 24 hours a t  room 
temperature. The method is so sensitive that a fraction of a microgram 
of phenol can be estimated with ease. It is very economical of enzyme, 
requiring only 0.1 ml of properly diluted serum or tissue preparations, 
and the tedious deproteinization step becomes unnecessary. 

2.1 .l. Procedure fo r  Serum, Intestinal, and Placental Alkaline 
Phosphatases-Substrate Phenpl Phosphate 

Buffered (50 mM carbonate-bicarbonate) phenyl phosphate (2.0 ml) 
of suitable concentration and pH (i.e., 18 mM a t  p H  9.8 with intestinal 
and serum alkaline phosphatase, and 72 mM a t  p H  10.7 with placental 
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alkaline phosphatase) was allowed to  react a t  37°C with 0.1 ml of the 
previously diluted enzyme specimen. After a definite interval of time (15 
minutes) the enzyme reaction was terminated by adding 2.0 ml of 1.5M 
formaldehyde, which eliminates all further enzyme activity. The mixture 
was then treated with 4 ml of saturated ethanolic borate solution and 
0.5 ml of a 0.5% solution of Fast Red B salt. The orange-pink colored 
solution was read in a photometer a t  490 mp against a similarly prepared 
blank without the enzyme. From a previously established phenol calibra- 
tion curve the readings were converted to pmoles of phenol, and the unit 
is defined as 1 pmole of phenol/ml/min. 

a-Naphthyl phosphate can also be used as a substrate for the enzyme, 
the assay being done by coupling the released a-naphthol with the same 
diazo reagent used for phenol. However, because this color reaction is less 
sensitive for a-naphthol than for phenol, the measurement of inorganic 
phosphate is required as described below. 

2.1.2. Procedure for Estimation of Alkaline Phosphatase Activity 
with a-Naphthyl Phosphate as Substrate 

The buffered (50 mM, carbonate-bicarbonate) a-naphthyl hydrogen 
phosphate solution (3 ml), the pH (9.8 in the case of intestinal enzyme) 
of which was adjusted to the desired value, was treated with properly 
diluted enzyme solution (1 ml). The digest, which contained 5 mM of 
substrate, was incubated a t  37°C for a suitable interval of time, depend- 
ing on the concentration of the enzyme under investigation. The enzy- 
matic hydrolysis was arrested by adding 1 ml of 30% trichloroacetic acid, 
and the mixture with the protein precipitate was then centrifuged for 
15 minutes. The clear protein-free supernatant (2 ml) was treated with 
0.4 ml of 0.008 M ammonium molybdate solution and 4 ml of p-semidine 
reagent (D23, G5). The resultant blue color of the solution was stable up 
to 1 hour, and its optical density was read in a Klett-Summerson photom- 
eter with a No. 69 filter against a similarly prepared blank, in which 
trichloroacetic acid was added prior to addition of the enzyme in the 
digest. The results of alkaline phosphatase activity, expressed as @moles 
of phosphorusJml/min, were obtained from a standard phosphate calibra- 
tion curve prepared under the described conditions. 

Since a number of methods are in widespread use, it is worthwhile to 
review comparative studies of alkaline phosphatase activity measured by 
these different methods. Schwartz et al. (524) established that a linear 
relation exists between the results of the Bodansky and King-Armstrong 
methods. Laurent and Norberg (L5) also demonstrated a linear relation 
between values on serum performed with a modified Bessey-Lowry 
compared to a modified King-Armstrong method. However, Gelb et al. 
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(G4) warned of inconstancy in the ratio of Bodansky values to those of 
the King-Armstrong method as measured in the Technicon AutoAnalyzer 
(vide infra). Deren et  al. (D13) made a comparative study of four dif- 
ferent methods of determining alkaline phosphataee in sera from a variety 
of pathological and normal cases. They reported that the Bodansky 
(B23), King-Armstrong ( K l l ) ,  Bessey-Lowry (B16), and Klein (K16) 
assay methods for serum alkaline phosphatase are equally sensitive in 
the diagnosis of various diseases. In  their opinion, however, the results 
of the first three methods are proportional to each other, whereas there 
is no reasonable conversion factor to  express the relation between Klein 
phenolphthalein diphosphate and the other three methods. 

The organic nonphosphate moiety may be fluorogenic, which would 
tend to increase the sensitivity of measurement (G17, M32). 

2.2. AUTOMATION 

It is widely agreed that automated techniques (B35, C16, K3, K15, M9, 
S46, T4) will be almost universally employed for serum alkaline phos- 
phatase in the near future, especially in the routine laboratory. It should 
again be emphasized that, as with the manual methods, attention must 
be paid to  the state of the serum, and to the employment of conditions 
which ensure a linear rate of hydrolysis and of color reactions that are 
both stable and sensitive. Moreover, the widely used AutoAnalyzer 
superimposes a continuous flow hydrodynamics that permits the enzyme 
reaction to result from a steady rate of provision of the substrate, buffer, 
and enzyme and an equally steady rate of color pigment production. The 
readings obtained from the continuous recording colorimeter are un- 
interpretable unless correlated with tracings obtained in a similar manner 
for both standard phenol and standard enzyme solutions and for serum 
in the absence of substrate. 

The question of absolute chemical standards versus standardized 
enzyme preparations has been debated in a recent symposium.2 The 
phenol curves of the AutoAnalyzer provide an absolute means of expres- 
sing the optical density of the enzyme specimen as phenol. However, i t  is 
assumed implicitly that the enzyme reaction in the AutoAnalyzer is 
exactly the same as  in the manual method, and that the determination 
of phenol, in itself, is the only concern of the analyst. We contend that 
this assumption is not justified a priori for the reasons that (1) enzyme 
inactivation may occur in the time interval the specimen is located on 
the turntable before i t  enters the flow line; this would be true in the 

' Technicon Symposium ; Automation in Analytical Chemistry, New York, October 
16-18, 1966. 
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case of a very heat-sensitive isoenzyme; (2) the mechanical forces of 
pumping enzyme solutions through long tubes with narrow orifices may 
be deleterious to fragile enzymes or isoenzymes; and (3) AutoAnalyzer 
incubation times are much shorter than manual methods require. Dis- 
parate findings between AutoAnalyzer and manual data on the same 
specimen may be explained by the presence of heat-sensitive enzymes. 

Enzyme standards, whose units are established carefully by a manual 
method using the incubation time of the AutoAnalyzer procedure, provide 
a direct means of translating AutoAnalyzer optical density values into 
enzyme units. This latter practice avoids the introduction of unique Auto- 
Analyzer units with different levels of normal and standard deviation, 
an event to be avoided if possible. 

The reader should not assume that all desirable methods for alkaline 
phosphatase can be easily adapted to the AutoAnalyzer. The diazo 
method for phenol, which possesses the greatest sensitivity, yields a 
pigment that attaches itself to the walls of the plastic tubing, an event 
that greatly disturbs the continuous flow dynamics and, in consequence, 
the height and smoothness of the peaks seen on colorimeter recordings. 
The measurement of inorganic phosphate requires protein precipitation, 
a process that is inefficient with the AutoAnalyzer. Also, the employment 
of a dialyzing cell to remove protein from the flow is only as successful 
as the adequacy of the dialyzing membranes and the efficiency of flow 
dialysis. Alkaline phosphatase is not being generally determined auto- 
matically a t  this time, by the measurement of inorganic phosphate. 

Comment now is to be centered on the AutoAnalyzer total alkaline 
phosphatase method, using phenyl phosphate as substrate and the Powell 
and Smith aminoantipyrine-ferricyanide reagents, formulated in Fig. 3. 

The liberated phenol condenses with 4-aminoantipyrine and, in the 
presence of oxidizing conditions (alkaline ferricyanide) , gives rise to an 
organio product in which the phenol residue contains the chromophoric 
quinonoid group. 

This color reaction has now provided measurements of total alkaline 
phosphatase and the L-phenylalanine-sensitive isoenzyme. 

2.3. DIFFERENTIAL ISOENZYME ANALYSIS 

From the biochemical point of view, there is merit in measuring the 
moiety of the serum alkaline phosphatase activity that is inhibited by 
L-phenylalanine. This moiety is henceforth referred to as LPSAP, 
L-phenylalanine-sensitive alkaline phosphatase. The conditions to  be 
chosen should provide the maximum expression of LPSAP and the extent 
of inhibition of intestine and placenta should be as great as possible a t  a 
cohcentration of L-phenylalanine that  does not a t  the same time inhibit 
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alkaline phosphatase of liver and bone. Data that bear on these points 
are now presented. 

In  these experiments, Inglis and Fishman found that recovery of intes- 
tinal alkaline phosphatase added to individual sera and tissue mixtures 
is frequently more complete when D minus L values are employed in 
contrast to R-total minus L values as defined in footnote IJ in Table 2. 

0 L alkaline 6 t- 
phosphatase I 'ONa 

OH 

I (4-Aminoantipyrine) 

t Q 
,c = c, 

CH, 

(Orange product) 

FIO. 3. Alkaline ferricyanide 4-aminoantipyrine phenol color reaction [according 
to Powell and Smith (P22)l. 

Moreover, R - L values often give negative results with sera in contrast 
to D - L values (Table 3),  which are never negative. For these reasons, 
D-phenylalanine is included in the control digest whenever LPSAP is 
measured. 

As reported earlier (F16, G8) ,  placenta and intestine are two sources 
of alkaline phosphatase that are equally sensitive to L-phenylalanine. As 
can be expected, gastric and duodenal contents contain LPSAP as well. 
Preparations made so far from the following tissues contain much smaller 
amounts of LPSAP: liver, bone, kidney, lung, and spleen, usually of the 
order of 0-15% (Table 4).  

Under standard conditions, using 0.018 M phcnylphosphate and 0.005 M 
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TABLE 2 
RECOVERY OF INTESTINAL ALKALINE PHOSPHATASE ADDED TO SERUM 

AND TO TISSUE PREPARATIONS" 

R - L  D - L  

Material Rb Lb D* Found Expected Found Expected 

Serumc 
Mixture 1 
Mixture 2 
Mixture 3 
Mixture 4 
Tissue4 
Mixture 5 
Mixture 6 
Mixture 7 

~~ 

3.35 
4.65 
3.60 
2.15 
3.25 

21.34 
18.80 
13.30 
15.32 

3.05 
2.65 
2.10 
1.55 
2.10 

17.48 
10.40 
8.69 

11.15 

3.50 0.3 - 
5.50 2.00 2.45 
3.80 1.50 1.47 
2.35 0.60 0.75 
3.70 1.15 1.30 

18.7 3.86 - 
18.98 8.40 9.23 
13.4 4.61 5.92 
14.9 4.17 5.23 

- 0.45 
2.85 2.62 
1.70 1.60 
0.80 0.93 
1.60 1.55 
1.22 
8.58 8.12 
4.71 4.50 
3.75 3.43 

- 

~~~~ 

a These values are derived from phenol liberated from phenylphosphate under con- 
ditions previously described (F14). Values are in Bodansky-Shinowara units. 

R (regular) is the enzyme activity in the absence of phenylalanine, L that in the pres- 
ence of 0.005 M kphenylalanine, and D that in the presence of 0.005 M D-phenylalanine. 

The serum ww mixed with various known amounts of intestinal alkaline phosphatase 
in heat-inactivated serum to provide mixtures 1 to 4. 

Combination of liver and bone alkaline phosphatases to which various amounts of 
intestinal alkaline phosphatase were added to provide mixtures 5, 6, and 7. 

L-phenylalanine, the percent inhibitions of human intestinal liver and 
bone alkaline phosphatases are 77, 8, and 10 (Table 4), respectively. 

An attempt was made to find conditions in which human intestinal 
alkaline phosphatase would exhibit L-phenylalanine inhibition higher 
than 77%, by changing the substrate and inhibitor concentrations. 
The results in Table 5 illustrate that the employment of higher inhib- 

TABLE 3 
COMPARISON OF R - L AND D - L SERUM ALKALINE PHOSPHATASE VALUES 

Alkaline phosphatase (Bodansky-Shinowaraa units/100 ml) 
Serum 

specimen R L D R - L  D - - L  

1 3.85 4.10 4.45 -0.25 0.35 
2 3.60 3.60 4.25 0 0.65 
3 1.80 1.80 1.90 0 0.10 
4 13.60 14.10 15.60 -0.5 1.50 
5 1.50 1.60 1.80 -0.1 0.20 
6 2.60 2.75 3.00 -0.15 0.25 
7 5.90 5.65 6.80 0.25 1.15 

~~ 

a See footnote a to Table 2. 
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TABLE 4 

U SENsITIVITY OF ALKALINE PHOSPHATASE OF TISSUE AND BODY FLUIDS TO L-PmNYLALANINE'  ti 

Duodenal Bowel 2 
F 

tion (yo)" % 

x 
juice juice Placenta Intestine Lung Kidney Bone Bile Spleen Liver z 

No. of observations 5 5 10 20 4 3 6 5 8 7 1: 
9 .0  8 . 2  7 . 7  b Mean Irphenylalanine inhibi- 81 79 79 77 14.9 14.3 10.3 

Standard deviation k l . 0  k 1 . 2  k2.0 k 2 . 8  f 1 . 7  f 4 . 0  k 6 . 3  5 2 . 4  k3 .6  k l . 9  

Sourceb 

h 
0 5 mM at pH 9.3, 50 mM carbonate-bicarbonate buffer, with 18 mM phenylphosphate as substrate. Control digest contains 5 mM 

* Individual values for two specimens of stomach were 14 and 13%, and of pancreas were 9 and 12%. 

2 
F D-phenylalanine. 

x 100. D - L  

D 
c- 
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TABLE 5 
L-PHENYLALANINE INHIBITION OF ALKALINE PHOSPHATASE PREPARATIONS OF HUMAN 

INTESTINE, BONE, AND LIVER" 

Tissues 

Intestine Bone Liver 

Num- '% Inhi- Mean with % Inhi- Mean with % Inhi- Mean with 
ber bition- SD bition SD bition SD 

13 18 f 5 . 6  
16 
21 
12 
24 
25 
10 
21 
22 

17 16 f 3.1 
18 
15 
12 
13 
14 
19 
12 
12 

Using 2.5 mM phenyl phosphate and 7 mM inhibitor at pH 9.3 (50 mM carbonate- 
bicarbonate buffer). 

itor concentration (0.007 M )  and lower phenyl phosphate concentration 
(0.0025M) resulted in 91% inhibition of the intestine, but under the 
new conditions the bone and liver enzymes underwent inhibition to a 
greater extent (18 and 16%, respectively) than in Table 4. L-Phenyl- 
alanine concentrations greater than 0.005 M had no additional advantage 
in studies on differential organ inhibition. 

Contrast between the high LPSAP of placenta and intestine versus the 
slight LPSAP of liver and bone is marked in analytical studies with the 
AutoAnalyzer (Fig. 4). 

The standard enzyme preparation for measurement of LPSAP is a 
highly-purified specimen of human placental alkaline phosphatase made 
according to Ghosh e t  al. (G8). It is introduced as a standard in every 
tenth sample cup, after having been diluted in pooled heat-inactivated 
serum. The extent of inhibition is 77 2 2.0% with the 40 samplesJhour 
rate, and this value agrees with the manual results. Moreover, the type 
of inhibition for both placental and intestinal sources is uncompetitive 
(vide infra) . The results of the AutoAnalyzer are expressed in KA (King- 
Armstrong) units, and of the manual method in Bodansky-Shinowara 
units as defined previously (F14). The two are related in linear fashion 
in Fig. 5,  which yields the conversion factor of KA AutoAnalyzer units 
to Bodansky-Shinowara units of 3.0. 

The phenomenon of L-phenylalanine inhibition will be considered a t  



270 WILLIAM H. FISHMAN AND NIMAI K .  GHOSH 

length in a later section. At this juncture, it is sufficient to state that  the 
alkaline phosphatase activity in the presence of the noninhibitor D- 
phenylalanine is accepted as representing total activity. The activity 
measured in the presence of the inhibitor L-phenylalanine yields the 
uninhibited moiety, the difference between the results with D- and 
L-phenylalanines representing L-phenylalanine-sensitive alkaline phos- 
phatase (LPSAP). Occasional sera may show a slight activation by 
D-phenylalanine. According to our experience (F7), this is attributab!e to 

0" Intestine 

It: 

Placenta 

8 

Liver 
- 8  

FIG. 4. Differential AutoAnalyzer alkaline phosphatase tracings. In  each pair of 
peaks the tracings of the line containing L-phenylalanine precedes the one containing 
o-phenylalanine in the buffered substrate [according to Green e t  al. (G16)I. 

a competitive activation of alkaline phosphatase that has undergone a 
conformational alteration in structure (F7) .  The D-total value, therefore, 
is considered the maximal activity of the serum alkaline phosphatase. 

The detailed procedure including reagents is now described (FS) . 
Automated Procedure for LPSAP. The manifold illustrated in Fig. 6 

is constructed where possible with glass tubing. Incubation time begins 
with the entry of serum into the buffer substrate stream identified 
as D or L, through the H-3 cactus, and ends with mixture with the 
stream of the 4-aminoantipyrine (usually 10 minutes with 40-foot coils 
immersed in the incubator). Following the entry of ferricyanide solution 
30 seconds later, 3-mm internal diameter mixers produce a good rate of 
color development. The sample rate is 20/hour, and a 1:2 wash ratio is 
employed to accomplish full baseline return of the recording pen. Serum 
blanks are run in the same way, but substrate is omitted from the D and 
L streams. Optical density is read a t  505 mp. 
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Reagents and Standards. Phenol standards are prepared by diluting 
the stock phenol standard with clear pooled heat-inactivated sera to 
yield concentrations of 5-200 ,pg of phenol/ml. Tracings exhibited by 
standards are converted from peak percent light transmittance to optical 
density; this value is corrected by its individual serum blank and plotted 
to yield a linear curve relating optical density to micrograms of standard 
phenol. Baselines are set a t  98 and 98.5% transmittance. The peaks of 
the tracings for serum blanks are also converted to  optical density and 
read as micrograms of phenol, which are substituted into the formula 

MANUAL 

FIG. 5. Relation between Berum alkaline phosphatase determined in the Auto- 
Analyzer and by the manual method. AutoAnalyzer units are King-Armstrong, and 
manual units are Bodansky-Shinowara (F14). 

provided in the N-29 Technicon methodology. This formula yields the 
King-Armstrong unit for alkaline phosphatase based on a 15-minute 
incubation period. The difference in units between the D-total alkaline 
phosphatase activity and the activity measured in the presence of L- 

phenylalanine yields the L-phenylalanine-sensitive alkaline phosphatase 
(LPSAP) . 

Pregnancy sera are excluded from sera pooled for heat inactivation 
hours a t  55°C). 

Carbonate-bicarbonate buffer, p H  9.8: sodium carbonate (2.65 g) and 
sodium bicarbonate (2.11 g) are dissolved and adjusted to pH 9.8 with 
N sodium hydroxide or hydrochloric acid. The mixture is diluted to 1 liter 
with distilled water. 
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L-Phenylalanine-buffered substrate: L-phenylalanine (0.826 g, Calbio- 
chem) and 4.0 g of disodium phenyl phosphate are dissolved in 1 liter of 
carbonate-bicarbonate buffer and adjusted to pH 9.8. 

D-Phenylalanine-buffered substrate: D-phenylalanine (0.826 g ,  Calbio- 
chem) is substituted for L-phenylalanine, 4.0 g of disodium phenylphos- 
phate are added, and solution is coinpleted in 1.0 liter of carbonate- 
bicarbonate buffer and adjusted to pH 9.8. 

Sampler I1 
(Rate. 20 per hour) 

- Wash to sampler 

Colorimeter Recorder Calorimeter 

505mp filters 
15 mm tubular f / c  

FIQ. 6. AutoAnalyzer Manifold for L-phenylalanine-sensitive alkaline phosphatase 

4-Aminoantipyrine: 4-aminoantipyrine (1 g )  is dissolved in 1 liter of 
distilled water. 

Potassium ferricyanide : Potassium ferricyanide (5.0 g) is dissolved in 
1 liter of distilled water. 

Precautions. All reagents are filtered after preparation, stored in the 
refrigerator, and warmed to room temperature before use. The substrate 
solutions should be made up only in a quantity sufficient for a daily run. 
At the end of the day, the AutoAnalyzer is “scrubbed” with a low suds- 
forming detergent (Heikol) followed by copious rinsing with distilled 
water. This maneuver eliminates “noise” from the tracings. 

(F8). Waste lines 13 and 14 are both 0.90 in. and line 15 is 0.073 in. 
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The LPSAP often represents a single protein component (the slow- 
moving band) in individuals with blood types B and 0, as demonstrated 
by ourselves (F9, K25, S49) and others (Al7, B10, R7). It may also be 
associated with enzyme bands a t  other locations in gel zymograms (K25). 

3. Biochemical Studies on Alkaline Phosphatases of Tissues 

This section of the chapter is divided into six parts dealing in turn 
with kinetics, isoenzyme isolation, immunochemical and electrophoretic 
properties, heat sensitivity, and neuraminidase action. The purpose is 
to bring to the reader our present state of knowledge of those basic 
biochemical and biophysical properties that relate specifically to  iso- 
enzymes and their recognition. 

3.1. KINETIC STUDIES AND MECHANISM OF ENZYME ACTION 

Although a considerable literature records numerous studies in this 
field (A19, B17, C12, 53, L9, P16, S4, S5), many have been performed on 
preparations of tissues from other than human sources. I n  conformity 
with the subject of this chapter and to avoid species differences, most 
attention will be directed to human tissue alkaline phosphatases and in 
particular their variants. The stereospecific L-phenylalanine inhibition 
has provided the impetus to study its molecular mechanism, which neces- 
sarily requires an understanding of the mechanism of catalysis. It is 
expected that discovery of other stereospecific inhibitors will follow and 
that they may have even greater utility than L-phenylalanine. However, 
since it is the first such unique inhibitor, this section of the chapter will 
receive extensive treatment after a consideration of some basic kinetic 
information. 

3.1.1. Substrate Specificity and K ,  

The alkaline phosphatase activity under consideration is that of a 
monophosphohydrolase (International Enzyme Classification 3.1.3.1). 

A degree of organ specificity for substrate is to be expected. Thus, a 
substrate preference known is the ability of intestinal alkaline phos- 
phatase to hydrolyze o-carboxyphenylphosphate more rapidly than other 
substrates (F11, F13). Further, placental alkaline phosphatase is stated 
to hydrolyze p-nitrophenyl phosphate less rapidly than j3-glycerophos- 
phate (Sl) . Although ethanolamine phosphate is hydrolyzed preferen- 
tially by rat liver alkaline phosphatase, such a preference was missing 
from human liver preparations (F11). 

The use of two substrates plus a specific inhibitor can be of great value 
in identifying organ-specific isoenzymes, as shown by Green et al. (G16) 
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in the interpretation of tartrate-sensitive moieties of the serum acid phoa- 
phatase, employing phenyl phosphate and a-naphthyl phosphate. 

Michaelis Constants. Roche (R19) and Sarles (S6) suggested that 
the measurement of the affinity constant of the substrate for alkaline 
phosphatase might be a valid means of characterizing the organ sources 
in hyperphosphatasemia. Later, Moss and King (M36) were able to 
characterize isoenzymes in different tissues by the determination of 
Michaelis constants with /3-naphthyl phosphate as substrate. The tissue 
difference in K ,  values, although small, was found to be reproducible. 

PH 

FIQ. 7. pH optima for intestinal and placental alkaline phosphatases: (R) values 
in the absence of phenylalanine; (D) in the presence of 0.005M D-phenylalanine, 
and (L) in the presence of 0.005 M L-phenylalanine. The substrate concentration 
was 0.018 M phenyl phosphate. The triangles represent the intestine, and the circles 
represent human placenta. 

The respective values for K ,  ( p M )  are: liver, 67; intestine, 90; bone and 
kidney, 103 (+4, SD). Thus, although liver, bone, and intestine are 
different from each other, there is complete overlapping in the values of 
the bone with kidney isoenzymes. 

The K ,  values of different human tissues with various substrates are 
given in Table 6. 

3.1.2. p H  Optima 

These are listed in Table 7. Just as in the case of substrate, organ- 
specific pH optima have been observed. Thus, for example, purified 
human placental alkaline phosphatase exhibits an optimum pH of 10.6 
in contrast to 9.8 for the human intestinal preparation (Fig. 7). 

The influence of substrate and its concentration is of obvious im- 
portance. 8-Glycerophosphate is hydrolyzed a t  a slower rate than phenyl 
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phosphate and the optimum pH of its hydrolysis is lower-pH 8.8 vs. 
pH 9.8. Substrate concentration and pH are conveniently related in the 
Dixon plot of pK, vs. pH, as  in Fig. 8. For intestine, the point of inflec- 
tion a t  pH 8.6 is attributed to a dissociable group in the free enzyme 
and a t  9.6 to another dissociable group in the enzyme-phenyl phosphate 

FIG. 8. Relationship between pK, versus pH for intestine (rat) and placental 
(human) alkaline phosphatases. Filled circles represent intestine and open triangles 
human placenta. The plot for intestinal enzyme is made according to Ghosh and 
Fishman (G5). Ammonium sulfate fractionation was omitted during the purification 
of the placental enzyme. 

complex. Also the m3x;rnal velocity and the Michaelis constant were 
pH-dependent (G5) .  For placenta, the pK values were 9.3 and 9.9 in the 
free enzyme, and changed to 9.7 and 10.3, respectively, in the ES complex. 
The pK data are compatible with cysteinyl-SH and lysinyl E-NH, (C14) 
groups. 

The nature of the buffer is a variable (B41, G5) that requires evalua- 
tion and a judicious choice. Verona1 buffer, recommended by King’s 
group (K11, K12), undergoes decomposition a t  37°C SO that the pH of 
the digest, initially 9.8, is found to be 9.3 at  the end of 1-hour incubation. 
The popular use of 2-aniino-2-methyl-l13-propanediol and tris (hydroxy- 
methyl) aminomethane buffers neglects the consideration that these sub- 
stances serve as phosphoryl acceptors (D8) and directly enhance the rate 
of decomposition of the substrate. If the concentration of such a buffer is 
different in various laboratories, this alone could produce divergent data. 
In the study of amino acid inhibition, the buffer substances in the digests 
should not possess NH2 groups such as in glycine and ethanolamine, 
otherwise the interpretation of the results cannot be attributed exclu- 
sively to the added amino acid. In  particular, ammonium buffer is to 



h3 
4 
Q, 

TABLE 6 
THE MICHAELIS CONSTANTS OF HUMAN ALKALINE PHOSPHAT.4SES 

Enzyme Temp. 
NO. Substrate pH source Buffer ("(3) Kn(/.J4) Reference 

Phenyl phosphate 

Phenyl phosphate 
8-Glycerophosphate 
a-Naphthyl phosphate 

8-Naphthyl phosphate 

Phenyl phosphate 
B-Glycerophosphate 
Pyridoxal phosphate 
pNitropheny1 phosphate 

Phenyl phosphate 
5'-AMP 

9.3 Intestine Carbonate-bicarbonate (0.05 M) 

10.0 Intestine - 
10.0 Intestine - 
9.8 Intestine Carbonatebicarbonate (0.05 M) 

10.1 Intestine 
Liver 
Bone 

10.2 Kidney 
10.0 Kidney 
10.0 Kidney 
9.0 Brain 
9.0 Brain 
9.0 Brain 
8.9 Placenta 
9.1 Placenta 
9.3 Placenta 
9.5 Placenta 
9.7 Placenta 
9.8 Placenta 
9.9 Placenta 

10.0 Placenta 
10.1 Placenta 
10.3 Placenta 
10.5 Placenta 

Carbonate-bicarbonate (0.1 M) 
Carbonate-bicarbonate (0.1 M) 
Carbonatebicarbonate (0.1 M) 
Carbonatebicarbonate (0.1 M) 

- 
- 

Tris-acetate (0.1 M) 
Tris-acetate (0.1 M) 
Tris-acetate (0.1 M) 
Carbonate-bicarbonate (0.05 M )  
Carbonatebicarbonate (0.05 M) 
Carbonatebicarbonate (0.05 M) 
Carbonate-bicarbonate (0.05 M )  
Carbonate-bicarbonate (0.05 M) 
Carbonatebicarbonate (0.05 M) 
Carbonate-bicarbonate (0.05 M )  
Carbonate-bicarbonate (0.05 M) 
Carbonate-bicarbonate (0.05 M )  
Carbonate-bicarbonate (0.05 M) 
Carbonate-bicarbonate (0.05 M )  

37 

37 
37 
37 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
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103 
104 
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575 
316 
313 
370 
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1145 
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Fishman and Ghosh. 



8-Glycerophosphate 

Phenyl phosphate 
0-Gl ycerophosphate 
p-Met,hylphenyl phosphate 
m-Methylphenyl phosphate 
Phenyl phosphate 
m-Methoxyphenyl phosphate 
Phenyl phosphate 

10.2 Placenta Ethanolamine 38 

10.0 Placenta - 
10.0 Placenta 
10.0 Serum Carbonatebicarbonate (0.05 M )  
10.0 Serum Carbonate-bicarbonate (0.05 M )  
9.8 Serum Carbonatebicarbonate (0.05 M )  
9.8 Serum Carbonate-bicarbonate (0.05 M )  
9.5 Serum Barbitone (0.04 M )  

- 

Dilute Barbitone (0.04 M )  
serum 
(1:5) 

37 
37 
35 
35 
35 
35 
25 
30 
35 
40 
25 

30 
32.5 
35 
40 

1000 

1800 

645 
370 
350 
220 
180 
150 
260 

180 
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70 
50 
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In  the presence of 5 mM D-phenylalanhe. 
In the presence of 5 mM tphenylalanine. 



TABLE 7. OFTIMUM pH OF HUMAN ALKALINE PHOSPHATASES 

sub- 
strate Opti- 

Enzyme concn. mum 
Reference No. source Substrate (d) Buffer PH 

(1) Intestine 
( 2 )  
(3) Intestine 
(4) Placenta 
(5) Placenta 
(6) Placenta 
(7) 
(8) Placenta 
(9) 

(10) 
(11) 
(12) 

(14) 
(15) Serum 
(15a) Serum 
(16) Serum 

(13) 

(17) Serum 
(18) 
(19) 
(20) Liver 
(21) Bone 
(22) Kidney 
(23) Brain 
(24) Urine 

Phenyl phosphate 
a-Naphthyl phosphate 
8-Naphthyl phosphate 
Phenyl phosphate 
Phenyl phosphate 
8-Glycerophosphate 
Phenyl phosphate 
Phenyl phosphate 

fl-Glycerophosphate 

Phenyl phosphate 
Phenyl phosphate 
8-Glycerophosphate 

pMethylpheny1 phosphate 
m-Methoxyphenyl phosphate 
m-Methylphenyl phosphate 
8-Naphthyl phosphate 
8-Naphthyl phosphate 
8-Naphthyl phosphate 
Pyridoxal phosphate 
Phenyl phosphate 

18.0 
5.0 
5.0 

18.0 
72.0 
1 .0  
1 .0 
2.5 
5 .0  

5 .0  

4.0 
4.0 

20.0 

4.0 
4.0 
4.0 
5 .0  
5.0 
5.0 
0.33 
5.0 

Carbonatebicarbonate 
Carbonate-bicarbonate 
Carbonatebicarbonate 
Carbonate-bicarbonate 
Carbonate-bicarbonate 
Ethanolamine 
E thanolamine 
Carbonate-bicarbonate 
Ethanolamine 
Veronal 
Glycine 
Ethanolamine 
Veronal 
Glycine 
Veronal 
Carbonate-bicarbonate 
Barbital 

Carbonate-bicarbonate 
Carbonate-bicarbonate 
Carbonate-bicarbonate 
Carbonate-bicarbonate 
Carbonate-bicarbonate 
Carbonate-bicarbonate 
Tris-acetate 
Carbonate-bicarbonate 

9 .8  
10.1 
10.6 
10.7 

10.2 t 
10.3 
10.2 
9 .9  
9 .6  
9.7 
9.9 
9.6 
9.5 
9.8 
9 .3  

l::q 

::::I 10.0 

10.2 
9 .0  

10.1 

Fishman and Ghosha 

Moss and King (M36) 
Ghosh et al. (G8) 
Fishman and Ghosha 

Anagnostopoulos and Matsudaira (A16) 

Ahmed and King (85) 

King and Armstrong (K11) 
Nath and Ghosh (N9) 
Bodansky (B23, B24), Shinowara et al. 

(S30), Iieay and Trew (K3) 

Nath and Ghosh (N9) 

Moss and King (M36) 

Saraswathi and Bachhawat (S4) 
Delory and King (B47) 

w 

- 

a This paper. 
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be avoided, since i t  is inhibitory] especially to placental alkaline 
phosphatase. 

Our buffer preference in kinetic studies has been either 50 mM car- 
bonate-bicarbonate buffer or 12.5 mM boric acid-borate buffer. The 
kinetic data have been identical with the use of both buffers. I n  addition, 
the pH of the complete digest is the same a t  the end of the incubation 
period as when the mixture was put in the incubator, and there is no 
inhibition detectable at the recommended buffer concentrations. 

Bodansky (B32a) has dealt in detail with considerations of pH in the 
Shinowara (530) and Bodansky (B23) methods. 

3.1.3. Inhibitors and Activators 

The reader is referred to standard treatises and the literature for com- 
plete listings of inhibitors of alkaline phosphatase (B14, B32, E3, E13, F4, 
H8, H12, M8, M29, R18, R21, S19a, 543, W5). I n  this section we will 
concern ourselves only with those inhibitors that bear on human alkaline 
phosphatase isoenzymes. 

Studies on the cyanide inhibition of the enzyme by Cloetens (C12) and 
Drill and Riggs (D22) point to  the presence of two alkaline phosphatases 
in animal tissues. We have found cyanide inhibition of intestinal alkaline 
phosphatase (S19) to be noncompetitive. 

Historically, bile salts were first (B29) found to inhibit bone but not 
intestinal alkaline phosphatase, a fact that suggested organ differences 
in this enzyme. Somewhat later, the serum alkaline phosphatase of preg- 
nancy was found to be similarly insensitive to bile salts. 

Amino acids have been studied in relation to alkaline phosphatase, and 
organ differences have been observed by Bodansky (B30) and Fishman 
(F13). Inhibition is competitive in nature. The most recent study on the 
influence of L-histidine demonstrates alteration in the pH optimum (B33) 
of hydrolysis. Moreover, a survey of amino acid inhibitors (F11) has 
produced (F13) the unique stereospecific uncompetitive inhibitor, L- 

phenylalanine, which is discussed in detail in section 3.1.6. 
Metal ions (CS) such as Co2+ have been studied in conjunction with 

amino acids and synergistic phenomena have been described (B31). Mg’+ 
ions are known to activate many preparations of alkaline phosphatase 
but this effect differs with the enzyme source. 

In  the case of amino acids and metal ions, there are many instances 
of the reversal of activation by higher concentrations of these substances 
in the digest (A7, B31). 

Many phosphoryl acceptors are activators by virtue of directing the 
reaction toward products by the removal of inorganic phosphate in the 
form of the phosphate-acceptor compound. 



280 WILLIIM H. FISHMAN AND NIMAI K. GHOSH 

3.1.4. Essential Group 

The following is a list of groups that in the past have been considered 
necessary for alkaline phosphatase activity in general: tyrosinyl-OH 
(536, S37) , -NH, (A15, G15, L10) , -SH (A3, L10) , and metal site (A3, 
M13, P7, V5). 

In a detailed study by Fishman and Ghosh (F7), evidence has accu- 
mulated which suggests that the -NH, groups, including the e-NH, of 
lysine, participate in substrate binding only, whereas the SH and metal 
site are involved more directly in the catalytic event. In  the case of 
e-NH2 groups, o-methylisourea was the specific reagent used and, for 
a-NH, groups, the conditions of formaldehyde-acetamide inhibition of 
Fraenkel-Conrat (F22-F25) were employed. Inactivation of SH groups 
(B7) by p-hydroxymercuribenzoate, iodoacetamide, and iodine is consid- 
ered not only to alter the active site but also to disturb the three-dimen- 
sional configuration of the protein. Here, the presence of substrate can 
protect the enzyme from inactivation by iodoacetamide and iodine, while 
cysteine can reverse inhibition by these substances and by p-hydroxy- 
mercuribenzoate. Moreover, chelating agents such as EDTA, 8-hydroxy- 
quinoline, o-phenanthroline, apt-dipyridyl, etc., were strong inhibitors. 
Lastly, the effect of EDTA could be reversed by Zn2+ ions, an event that 
has been commonly observed in enzymes possessing the metal site (P7). 
Rat intestine was the enzyme source in this study. 

Accordingly, for rat intestinal alkaline phosphatase, consideration is 
limited to  the €-amino group of lysine, the -SH of cysteine, and a metal 
as sites involved in the catalytic event. 

Dabich and Neuhas (Dl)  recently suggested the existence of two 
groups exhibiting pK values of 8.6 and 9.6 in the active site of purified 
bovine alkaline phosphatase. The pK values obtained from pK,-pH and 
log V,,JK, curves by these workers are identical with those obtained 
with the intestinal enzyme (G5). They believed that a t  least three groups 
are required a t  the active site; they did not identify them, but suggested 
the use of group-specific reagents for their identification. 

In  earlier studies on essential groups, Sizer (S36) suggested, on the 
basis of iodine inactivation, that  the phenolic hydroxyl group of a tyro- 
sine residue might be essential for alkaline phosphatase activity. Later 
Morton (M30), in his interpretation of the Dixon (pK,-pH) plot ob- 
tained with calf-intestinal alkaline phosphatase, pointed out that the 
phenolic hydroxyl group of tyrosine might be in the active site. However, 
he gave equal weight (M30) to the alternative possibility that the essen- 
tial group could well be the r-amino group of lysine, since the pK values 
for the tyrosine hydroxyl and the r-amino group were very close to 
each other. 
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I n  our view, iodine inactivation in the case of rat intestinal alkaline 
phosphatase causes blocking of the -SH group, since other evidence for 
the presence of this group is strong. The €-amino group of lysine is con- 
sidered to be essential not merely because tyrosine can be reasonably 
excluded, but because rat intestinal alkaline phosphatase is inhibited by 
the lysine-specific o-methylisourea reagent and because the pK,-pH plot 
shows a discontinuity a t  pH 9.6 (G5),  the pK of the €-amino group of 
lysine (C14). 

The primary alcohol group of serine has long been implicated in the 
active site of alkaline phosphatase (B42, M20, 23) .  Thus, Engstrom 
(E3-E6) and Schwartz et al. (S22, S23) isolated radioactive O-phos- 
phorylserine in the hydrolyzate of E .  coli alkaline phosphatase which had 
been incubated with labeled phosphate containing 32P. Many have con- 
sidered this to be evidence for a phosphoryl enzyme in the same way 
that aryl enzymes are viewed as catalytic intermediates. However, i t  is 
now known (P4, W9, W10) that the phosphoryl enzyme is thermo- 
dynamically stable, and that the serine side chain acts only as the 
phosphoryl acceptor and not as an energy-rich intermediate. Also, the 
pK of the serine hydroxyl (pK = 13.5) is far removed from the pK 
values of the dissociable groups that are present in the free enzyme and 
the enzyme-substrate complex. Nevertheless, there is reason to include 
serine in the region of the active site, but its role may not be a limiting 
one. 

Finally, the imidazole group has not been found to be essential for 
alkaline phosphatase (P9). 

3.1.5. Mechanism of Catalysis 

The problem of elucidating the mechanism of catalysis by alkaline 
phosphatase has been attacked by a number of workers from different 
directions; from kinetic studies and modification of key linkages in the 
substrates and enzyme to the visualization of mechanism through models. 
Studies of related phosphohydrolases are relevant (A19, K26, L20, 
P11, P12). 

In  studies using phenyl derivatives with various substituents in the 
benzene ring of substrates for hydrolases such as plant acid phosphatase 
(N14), p-D-ghcosidase (N15), a-D-ghcosidase (H2), chymotrypsin (B15, 
C l ) ,  benzoyl cholinesterase ( O l ) ,  and aryl sulfatase (D18), and for 
oxidizing enzyme systems such as amino acid oxidase (N19) and alde- 
hyde dehydrogenase (D10) , the rate of enzyme-catalyzed hydrolysis was 
greatly dependent on the electron densities in that part of the substrate 
inolecule to which the enzyme could conceivably attach. The same con- 
clusions arrived a t  by employing the U-p relationship of Hammett (H4) 
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have been found to apply to similar findings with human serum alkaline 
phosphatase (N9). The results on the correlation of thermodynamic 
parameters (N10) and Michaelis constants (N9) with u values of the 
substituents in the substrate are compatible with Koshland’s induced-fit 
theory of enzymes (K22) and suggest a multipoint attachment between 
the enzyme and the substrate during complex formation, mediated 
through electrophilic and nucleophilic reactions between groups of oppo- 
site charge. Intramolecular electrostatic interaction between the groups 
(L9, L11) and configurational change during dilution (N8) are suggested. 

That the presence of a bridge oxygen linking R, the organic moiety, 
with is essential to make the molecule a substrate for alkaline 
phosphatase is apparent from the studies on its competitive inhibition 
by corresponding phosphonic acids in which the bridge oxygen is lacking 
(K19). 

The justification for postulating a metal, probably zinc (B21, V5), 
with coordination number 4 is based on the results obtained elsewhere 
(M13, P6) and in this laboratory on the inhibition of the enzyme by 
various metal chelators. During the formation of the ES complex, this 
positively charged metal site may participate in forming coordinate 
bonds with the bridge oxygen and the electron-rich ionic oxygen of the 
substrate (Fig. 9 ) .  This is in harmony with Najjar’s (N2) formulation 
of the phosphoglucomutase-G-1-P-transition complex, where a metal site 
is regarded as an anchoring point for the phosphoryl group of the sub- 
strate. Thus, the metal may be considered fixed in the enzyme surface by 
coordination with certain electron-rich atoms of the enzyme, one of which 
may be the sulfur of the sulfhydryl group. The other electronegative 
atom could be the oxygen atom of the serine hydroxyl, which is postu- 
lated to remain in the amino acid’s oxazoline ring (P15, R27) in esterases. 

On the basis of the foregoing considerations, one can propose a mech- 
anism of catalysis (Fig. 9) as follows. During enzyme-substrate com- 
plex formation, one electron-rich ionic oxygen of the phosphate ester is 
attracted toward the positively charged -NH3+ group of lysine. Owing to 
its greater electronegativity compared to phosphorus, the double bonded 
oxygen acquires a partial negative charge and hence this oxygen of the 
substrate conceivably becomes hydrogen bonded with the hydrogen- 
donating site of the -SH group. Linkages to the metal site then occur as 
shown, and the hydrolytic cleavage is initiated by a nucleophilic attack 
by the hydroxyl ion of the medium on the phosphorus atom (D17) of 
the substrate. The phosphate is subsequently released from the phos- 
phorylated enzyme intermediate. 

It is clear that  no inferences have been made regarding configuration 
of the protein or regarding the presence of each group on one, two, or 
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FIG. 9. A proposed mechanism for the catalysis of the hydrolysis of mono- 
phosphate esters by alkaline phosphatase. 

three different polypeptide chains. Also, the role of carbohydrate units is 
omitted since there is no evidence that they participate in catalysis (G7). 

The mechanism, insofar as ES formation is pictured, is consistent with 
the previous studies on alkaline phosphatase by Schwartz (S22), Port- 
mann et al. (P17), Plocke et al. (P7), Mathies (M13), Malamy and 
Horecker (M4),  Nath and Ghosh (N9, NlO), Stein and Koshland (S44), 
Cohn (C15), Engstrom (E2, E7) , Schlesinger and Barrett (S17), and 
Dabich and Neuhas (Dl) ,  and conforms to  the views of Klotz (K18), 
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Boyer and Harrison (B37), Cunningham (C21), Vallee (V5), and Hsu 
et al. (H20). It must be recognized, however, that the present knowl- 
edge does not exclude the possibility of other modes of enzymesubstrate 
attachment, but this (Fig. 9) appears to  be the likely one. 

3.1.6. Uncompetitive Inhibition by L-Phenylalanine 

The discovery of the stereospecific inhibitor, L-phenylalanine, arose 
from a systematic study of ra t  tissue alkaline phosphatases (F11) and 
from investigation of human intestinal and placental enzyme prepara- 
tions (F13, F16). 

In  normal healthy subjects, only placenta and intestine, including their 
secretions, exhibit substantial stereospecific inhibition by L-phenylalanine 
(Table 4). Moreover, the extent of this inhibition is the same for both 
placenta and intestine, approximately 80% (G16). Other tissues exhibit 
much lower inhibition when i t  does appear. Confirmatory studies have 
appeared (L2, R7, M35, N20, W6). 

The question of the organ specificity of the stereospecific L-phenyl- 
alanine inhibition should be examined again. The original finding in tis- 
sues and sera of nonpregnant individuals demonstrated that intestine 
and intestinal washings were the only sources inhibited to an extent of 
77% by 0.005 M L-phenylalanine, the other tissues registering &17% 
inhibition. Since then, placental alkaline phosphatase has evidenced the 
same behavior as intestine, and there are indications of appreciable 
phenylalanine inhibition of other tissue fractions. It is conceivable that 
alkaline phosphatase exists in a certain physical (folded?) state in the 
membranes of the striated border, and this native molecule is inhibited 
most completely by L-phenylalanine. In  homogenates this enzyme would 
appear in the microsomal fraction. Perhaps those tissues endowed with 
microvilli, active in absorption phenomena, that are rapidly producing 
alkaline phosphatase, as would be the case for intestinal mucosa and the 
placenta, have a disproportionately higher concentration of the L-phenyl- 
alanine-sensitive moieties. In  other words, the L-phenylalanine sensitivity 
of alkaline phosphatase in fresh tissues may be organelle- or site-specific 
rather than organ-specific, and may thus be related to the turnover rate 
of the enzyme or even of cells. Enzyme preparations from such tissues 
would have disproportionally higher LPSAP. Consequently, the serum 
LPSAP measurement in itself cannot be indicative of the organ source 
unless additional medical and laboratory data are available. These 
include blood type, secretor status, pregnancy, cirrhosis, steroid therapy, 
starch-gel data, etc. 
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Certain kinetic features of L-phenylalanine inhibition will now be 
described for the purified human intestinal and placental preparations 
of alkaline phosphatase. In  experiments on the effect of pH, Ghosh and 
Fishman (G5) observed that the degree of stereospecific L-phenylalanine 
inhibition of alkaline phosphatase from rat or human intestine and from 
human placenta is highly pH-dependent. Ra t  or human intestinal alka- 
line phosphatase exhibited maximum inhibition a t  pH 9.2 with phenyl 
phosphate as substrate, whereas the human placental alkaline phos- 
phatase had a peak a t  pH 9.6 (Fig. 10). 

PH 

FIG. 10. Inhibition by L-phenylalanine as a function of pH. Triangles represent 
human intestinal and circles represent human placental alkaline phosphatase 
preparations. 

The inhibition is also dependent on substrate concentration (Fig. 11). 
The L-phenylalanine inhibition of rat (G5) or of (Fig. 12) human 

intestinal alkaline phosphatase and of human placental (G6) enzyme is 
of the “uncompetitive” type, because the double reciprocal plots of 
velocity and substrate concentration were all straight lines parallel to 
those obtained without the inhibitor. Consequently, the extent of the 
inhibition was greatly dependent on substrate (Fig. 11) and inhibitor con- 
centrations (Fig. 10). Detailed studies have appeared elsewhere (G5). 

In  order t o  study how L-phenylalanine affects the rate of decomposi- 
tion of ES to products, k,, the first-order velocity constant for the decom- 
position, was determined with and without the inhibitor, using 0.05 M 
carbonate-bicarbonate buffer a t  pH 9.2. Km, necessary for the calculation 
of lc,, was obtained according to the method of Veibel and Lillelund as 
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FIG. 11. Inhibition by L-phenylalanine as a function of substrate concentration. 
The concentrations in the figure refer to L-phenylalanine; the enzyme source was 
rat intestine. 
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FIO. 12. Lineweaver-Burk plot relating the reciprocals of velocity and substrate 
concentration. For human intestine the substrate was a-naphthyl phosphate, and 
the ~phenylalanine concentration was 0.005 iM. For human placenta the substrate 
waa phenyl phosphate, and the cphenylslanine concentration was 0.0025 M .  
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TABLE 8 
DETERMINATION OF ka" OF INTESTINAL ALKALINE PHOSPHATASE IN THE 

PRESENCE OF D- AND L-PHENYLALANINE 
~~ ~ 

eo X lo3 l / k o  (min-l)d Km(M) ks X 108 (min-1) 
(mg S O X  lo4 

protein) (M)" D L D L D L 

0 .14  3 998.2 2584 3 . 4  1 . 1  
0 .14  9 2895.0 6115 2 . 7  1 . 1  
0 . 1 4  18 4669.0 13960 0,00019 0.00008 3 . 0  1 . 0  
0.28 3 506.4 1312 3 . 4  1 .1  
0.28 9 1339.0 3459 2 . 9  1 . 0  
0.28 18 2688.0 6579 0.00017 0,00010 2 . 7  1 . 0  

Mean ka with 0.005 M D-phenylalanine = 3.0  X standard error = f 0.05 X 10-3 
Mean k3 with 0.005 M L-phenylalanine = 1.05 X lopa; standard error = fO .01 x 10-8 

ka = first-order rate constant for the decomposition of the enzyme-substrate com- 
ko ( K m  + 80). plex into products.based on the relation ka = 

eo 
b e+ = concentration of the enzyme protein. 
c SO = initial molar concentration of the substrate. 
d ko = first-order rate constant for the overall reaction. 

applied to human serum alkaline phosphatase (N9) and other enzymes 
(N14, N15) [from the negative value of the intercept on the x: axis of 
the straight line drawn by plotting l /k0 values against the initial molar 
substrate concentration (so)] ; Ic,  was determined from the slope of the 
linear plot of the logarithm of the molar concentration of the unhy- 
drolyzed substrate versus time by the method of least squares. The mean 
of the two K ,  values obtained with two different enzyme concentrations 
was taken to calculate k, ;  the necessary data are shown in Table 8. 
Although the absolute value of k ,  cannot be obtained without the molar 
concentrations of the enzyme, e ,  in milligrams of protein was used for 
obtaining results from comparative purposes (Table 8).  The results in 
Table 8 indicate that the k ,  value is much less ( p  = 0.001) in the pres- 
ence of L-phenylalanine than that in its ab, Qence. 

The value (18,000 cal/mole) for the energy of activation for the 
hydrolysis of phenyl phosphate obtained from the slope of log V,,, versus 
1/T in the presence of L-phenylalanine is 3 times higher than that (6000 
cal/mole) in its absence. Hence, so far as the energy requirement is 
concerned (AS, F30), L-phenylalanine appears to enhance the activation 
energy (G9) necessary for the reaction and thus impedes the cleavage of 
the substrate. The fact that the percentage inhibition of intestinal phos- 
phatase by L-phenylalanine depends to  a great extent on both substrate 
and inhibitor concentrations supports the postulation that EIS is formed 
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during the course of inhibition. The data for k ,  values and activation 
energies do not conflict with our hypothesis of uncompetitive inhibition 
and formation of a stable enzyme-inhibitor-substrate complex. They also 
suggest that in the Michaelis-Menten scheme (M18) the inhibitor (I) 
combines with ES to produce EIS, 

ki kr 
E + S @ ES + E + Products 

J,I 
EIS 

which either does not break down to the products a t  all or does so a t  a 
slower rate in comparison with that of ES. The presence of the inhibitor 
reduces the Michaelis constant, lowers the rate of the decomposition 
( k , )  of ES to products, and increases the energy of activation; all these 
findings are compatible with the view that the enzyme-substrate complex 
encountered in this work combines with the inhibitor, forming an 
enzyme-inhibitor-substrate complex. 

- 
I E S + I  - E IS 

bR$kzd + L-phenylalanine 

-.S 

x 

FIQ. 13. Representation of the formation of an EIS complex during alkaline 

Alternative interpretations may be considered. Thus, Frieden’s (F29) 
Mechanism I lists four steps, each with corresponding dissociation con- 
stant, K ,  and decompositions of ES and EMS to products with their 
rate constants k,  and k,, 

phosphataae inhibition by bphenylalanine. Compare with Fig. 9. 

Kl !a 

K¶ 
E + S F ? E S  ( E S + E + P )  

E + M * E M  
Ka 

E S + M ~ E M S  ( E M S ~ E M + P )  (3) 

EM + s % EMS (4) 

in which S is the substate, E the enzyme, and M the modifier, which is 
defined as binding to  a site other than the active site of the enzyme. 
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Parallel curves of l / v  against 1/S (L16) are also characteristic of 
Frieden’s “limiting Case 3,” in which k ,  = 0 and K ,  = 00 ; and of his 
“nonlimiting Case 1,” which can occur in any set of circumstances in 
which K J K ,  = k,Jlc,. In  the latter situation when k ,  < k,, the enzyme 
binds the modifier more firmly in the presence of substrate than in its 
absence (inhibition). Additional experimentation is necessary to decide 
between these various alternatives. 

When L-phenylalanine is present in a proper concentration, the decom- 
position of the normal enzyme-substrate complex (ES) is impaired 
because of the intervention of the inhibitor. The carboxylate group of 
L-phenylalanine, negatively charged ionic species of which are prevalent 
at the alkaline pH of the digest, may be attached to a positive center 
of the enzyme molecule, presumably the metal site (Me), which can also 
coordinate simultaneously with the amino nitrogen and accept its lone 
pair of electrons. As a consequence, the ionic oxygen of the phosphate 
becomes distant from the sulfhydryl site and the bridge oxygen becomes 
separated from the metal site, which is now occupied by the carboxylate 
group of the inhibitor. The catalytic event is thus essentially prevented. 

Hypothetical Molecular Mechanism for ES and EIS Formation. The 
scheme in Figs. 9 and 13, although representing the general mechanism, 
fails to explains why L- but not D-phenylalanine is an uncompetitive 
inhibitor. What is required is a spatial model (L15) which could permit 
visualization of the positions of these two enantiomorphs of phenylalanine 
in the reaction mechanism. Accordingly, molecular models were built up, 
assuming that the NH,+ group is attached to lysine, that the SH belongs 
to cysteine, and that  X is the oxygen in the oxazoline ring derived from 
the serine hydroxyl group (Figs. 14, 15, and 16). In constructing the 
models, the amino acids have been assumed to be vicinal and on the 
same polypeptide chain. However, the only requirement is that the 
essential groups occupy the desired positions in space whether or not 
they are present on the same or different polypeptide chains. 

The model (Fig. 14) illustrates a surprisingly good fit of the substrate 
with the enzyme in forming the ES complex as outlined schematically 
in Fig. 9. Moreover, the L-phenylalanine is accommodated rather pre- 
cisely in the enzyme-inhibitor-substrate complex and the interacting 
groups, particularly the metal site, are brought into closer apposition 
(Fig. 15). On the other hand, D-phenylalanine, having its phenyl group 
in a plane perpendicular to  that of L-phenylalanine, encounters steric 
hindrance by the a-helix of the enzyme molecule and a poor fit results 
(Fig. 16).  

Similar arguments as  to the steric position of the benzyl group as 
postulated above were put forward by Awad et al. (A20). 
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FIQ. 14. Dreiding model of the enzyme substrate (ES) complex as hypothesized 
from Fig. 9. 

The results of previous observations (F11) are compatible with the 
mechanism of EIS (Figs. 13 and 15). Thus the inability of /3-phenyl-8- 
alanine and formylphenylalanine to  inhibit ra t  intestinal alkaline phos- 
phatase is understandable since the former compound does not have 
amino and carboxyl groups in the a-position, a prerequisite for the 
attachment to enzyme and substrate, and in the latter reagent the free 
amino group is blocked by the formyl radical. Also, glycylphenylalanine 
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FIG. 15. Dreiding model of the enzyme-inhibitor-substrate (EIS) complex as 
hypothesized from Fig. 13. 

and glycyltyrosine lack such a-amino groups and cannot be expected to  
be inhibitors. The position of the benzyl group in phenylalanine also 
becomes a determining factor. Thus it was observed (F11) that a-phenyl- 
p-alanine is not an inhibitor of rat intestinal alkaline phosphatase. 

The true picture of the mechanism will be forthcoming only when the 
amino acid sequence of the active center of human alkaline phosphatase 
can be elucidated. It should be added that extensive unpublished studies 
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FIG. 16. Dreiding model of a hypothetical enryme-substrate-n-phenylalanine 
complex. 

have failed to demonstrate an allosteric phenomenon but are consistent 
with a homosteric mechanism of inhibition. 

3.2. ISOLATION OF ISOENZYMES 

This section deals particularly with the isolation of alkaline phos- 
phatase of human serum and tissues. Studies on nonhuman sources have 
appeared (B17, B18, M3, M4, M28, P16, S16, S18, S19). 

At the present time, an isoenzyme of alkaline phosphatase carries an 
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organ identity and has biochemically distinct properties. If the isoenzyme 
yields more than one band on electrophoresis, these enzyme bands are 
termed electrophoretic variants. Chromatographic variants would be 
obtained by chromatography. 

Previous work on human alkaline phosphatases has utilized chro- 
matography (E10) and starch-gel electrophoresis. Thus in 1956 Boman 
and Westlund (B34) reported the purification and separation of serum 
phosphatases by Dowex-2 column chromatography. Moss (M34) used gel 
filtration on Sephadex G-200 and DEAE-cellulose chromatography for 
separating 5’-nucleotidase and nonspecific alkaline phosphatase activities 
in human sera. In  most of the studies of alkaline phosphatases in human 
tissues of liver (M33), intestine (M34, M35), bone (hI36), kidney (B46), 
and urine (B44, B46, B47), crude extracts of these tissues were used and 

FIG. 17. Starch-gel patterns of Sephadex G-200 gel filtrates of human p!acental 
dkaline phosphatase showing the fractionation of variants A and B. The fraction 
numbers are indicated. The direction of migration was from bottom to top (anode). 

only slight purification of the enzyme was achieved. Moss et al. (M36, 
M38) also purified alkaline phosphatases from liver, kidney, intestine, 
and bone by starch-gel electrophoresis. Reis (R3),  Seelich and Ehrlich- 
Gomulka (S27), and Anagnostopoulos and Matsudaira (A16) were among 
the first to recognize human placenta as a rich source of alkaline phos- 
phatase and to use i t  in purification. Further advances in purity were 
made by Ahmed and King (A4), who employed steps requiring butanol 
extraction, ammonium sulfate fractionation, and electrophoresis. The 
relevant properties of the enzyme were also investigated (A5, A6). 

In  this laboratory, attempts (G6, G8) have been made to purify and 
crystallize human placental alkaline phosphatase enzyme by a number 
of procedures involving homogenization with 0.05 M Tris buffer (pH 8.6), 
extraction with butanol, ammonium sulfate precipitation, exposure to 
heat, ammonium sulfate fractionation, dialysis, repeated ethanol frac- 
tionation, gel filtration with Sephadex G-200 (Fig. 18), continuous cur- 
tain electrophoresis on paper (Beckman Model CP),  multiple TEAE- 
cellulose anion exchange chromatography, and equilibrium dialysis. 
Variant A (electrophoreticnlly fast-moving) of human placental alkaline 
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phosphatase has been purified 4000-fold, and the final enzyme (variant 
A) was completely free (Fig. 18) from variant B (electrophoretically 
slow-moving) and was found to be homogeneous, judged by a number of 
criteria, such as sucrose density gradient centrifugation, ultracentrifuga- 
tion, Sephadex-gel filtration, starch-gel electrophoresis, and Sephadex-gel 
electrophoresis. The final enzyme preparation showed an activity of 1130 
international units per milligram of protein, which appeared to be higher 
than that reported by Anagnostopoulos and Matsudaira (A16) and 

FIQ. 18. Starch-gel pattern of placental alkaline phosphatase isozymes in the 
final steps of the purification: (a) variant A and B in the best alcohol fractions before 
Sephadex-gel filtration, (b) variant A after removing B in the Sephadex-gel column, 
and (c) crystalline alkaline phosphatase (variant B). 

Ahmed and King (A4) or by investigators who used other mammalian 
or bacterial sources (M4, P7). 

Variant B of the human placenta may represent a mixture of less 
soluble multimers and their aggregates. Thus, studies on Sephadex-gel 
filtration, sucrose density-gradient centrifugation, and ultracentrifuga- 
tion suggest that the B-form (MW, 200,000 plus) represents heavy 
molecular aggregates of the A-form. The slow-moving variant B of 
human placental alkaline phosphatase has been most readily separated 
from the fast-moving variant A by molecular sieve chromatography, the 
former coming off first from a Sephadex G-200 column during gel filtra- 
tion (Fig. 20). Finally, variant B has been prepared in crystalline form 
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FIQ. 19. A photograph of the Sephadex G-200 column showing two zones. Variant 
A is recovered from the slower band, and variant B from the faster band (closest 
to the bottom of the column). Compare with Fig. 17. 

(Fig. 21) and is slowly transformed into variant A on prolonged storage 
(4 months) in the cold room a t  pH 9.2. Variant A has not yet been 
prepared in the crystalline state. Its molecular weight is 70,000 and the 
sedimentation constant is 4.2. The details of the purification and the 
properties of variants A and B will appear elsewhere. 
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FIG. 20. Appearance of crystalline alkaline phosphatase (variant B) in bright light ( l e f t )  and under polarized 
light ( r i g h t ) ,  ~ 6 0 0 .  
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Attempts were made to purify brain alkaline phosphatase (55).  
Heterogeneity of alkaline phosphatase in human and mouse intestine 

(M34, M35), calf intestine (B13), liver (M33), and kidney (B46) has 
been reported in the literature, but the separation of the individual 
components, especially the slow- and fast-moving isozymes completely 
free from each other has not been achieved. It may be reasonable to 
suggest that in each organ several variants may be expected, but their 
biochemical significance is basically the same. 

Techniques of eluting proteins from starch gel (G14, J1) may find 
application for isolation and quantitation (54) of variant forms of 
isoenzymes. 

3.3. IMMUNOCHEMICAL PROPERTIES 

3.3.1. Fundamental Approach 

Theoretically, since immunological specificity is extremely precise, an 
antibody to a pure antigen will react exclusively with this antigen. If 
alkaline phosphatase proteins differ according to the tissue from which 
they have been prepared, then specific antibodies for each can be pro- 
duced by animals being immunized with the individual organ protein. 
A desirable condition is that the antigen-antibody complex be insoluble. 
An undesirable circumstance would be the presence of cross-reactions 
between the antibody of one organ with the antigen of several organs. 
Also the possibility exists that  the purified antigen may represent only 
one variant form of the particular organ isoenzyme. 

3.3.2. Observations 

Schlamowitz (S10) was the first to undertake studies designed to test 
the immunological approach. Sera were collected from rabbits which had 
previously received alum-adsorbed suspensions of purified dog intestinal 
enzyme. The resulting antibodies were specific, precipitating intestinal 
enzyme completely from a mixture with liver or kidney enzyme. It was 
noted, however, that the complex remained soluble with quantities of 
antigen which were either smaller or greater than the amount that gave 
complete precipitation. To accomplish precipitation under all conditions 
of antigen (alkaline phosphatase) concentration, resort was made to  the 
addition of horse antirabbit a-globulin antibody, which combines with 
the antigen-antibody complexes. Also, Schlamowitz (Ll,  5114314) em- 
ployed inactivated intestinal alkaline phosphatase (cysteine-treated) as 
carrier in the system to increase the concentration of antigenic protein. 
However, antisera prepared against human bone alkaline phosphatase 
precipitated human liver and kidney phosphatase in addition to the bone 
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enzyme in the presence of horse antibodies. A 38-year-old male exhibited 
an intestinal component, based on the specific antibody test, that  consti- 
tuted 2870 of the total serum alkaline phosphatase. 

In 1961 Nisselbaum et al. (N22) concluded that the major portion of 
serum alkaline phosphatase was osteogenic in origin because approxi- 
mately 66% of the alkaline phosphatase in the sera of three normal 
patients was precipitated by antihuman bone phosphatase sera. This 
percentage was appreciably higher in five cancer patients (two with liver 
metastases, two with bone metastases, and one with metastases to  both 
liver and bone), However, the antibone phosphatase serum precipitated 
liver and kidney alkaline phosphatase as effectively as it did bone. The 
authors were not willing for other reasons to attribute to kidney and liver 
a role as tissue sources of serum alkaline phosphatase, but favored bone 
as the major source. Pelichova et al. have extended the work on intestine 
(P3) * 

Boyer’s studies (B39) appear to  indicate a lower degree of organ 
enzyme specificity than that observed by Nisselbaum et al., in that  anti- 
human intestine alkaline phosphatase sera cross-reacted with kidney and 
placenta. Also, the antihuman bone preparation precipitated alkaline 
phosphatase from spleen, liver, kidney, and intestine. Boyer considers 
liver, bone, spleen, and kidney 3-phosphatases to be closely related pro- 
teins, followed by intestine and placenta, the enzyme from these latter 
tissues representing a second and third class of alkaline phosphatase 
proteins. Intestine and placenta partially cross-react with one another 
and with a minor kidney component. Three genetic loci are considered 
by Boyer, therefore, to control the synthesis of alkaline phosphatase. 
The most recent study in this area is reported by Birkett et al. (B19). 

At the present time, therefore, one cannot assume that, even if each 
organ possesses an antigenically different alkaline phosphatase, i t  could 
be isolated without change. The variation in results may result from the 
use as antigens of enzyme preparations in various degrees of purity, 
homogeneity, and molecular size. It would be hazardous to interpret 
without qualification or without other evidence the medical significance 
of inmunochemical data with individual organ alkaline phosphatase 
antisera. 

3.4. ELECTROPHORESIS 

Significant advances have been made during the last decade in the 
development of new techniques of paper, starch-, and agar-gel electro- 
phoresis. Soon after the introduction by Smithies in 1955 of the technique 
of starch-gel electrophoresis as an important analytical tool for the 
fractionation of serum proteins (P21, R8), this procedure proved val- 
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uable in the discovery of multiple molecular forms of enzymes, beginning 
with lactic dehydrogenase (F28, H9, H11, H14, H15, M7, M8, V9, W8, 
21). Then there followed the demonstration of multiple-molecular forms 
of a number of enzymes such as esterase (Al l ,  H23, H24), ribonuclease 
( M l l ) ,  acid phosphatase (A9, E9, H18), and alkaline phosphatase (A10, 
C22, E8, K23, K24, M37, P13, R24, 52). 

We will now deal separately with the electrophoresis on paper, starch 
gel, agar gel, and Sephadex gel of alkaline phosphatase. 

3.4.1. Paper Electrophoresis 

Baker and Pellegrino (B3) carried out paper electrophoresis of serum 
alkaline phosphatase and identified the enzyme by cutting out the appro- 
priate areas of the paper, eluting the enzyme, and performing the enzyme 
assay, or by incubating the whole strip with buffered a-naphthyl phos- 
phate and coupling the liberated a-naphthol with diazotized o-dianisidine. 
The enzyme band coincided with the a,-globulin zone. The identity of the 
enzyme in the paper strip was established by determining its optimum 
pH. Wolfson (W12) and Ahmed et al. (A4) were also able to  visualize 
the alkaline phosphatase after paper electrophoresis by incubating with 
p-nitrophenyl phosphate and then exposing the paper to ammonia vapor. 
Similar attempts were made by Taleisnik et al. (Tl) and Keiding (K5). 

In  Ghosh and Nath’s experiments with paper electrophoresis (barbitone 
buffer, pH 8.6), rachitic serum showed an alkaline phosphatase mobility 
close to the mobility of @-globulin (N11). Sera from infective hepatitis 
and obstructive biliary cirrhosis, however, showed maximum alkaline 
phosphatase activity in the a,-globulin zone (G5). 

3.4.2. Starch-Gel Electrophoresis 

The findings made in healthy individuals will be reviewed before the 
results in pathological tissues and disease. 

The resolution of the isozymes of human alkaline phosphatase in 
normal individuals by starch-gel electrophoresis was systematically 
studied in 1961 by Boyer, who observed a characteristic alkaline phos- 
phatase pattern similar in pregnancy sera and in placenta (B38). With 
regard to  placenta, recent work (H5, R15, R16) has indicated genetic 
variation of placental alkaline phosphatase in human placenta when the 
starch-gel electrophoresis is carried out a t  two different pH’s (8.6 and 
6.0). Other tissues could not be differentiated by their starch-gel patterns 
by Boyer (B38, B39). 

The combination of immunochemical and starch-gel techniques for 
identifying isoenzymes was applied by Boyer, who studied the super- 
natant fractions of centrifuged mixtures of enzyme plus antihuman 
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alkaline phosphatase sera for the particular tissue source and also for 
other tissue sources. The results have been referred to earlier and must 
be regarded as disappointing from the point of view of organ identifica- 
tion of serum alkaline phosphatase. 

Much of our information on the behavior of purified human tissue 
alkaline phosphatases on starch gel has come from Dr. Moss’ laboratory. 
Thus, studies on normal human liver alkaline phosphatase (M33) in 

FIG. 21. Alkaline phosphatase zones after starch-gel electrophoresis of human 
intestinal extracts. The single pattern on the left labeled d is that of fresh butanol 
extract of human intestine [from Fig. 1 in Moss’ report (M34)I. The pattern labeled 
E is the same intestinal extract stored for 4 months at -20°C (before chromatog- 
raphy). A, B, and C are different fractions obtained by DEAE-cellulose chromatog- 
raphy of E (M34). 

autolyzed and butanol-extracted preparations in 1962 demonstrated the 
existence of four different variants in this tissue; the relative amount of 
the different fractions, however, was found to be dependent on the 
methods of preparation of the enzyme. In the case of human intestinal 
alkaline phosphatase, several zones were produced by aged butanol 
extracts (M34). [A similar suggestion of the alteration in properties of 
the enzyme as a result of the change in the active center of nonspecific 
alkaline phosphatase during the course of extraction and purification was 
made by Nath and Ghosh (N5), Vecerek e t  al. (V6, V7), and Sandler and 
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Bourne (53) .] Moss and King (M36) separated different zones of human 
alkaline phosphatase by starch-gel electrophoresis and determined their 
Michaelis constants. They also found a high degree of overlap of the 
various bands on starch-gel electrophoresis of purified human tissue 
alkaline phosphatases. In  another study, purified intestinal alkaline 
phosphatase (M34, M35) was found to  travel to several positions includ- 
ing the typical slow zone. More recently Moss e t  al. (M38) reported the 
neuraminidase sensitivity of human liver alkaline phosphatase. Butter- 
worth and Moss (B45) showed that purified human renal alkaline 
phosphatase is also neuraminidase-sensitive, as the electrophoretic mo- 
bility of the enzyme in the starch gel was considerably reduced after 
neuraminidase treatment. 

Studies on starch-gel electrophoresis of normal human urinary alkaline 
phosphatase (B44) revealed the presence of a urinary phosphatase that 
moved faster than any seen in serum or in any of the human-tissue 
extracts. This zone was also present in increased amounts in the urine 
of patients with renal disease (B44, B47). Sephadex G-200 gel filtration 
demonstrated urinary alkaline phosphatase to have a lower molecular 
weight than that of the renal enzyme. 

Also, Hodson e t  al. (H17) applied Smithies’ technique for the charac- 
terization of alkaline phosphatases from different tissues (intestine, liver, 
bone, etc.). In  their report they questioned the contention that the 
osseous system is the main contributing source of human plasma alkaline 
phosphatase (H17), and preferred liver alkaline phosphatase as the main 
fraction of serum alkaline phosphatase. Hodson e t  al. (H17) observed the 
occasional presence of alkaline phosphatase a t  the intestinal region also 
in sera after electrophoresis. 

Starch-gel electrophoresis of the alkaline phosphatase in the butanol 
extracts of leukocytes revealed three variants of the enzyme. Peacock 
et  al. (Pl) have devised a method for leukocyte alkaline phosphatase 
assay. An additional variant was detected in blood leukocytes of leukemia 
patients treated with 6-mercaptopurine (R10). Robinson and Pierce (R7) 
indicated that there might be a fundamental difference in molecular 
structure of the human serum alkaline phosphatase proteins because 
serum alkaline phosphatase, when incubated with neuraminidase prior to 
electrophoresis, demonstrated reduced anodal migration of those iso- 
enzymes that are not L-phenylalanine-sensitive. L-Phenylalanine-sensi- 
tive enzyme of intestinal origin was found to be neuraminidase-resistant. 

Much attention has been devoted in this laboratory to the starch-gel 
electrophoretic studies of various human tissue alkaline phosphatases, 
especially those intestinal and placental alkaline phosphatase isoenzymes 
that undergo stereospecific inhibition by L-phenylalanine and not by its 
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D-isomer. It has been possible to separate and identify the different 
variants of alkaline phosphatases in human placenta by Sephadex-gel 
filtration, sucrose density-gradient centrifugation, and ultracentrifuga- 
tion, and in these studies starch-gel electrophoresis has proved to be 
unique in characterization of different isoenzyme fractions. Figure 17 

FIQ. 22. Starch-gel patterns in the bile, tissues, and sera [according to Chiandussi 
et al. (C7)l.  

shows typical starch-gel zymograms showing the progress of the filtration 
of slow- and fast-moving species of placental alkaline phosphatase, which 
is explained by the difference in molecular weights of the variants (G6). 

Starch-gel electrophoresis of pathological sera led to the indication 
that there might be different alkaline phosphatase enzyme patterns 
in sera of patients with bone and hepatobiliary disease (C7). Taswell and 
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Jeffers (T2) did electrophoretic studies on serum alkaline phosphatase 
in hepatobiliary and skeletal disease (Fig. 1). They found eight separate 
zones of alkaline phosphatase activity arranged in three distinct patterns, 
and suggested the use of the starch-gel zymogram in the differentiation 
between obstructive, metastatic, or infiltrative hepatobiliary disease, 
parenchymal hepatic disease, and osteoblastic disorders. 

Most of the studies before 1965 were unable to make a clear-cut dis- 
tinction between liver and bone components, since they frequently 
overlap with each other because of a subtle difference in the rate of their 

FIG. 23. Demonstration of heterogeneity of L-phenylalanine-sensitive serum 
alkaline phosphatase in a patient with alcoholic cirrhosis [according to Kreisher 
et  al. (K25)l. 

migrations in the electric field. In  addition, in these previous studies 
interpretation was lacking for a multitude of slow-moving component.e 
(T2) (Fig. 22). 

Attention has been directed recently to the slow band that appears in 
the serum pattern of many normal subjects as well as of ill patients. I ts  
discoverers (A17, B10, 532) and others did not identify the tissue source 
of this band, although it was in the intestinal position. By employing 
L-phenylalanine sensitivity as a criterion, the slow band was identified 
as intestinal by Fishman and Kreisher (F9), Kreisher e t  al. (K25) 
(Fig. 23), and Robinson and Pierce (R7). The band can be demonstrated 
in all individuals who are “secretors” of ABH substance in the saliva 
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after ingestion of a fat-enriched breakfast, but is normally not seen in 
individuals of blood type A. L-Phenylalanine-sensitive alkaline phospha- 
tase has been found to be elevated in a number of normal subjects ingest- 
ing a fat-enriched breakfast (12, L2). 

It is now possible to demonstrate [after electrophoresis for 18 hours 
a t  5°C (B6) ] the location of L-phenylalanine-sensitive alkaline phos- 
phatase in gels directly by a postcoupling technique developed by Inglis 
and Fishman (Fig. 24); the simultaneous coupling reaction in the 
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FIO. 24. Postcoupling azo dye reaction for naphthol as employed in developing 
starch-gel zymograms of alkaline phosphatase. 

presence of L-phenylalanine leads to decomposition and the appearance 
of dye precipitate that makes the gels uninterpretable. The gels are now 
overlaid with filter paper, one segment in contact with paper wet with 
buffered a-naphthyl phosphate and 0.005 M D-phenylalanine, and a second 
segment with buffered substrate plus 0.005 M L-phenylalanine. After 
incubation for 2 hours a t  37"C, the strips are removed and the gels 
flooded with 4-benzylamino-2,5-diethoxybenzene diazonium chloride solu- 
tion and the mixture is kept in the refrigerator until the intensity of the 
bands is fully developed (5-60 minutes, depending on the enzyme con- 
centration). The same staining technique is applied to gels in which one 
is comparing the results before and after heating the serum for 15 minutes 
a t  56°C and before or after neuraminidase treatment (vide infra) . 
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The sensitivity of the technique is satisfactory, since sera with only a 
modest amount of serum alkaline phosphatase (1 .O Bodansky-Shinowara 
unit) can be successfully electrophoresed without resorting to prior con- 
centration of the serum. 

The gels are cleared in hot gelatin, mounted on glass slides, and pro- 
tected with a glass coverslip. In this condition, clearly interpretable 
photographs are taken and scanning in a densitometer ( Photovolt) be- 
comes practical and reproducible (Fig. 25). 

3.4.3. Agar-Gel Electrophoresis 

Stevenson (547) and Port and Van Venrooy (P14) were able to demon- 
strate alkaline phosphatase activity following agar-gel electrophoresis. 
This technique was further developed by Haije and DeJong (Hl),  who 
obtained characteristic separate bands for liver and bone alkaline phos- 
phatases. Dymling (D24) applied the technique to pregnancy serum and 
placenta. 

Electrophoresis on cellulose acetate paper has also been employed for 
the characterization of human alkaline phosphatase isoenzymes by 
Korner (K20, K21) and Posen et al. (P19). A modification of the Gomori 
technique (Gl l -Gl3)  for the histochemical localization of alkaline phos- 
phatase was made by Allen and Hyncik (A10) to visualize the enzyme 
zones in the starch and agar gels. 

3.4.4. Sep hadex-Gel Electrophoresis 

Although starch-gel electrophoresis has proved to be uniquely useful in 
the fractionation of different isoenzymes and in the separation of 
serum proteins (S38-S41), it also has its limitations. The development of 
serum protein patterns on the starch gel after electrophoresis presents no 
problem a t  all, presumably because the concentration of protein is very 
high (70 mg/ml). But  when the starch-gel technique for the identifica- 
tion of protein was applied to purified preparations of tissue alkaline 
phosphatases, we did not succeed in visualizing the protein bands of the 
very low amounts of enzyme. With a view to solving the problem of 
resolving weak protein solutions (0.05-1.0 mg/ml), we have developed 
techniques of Sephadex-gel electrophoresis (13) for the fractionation and 
characterization of human tissue alkaline phosphatase preparations. The 
patterns (Fig. 26) show the Sephadex-gel electrophoresis zymograms of 
an alkaline phosphatase specimen prepared from human placenta along 
with a variety of sera. The fractionation of human alkaline phosphatases 
in pregnancy serum is somewhat sharper than that obtained with starch 
gel. 
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FIG. 25. Densitometer tracings and starch-gel pattern of a patient with cirrhosis 
of the liver. Upper gel and tracings were obtained in the presence of D-phenylalanine 
applied with substrate to the gel; lower gel and tracings were obtained in the 
presence of L-phenylalanine plus substrate. The direction of migration is from right 
to left. Note that the intensity of the slow-moving bands is reduced both visibly and 
by densitometry in the presence of L-phenylalanine. [Reproduced through the 
courtesy of Stolbach et al. (S49)l. 
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FIG. 26. Sephndex-gel electrophoresis of sera and of placenta as indicated. 
Albumin (arrow) bands are enzyme-negative. Thick gel technique (13). 

Disc electrophoresis with acrylamide gel (S35) has been developed 
(D7, 02) and is now frequently used for enzyme separations. 

3.5. HEAT SENSITIVITY 

The greater heat sensitivity of bone alkaline phosphatase as compared 
to that of liver, kidney, and intestine was first reported without comment 
by Moss and King (M36). The incubation periods (at  55°C and pH 7.0) 



308 WILLIAM H. FISHMAN AND NIMAI K. GHOSH 

required to reduce activity to one-half the initial value were 8, 18, 12, 
and 15 minutes for bone, liver, kidney, and intestine, respectively. 

By contrast, the placental enzyme is distinguished by great heat 
stability, its activity unchanged after 30 minutes a t  70°C in the presence 
of Mg“, according to Neale e t  al. (N18). It is noteworthy that pregnancy 
serum, especially in the third trimester, possesses a preponderance of 
heat-stable alkaline phosphatase (M15, N18). 

The Mg requirement (lo-’ M )  was necessary to preserve the heat sta- 
bility (75°C) of alcohol-fractionated and freeze-dried placental homog- 
enate, but not of fresh placental homogenate and serum enriched with 
placental enzyme (N18). 

Attempts to employ the heat instability of bone to interpret the hissue 
origin of serum alkaline phosphatase were made by Posen e t  al., who 
stated (P19), without presenting an analysis of their data, that mixtures 
of “osteoblastic” and “hepatic” sera exhibited the heat inactivation to 
be expected from their individual heat inactivation values. Magnesium 
ion was absent from the sera during heating. It was clearly shown that 
a significant degree of variation could be expected in the heat sensitivity 
of eight different bile specimens and five individual bone homogenates. 

In  this laboratory, partially purified enzyme preparations from bone, 
liver, and intestine have been employed in experiments designed to test 
the quantitative utility of the heat sensitivity. A typical experiment is 
reproduced in Table 9, and demonstrates the recovery in mixtures of the 
three organ enzymes. 

Our data support the statement that the heat sensitivity of each 
enzyme source remains characteristic and independent of the influence of 
the others in the mixture, and that the resultant heat inactivation is an 
additive function of the heat-sensitivities of members of the mixture. Bone 
enzyme from different sources is very consistently heat-sensitive (85- 
90%) , unlike intestinal (50-65%) , and liver enzyme (50-75%). However, 
the heat sensitivity of the LPSAP of normal serum can vary from 33 
to 8.5% and of the non-LPSAP fraction from 50 to 95%. Therefore one 
cannot determine the identity of the organ sources of serum alkaline 
phosphatase with a knowledge of only the heat sensitivity and the total 
alkaline phosphatase. However, by correcting the heat-inactivation of 
serum by that contributed by intestinal component, one obtains the heat- 
inactivation of non-intestinal sources of alkaline phosphatase. If this 
value is 90% or more, the non-intestinal component could be presumed 
to be of osseous origin; if 60% or less, of hepatic origin. 

The L-phenylalanine-sensitive component of serum alkaline phos- 
phatase exhibits heat sensitivity that on occasion is far below or far 
above the expected heat sensitivity for intestine. For this reason, it is 
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unjustified to employ an average tissue value for computing the heat 
sensitivity of intestinal and nonintestinal moieties from a knowledge of 
the total, LPSAP, and heat inactivation values, 

The extent of heat inactivation of the LPSAP and non-LPSAP moieties 
of serum alkaline phosphatase is a measurement which is an important 
feature of the biochemical pattern of serum alkaline phosphatases to be 
described in Section 7. 

3.6. ALKALINE PHOSPHATASE AS A SUBSTRATE FOR NEURAMINIDASE 

Neuraminidase is an accepted reagent for identifying terminal sialic 
acid residues in protein (S21), which in turn permits one to consider such 
a hydrolyzable protein as a glycoprotein (sialoprotein). The loss of the 

FIQ. 27. Action of neuraminidase on Sephadex-gel filtrates (Fig. 18) containing 

placental alkaline phosphatase. Four experiments with (N) and without neur- 
aminidwe are illustrated. Note that the electrophoretic mobility (toward anode) of 
the faat-moving band is reduced by neuraminidase treatment. 

strongly acidic sialic acid residue lowers the anodic mobility of the 
sialic acid-free protein remnant (Fig. 27). 

Does the failure of a protein, following neuraminidase treatment, to 
undergo change in electrophoretic migration mean that it is not a sialo- 
protein? Also, does the change in migration represent the release of one, 
two, or more sialic acid molecules per mole of enzyme? If alkaline phos- 
phatase is a substrate for neuraminidase, what are the pH and substrate 
requirements for optimal hydrolysis? What is the evidence for the identity 
of the product of neuraminidase hydrolysis? 

The experimental answers to these questions have been sought in our 
laboratory (G6)., using placental alkaline phosphatase. Applying acid 
hydrolysis to highly purified placental alkaline phosphatase and then the 

+ 



TABLE 9 
MEASUREMENTS OF BONE AND LIVER ALKALINE PHOSPHATASE BASED ON HEAT  INACTIVATION^ 

Alkaline Heat-inactivation 
phos- (5%) Intestine5 Bone Liver 

phatase 
Time at 55°C activity Found Expected Found Found Expected Found Expected 

Bone (B) 
0 9.16 
16' 0.80 91.2 

0 8.68 
16' 4.22 51.4 

0 10.19 
16' 4.50 55.8 - 

1 : l : l  

- - - - - - 

Liver (L) 

- - - - - - 

Intestine (I) 

Proportions of B/L/I 

0 9.40 
16' 3.12 66.9 66.1 

- 

3.40 

- - 

3.25 3.05 

- - 

2.75 2.89 

x 
3 
rn 

3: 



2 : l : l  
0 
16' 

1:2:1 
0 
16' 

1:1:2 
0 
16' 

9 .81  
2.55 74.1 7'2.4 2.55 5 .37  4.58 1.89 2 .17  

9 .67  
3.52 6 3 . 6  6 2 . 6  2 .56  2 .73  2 .29  4.38 4 .34  G 

0, 
9 . 9 4  
3 .65  63 .3  6 3 . 4  5 . 1 2  2 . 4 0  2.29 

m 
a The tissue preparations were diluted (1 : 12) in heat-inactivated sera (1 hour a t  55"C), and incubated in 0.02 M Verona1 buffer (pH 9.8) 

containing 0.018 M disodium phenyl phosphate for 2 hours a t  37°C. Phenol was measured via a diazo coupling procedure. Conditions 
for heat-inactivating the tissue enzymes were 16 minutes a t  55°C. By subtracting from the total activity the intestinal component, which 
is measured by Lphenylalanine sensitivity, one obtains the sum of the activities of liver and bone. The ratio of the two was computed 
from the heat inactivation minus that attributed to intestine, employing 91.2% heat inactivation to represent 100% bone and 51.4% 
heat inactivation indicating all liver. In this way one arrives at values for bone, liver, and intestinal alkaline phosphatase. 
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thiobarbituric acid color reaction, not less than 1.5% of the enzyme is 
sialic acid. Of this amount, the major part (75%) is released by pro- 
longed incubation with neuraminidase. The absorption maximum of the 
hydrolyzate following the thiobarbiturie acid reaction matched the one 
for pure sialic acid (Fig. 28), permitting the statement that placental 
alkaline phosphatase is sialoprotein. Although our supply of pure pla- 
cental enzyme was inadequate for completing a kinetic study based on 
substrate concentration, i t  was possible to measure the pH optimum 

FIG. 28. Light absorption spectrum of the pigment in the sialic acid color reaction 
(Warren-thiobarbiturate technique) : (A) pure sialic acid, and (B) the product of 
hydrolysis of placental aIkaline phosphat,ase (C6a). 

(Fig. 29) for the liberation of sialic acid from purified placental alkaline 
phosphatase. 

It is reasonable to assume that all human alkaline phosphatases are 
sialoproteins, but the distinction in the case of intestine is that the sialic 
acid residues may not be terminal or that the terminal residues are 
“buried” in the three-dimensional structure of the enzyme. 

Of interest are recent observations from Harris’ laboratory demon- 
strating that graded neuraminidase concentrations in placental alkaline 
phosphatase digests yielded up to eight bands (R16). Participation of 
neuraminidase-sensitive sialic acid in the K+-dependent nitrophenyl phos- 
phatase in isolated rat liver plasma membranes (El) has been reported. 
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4. Relation of Alkaline Phosphatase to Ultrastructure 

4.1. EXAMPLES OF LOCALIZATION ON ABSORPTIVE MEMBRANES 

The location of alkaline phosphatase in the cell and tissue is informa- 
tion basic to a full explanation of an increase in serum alkaline phos- 
phatase. Modern techniques of enzyme histochemistry and of electron 
microscopy (R2) have succeeded in providing a clearer picture (G10, 
M22). The cell wall is the location a t  the electron microscope level of 

4.0 5.0 6.0 7.0 

DH 

FIG. 29. Optimum pH of hydrolysis of human placental alkaline phosphatase by 
neuraminidase. The liberated sialic acid was measured by the Warren-thiobarbiturate 
procedure, using N-acetylneuraminic acid as the standard (G6a). 

alkaline phosphatase in E. coli (D20, G2, G3, M31). The enzyme is also 
present in isolated rat liver cell-wall membranes studied biochemically 

Sites of alkaline phosphatase activity are frequently in endothelial 
cells of blood capillaries, mucous glandular cells (F3), microvilli of 
intestine (C6, C10, D2, H21, P8, W7), bile canaliculi (D21, F27, W2), 
and placenta (W3), as well as in the brush border of the lumenal surface 
of epithelial cells of the proximal convoluted renal tubules (M22, W l ) .  
The location of L-phenylalanine-sensitive alkaline phosphatase in human 
intestine and placenta is illustrated in Fig. 30. Electron micrographs 
(Fig. 31) show the details of the alkaline phosphatase, and illustrate the 

(El) * 
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FIG. 30. Enzyme staining reactions for L-phenylalanine-sensitive alkaline phos- 
phatase in human placenta and intestine [conditions were those of Watanahe and 
Fisliman (W7) 1 : (a) human intestine in the presence of o-phenylalanine, X 400; (b) 
high power view of human intestine showing brush border (arrow),  terminal web, 
and apical concentration of alkaline phosphatase, x 1200; (c) human intestine in 
the presence of L-phenylalanine, ~ 4 0 0 ;  (d) human placenta in the presence of 
o-phenylalanine, X 400 ; (e) human placenta in the presence of L-phenylalanine, 
x400. Note that the cnsyme location is on the peripheral absorptive surfaces of the 
intestine and placenta. 



FIG. 31. (il) Rat duodenum stained for alkaline phosphatase with aso dye 
method (B5a). Gcmidense particles of aso dye are deposited in the plasma mem- 
branes of the microvilli; x 70,000. (B) Placental labyrinth cell reacted for alkaline 
pliosphatase with the cadmium method (M22). Deposits are related only to the cell 
surface; ~55 ,000 .  (C) Brush border of proximal tubule cell of the kidney showing 
deposits of final product related to the surface of the microvilli. Cadmium method 
of Mizutani and Barrnett (M22) ; ~ 3 5 , 0 0 0 .  Electron micrographs, courtesy of 
R. J. Barrnett. 
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characteristic location of alkaline phosphatase on the outermost surfaces 
of membranes whose function is their participation in active transport 
and absorption. 

4.2. SITE OF PRODUCTION OF ALKALINE PHOSPHATASE 
IN ABSORPTIVE CELLS 

There appears to be no research that traces the path of synthesis of 
alkaline phosphatase to its final location on the absorptive surfaces of 
cell-wall membranes. The usual sequence of specific enzyme synthesis 
envisions the collection of newly synthesized protein in secretion vacuoles 
that eventually leave the cell of origin as part of a secretion process. The 
sites of synthesis are the ribosomes of the rough-surfaced endoplasmic 
reticulum. 

On the other hand, the Golgi apparatus is implicated in the synthesis 
of cell-wall membranes. It is possible that the alkaline phosphatase is a 
catalytically inactive, structural protein of such cell membranes when 
they are still in the cytoplasm, which may explain many failures to 
demonstrate its presence in the Golgi apparatus. Upon becoming part of 
the outer surface, say of the brush border of the intestinal villus, the 
enzyme may be activated by the alkaline contents of the duodenal lumen. 
The concept of catalytically inactive membrane enzyme proteins is 
developed in a recent publication with regard to P-glucuronidase (F10). 

5. Alkaline Phosphatase lsoenzymes as Related to Physiological Processes 

5.1. INDUCTION BY STEROID HORMONES 

Many studies in the realm of microbiology (B36, M6, N26, R25) have 
emphasized the role of substrate and hormone induction of enzymes. It is 
not surprising, therefore, that  similar mechanisms have been searched for, 
have been found, and are being studied in mammalian systems. 

Beginning with Nitowsky and Here’s observations of quantitative 
differences between established and recently isolated cell lines (K4) df 
diverse origins, demonstrations have been published of substrate induc- 
tion (N23), of induction by osmolarity of the nutrient medium (N25), 
and of induction by adrenal glucocorticoids (C19, C20, N24). 

Interesting indeed are the recent studies of Griffin and Cox (G20, G21) 
on the mechanism of adrenocorticoid induction of alkaline phosphatase in 
human cell cultures. Two temporal phases in the induction of enzyme in 
HeLa cells are reported: a first 12-hour period exhibiting a slow.rise in 
activity, followed by a sudden marked linear increase extending from 15 
to 80 hours. The elevation of activity is marked (around 10-fold). The 
fact that puromycin blocked induction immediately, and actinomycin D 
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after the first phase, was explained by de novo synthesis of alkaline 
phosphatase and a relatively stable mRNA. This opinion has been 
revised in that de novo synthesis is not implicated, but the enhanced 
activity is attributed to steroid-induced change in the conformational 
state of the enzyme during its synthesis. 

Human leukocytes possess alkaline phosphatase (L13,03, R10, T6, V3, 
V4) whose activity parallels the concentration of certain circulating 
steroids. Thus, during the menstrual cycle, the leukocyte alkaline phos- 
phatase evidences a peak a t  midcycle corresponding to the higher estrogen 
level. In  the later stages of pregnancy the enzyme level increases. Corti- 
coid hormones also exert an effect on leukocyte alkaline phosphatase. 

Recently Watson et  al. have demonstrated intestinal alkaline phos- 
phatase level is normally under adrenal control (W7a). Hydrocortisone 
administration produced large increases in intestinal alkaline phosphatase 
activity. 

There is sufficient evidence to consider enzyme induction as a process 
which could explain elevations in tissue (V8) and in serum alkaline phos- 
phatase levels. 

5.2. RELATION TO FAT ABSORPTION 

When rats are placed on a high-fat diet, the intestinal mucosa and 
the blood become enriched with alkaline phosphatase (F19, F20, M1, 
M2). That the striated borders of the absorptive epithelial cells in rats 
possess the L-phenylalanine-sensitive alkaline phosphatase was proven 
by Watanabe and Fishman (W7). Human intestinal cells grown in tissue 
culture (W7) and human intestine exhibit L-phenylalanine sensitivity. 
Phosphatase has long been found to be present in feces (L8). 

More recently, studies in man have demonstrated the enrichment of the 
thoracic lymph with alkaline phosphatase during fat  absorption (K6, 
K7). This phosphatase was L-phenylalanine-sensitive and was located 
as a slow-moving band on starch-gel electrophoresis, proving it to be 
intestinal in origin. 

In  this laboratory, subjects ingesting a high-fat breakfast evidence an 
increase in L-phenylalanine-sensitive serum alkaline phosphatase, which 
shows wide individual differences (12). Harris and co-workers (L2), in 
an interesting genetic study, have demonstrated a similar increase that 
correlates well with the slow-moving intestinal band in the starch-gel 
electrophoresis. Most interesting is the observation that the slow-moving 
band is missing from the serum of individuals lacking the ability to 
secrete ABH substance in the saliva (“secretors”) . Persons possessing 
blood types B and 0 exhibited the intestinal component most frequently. 

In the studies of the London group, there appeared to be no association 
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between the turbidity of the serum in the postabsorption state and the 
blood type or secretor status. Among the possibilities considered to ex- 
plain the effects of blood type and secretor status were the following: 
differences in the processes of fat absorption, differences in the alkaline 
phosphatase content of the intestinal mucosa, and variations in the 
permeability of absorptive celh. The lipoprotein particles in cow and 
human milk are rich in alkaline phosphatase (H10, M27), as are p-lipo- 
proteins of human serum (L7). Studies of the effect of vitamin A on 
phosphatase in various tissues have appeared (M19). 

5.3. ACTIVE TRANSPORT OF AMINO ACIDS AND SUGARS 

Force-feeding of L-amino acids to rats resulted in an increase in both 
intestinal and serum alkaline phosphatase (T5). It is reasonable to 
assume that the association is not merely circumstantial, because intestine 
(S31) possesses the enzyme systems necessary for activating (H16) the 
carboxyl group of L-amino acids via adenosine triphosphate or its 
generating system (K8).  Examples can be found in the recent literature 
in which intestinal absorption of amino acids can be reduced by the 
presence of glucose, and vice versa (F2, H13, S8). An association of the 
absorption of carbohydrates (glucose, dextrin) with a rise in serum 
alkaline phosphatase was reported over 30 years ago by A. Bodansky 
(B25, B26), who first raised the question of nonosseous origin of serum 
alkaline phosphatase (B27). That the intestine contributed alkaline 
phosphatase to the circulation was inferred from the fact that fasting 
reduced serum alkaline phosphatase. 

A systematic study with modern methods has been undertaken by 
Lincheer e t  al. (L14) of the relationship of intestinal alkaline phospha- 
tase and glucose absorption. Apparently glucose is capable of stimulating 
the intestinal mucosa to secrete an L-phenylalanine-sensitive alkaline 
phosphatase. 

5.4. OSTEOGENESIS 

The first physiological function attributed to alkaline phosphatase 
(Rll-R14) was that of liberating inorganic phosphorus from organic 
phosphates and the consequent deposition of calcium phosphate a t  the 
site of osteogenesis. This concept has been accepted for many years 
and a number of clinical observations are consistent with it (C9). Thus 
in situations of bone growth or repair such as healing fractures, metastatic 
bone lesions, rickets, or Paget’s disease, the serum becomes enriched with 
alkaline phosphatase. 

In  analogy with the intestinal and kidney alkaline phosphatase that is 
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associated with absorption, active transport, etc., one should look for a 
similar physical location and physiological function for osteoblasts. It 
may turn out that the cell has a restricted permeability for divalent 
cations such as Ca2+ and that these deposit in the extracellular space 
along with phosphate. It must be pointed out, however, that no modern 
studies give any indication of the rate of production of bone alkaline 
phosphatase and its access to the circulation. 

5.5. PREGNANCY AND PLACENTAL PHYSIOLOGY 

French workers (C4, C18) discovered in 1934 that pregnancy serum 
exhibits elevations in alkaline phosphatase. The origin of the enzyme 
has been attributed variously to maternal osteoblastic activity, to fetal 
osteoblastic activity, and to placenta. Following Boyer’s electrophoretic 
studies (B38), which showed that serum exhibits a strong enzyme band 
in the placental region, and Posen’s demonstration of heat-stable pla- 
centa-type alkaline phosphatase in serum (C13), the reasonable view now 
is that the placenta supplies alkaline phosphataee to the circulation. 

Although few studies (M5) have been made on the physiological role 
of placental alkaline phosphatase, it is reasonable to assume that i t  is 
concerned with absorption and active transport of maternal nutrients 
destined for the maintenance of fetal life. 

Donayre and Pincus have studied serum alkaline phosphatase in the 
menstrual cycle (D19), and Climie et  al. (C11) have related neutrophile 
alkaline phosphatase and pregnancy. 

Kerr and Waisman (H19, K9) suggested that L-phenylalanine is 
actively transported across the placenta from the maternal blood to the 
fetus. Thus, a pregnant female who is a phenyketonuric may exert a 
profound effect on the fetus by her abnormally high serum L-phenyl- 
alanine levels, leading to the birth of mentally retarded children. It is 
tempting to suggest that alkaline phosphataee may be involved in this 
important physiological process since, in fact, brain damage and the high 
blood L-phenylalanine in phenylketonuric patients .are associated with a 
reduced level of brain alkaline phosphatase. However, more detailed 
investigation (C3) would be necessary to arrive a t  a definite conclusion 
with respect to the precise role played in brain metabolism by L-phenyl- 
alanine. The studies on enzyme inhibition by phenylalanine and the 
related investigations are reported by other workers (Bl, B4, R26, S9). 

5.6. DEVELOPMENT 

Extensive studies by Moog (Ell, G19, N16, M23-M26) have described 
the nature of the alkaline phosphatase in the microvilli of the duodenum 
during development in the mouse, rat, and chick. There is a rise in 
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activity that parallels development, high concentrations accumulating a t  
critical periods that just precede the onset of absorptive capacity. Cor- 
tisol accelerates the differentiation of the duodenum with a consequent 
earlier appearance of high duodenal alkaline phosphatase. Also, evidence 
has been reported here for a strain-specific factor in mouse milk that 
influences duodenal phosphatase activity. 

The increase in enzyme activity is observed to correlate with a rise in 
the phenylphosphate-preferring moiety as compared to the moiety with 
an ability to hydrolyze p-glycerophosphate. The elevation is enhanced, 
not prevented, by actinomycin D administered to mice, suggesting con- 
formational alterations rather than de novo synthesis. The phenylphos- 
phate-preferring enzyme was located in the proximal part of the duo- 
denum and little was present in the distal part of the duodenum and the 
jejunum. Proof of the isoenzyme nature of the two substrate-preferring 
activities was recently published. These activities were separated by 
DEAE-cellulose chromatography and by starch-gel electrophoresis 
(M26). A growing literature is appearing in the field of development 
(D3, D14, M39). 

5.7. HOMEOSTASIS 
It is a fact that, in a normal adult healthy individual, the serum 

alkaline phosphatase remains relatively constant. This event is indis- 
tinguishable from the constancy of other serum proteins such as albumin, 
glycoproteins, etc. Therefore the considerations that apply to the homeo- 
stasis of serum proteins logically apply to serum enzymes. These have 
been discussed elsewhere (F5). 

An interesting study on the fate of injected placental alkaline phos- 
phatase (N17) has been reported by Posen et al. (P18), who measured 
heat-stable alkaline phosphatase. Following injection, there was an 
initial rapid fall in enzyme activity lasting 3-5 hours and then a less 
rapid disappearance. After 4 hours, two thirds of the initial activity 
remained, but it took several weeks for complete disappearance. These 
kinetics resembled those known for aerum albumin labeled with iodine- 
131. 

Because of the similar behavior of injected alkaline phosphatase and 
albumin, i t  becomes unnecessary to consider the liver as an excretory 
organ for serum alkaline phosphatase to any greater extent than i t  is 
required to excrete albumin, which has never been considered a significant 
process. 

A consideration of importance relates to the various routes and physical 
states by which alkaline phosphatase enters the circulation. Thus, during 
fa t  absorption the intestinal alkaline phosphatase is incorporated into 
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chylomicrons, which travel in the intestinal lymph to the jugular vein 
(B22, K6, K7).  The fate of this form of alkaline phosphatase should 
reasonably be expected to be that of the chylomicrons. These particulates 
become substrates for lipoprotein lipase in endothelial cells and may be 
taken into Kupffer cells intact. On the other hand, alkaline phosphatase 
being absorbed with carbohydrates and with amino acids would enter 
the venules draining into the portal vein, and enter the liver sinusoids 
without mixing with the systemic circulation. Accordingly, the intestinal 
alkaline phosphatase contribution to the circulation represents a mixture 
that has traveled two independent routes, and has been subjected to an 
entirely different set of experiences on each route. 

The liver must be producing alkaline phosphatase to  renew that on the 
outer surfaces of the bile canaliculi whose contents empty not into venules 
but into the common bile duct. The amount of alkaline phosphatase in 
bile is of a low order, and quantitatively can bear little comparison to 
that produced by the intestinal mucosa. There is the possibility, however, 
that the biliary alkaline phosphatase can be reabsorbed in an entero- 
hepatic circulation. 

Homeostasis of serum alkaline phosphatase must therefore necessarily 
involve diverse processes proceeding a t  different rates and by various 
routes, in which the liver must necessarily play several roles. Accordingly, 
hyperphosphatasemia in liver disease requires for its understanding a 
knowledge primarily of how the damaged liver handles intestinal alka- 
line phosphatase. 

6. Genetics 

6.1. LOWER FORMS OF LIFE 

In  developing Drosophila, Schneiderman et al. (520) observed that 
development is characterized by the presence of organ-specific bands 
visible on starch-gel electrophoresis. Moreover, two separate chromosomal 
loci have been demonstrated: one designated Aph (larval) is on chromo- 
some I11 (B12), and the other locus, Aph-2, is on chromosome 11. It is 
highly significant that the type of alkaline phosphatase in an organ is 
under genetic control. 

Genetic studies on the domestic fowl (K28, L6) have demonstrated 
that a fast-moving form of alkaline phosphatase is determined by a 
simple autosomal dominant gene ( A p 2 )  that is allelic to the slow-moving 
Ap4 allele. The organ source of the plasma enzyme was not identified. 
Among species lower than man, genetic control of alkaline phosphatase 
has been observed in sheep (Rl ,  R4) and cattle (Gl) .  
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6.2. BLOOD GROUP ASSOCIATION 

The physiological genetics of human blood factors (C5) now includes 
an association between ABO blood groups, secretor status, and the 
slow-moving LPSAP band in the starch-gel zymograni for serum alkaline 
phosphatase. 

The earliest reports of an association between human serum phospha- 
tases and blood groups did not clearly relate to alkaline phosphatase 
(A17), as did the later ones from Sweden and England (B5, B10, B11). 
In  addition, the relevance of secretor status was first assigned to the 
Lewis factor (A18, B10) and later changed to the ABH substance in 
saliva (B11, 532). Shreffler’s (533) and Beckman’s analyses carried out 
in twins and families show that factors, in addition to blood groups B 
and 0 and ABH secretor factors, influence the variation in activity of a 
slow-moving alkaline phosphataee band. Conceivably, however, single 
gene control may have been obscured by age, temporal effects, diet, and 
inadequacies of visual grading of gel bands. Shreffler designates bone as 
the source of the fast-moving band and probably intestine as the organ 
derivation of the slow-moving B band. 

Arfors et al. (A17) suggested that there was an actual chemical 
linkage between alkaline phosphatase protein and blood group H sub- 
stance. However, Aalund et al. (Al) ,  working with the (sheep sera) slow- 
moving band, were able to separate the enzyme protein from blood group 
substance by chromatography. The association is probably physical in 
nature. Confirmatory studies (E12, P23) have appeared in relation to 
ABO blood, secretor, and alkaline phosphatase. 

The identity of the slow-moving band observed in all of these studies 
is the intestine, based on its L-phenylalanine sensitivity (F9, K25, R7, 
549, N20, W6) and resistance to neuraminidase (R7). This is even more 
certain following the demonstration of an elevation in thoracic lymph 
and in blood serum of L-phenylalanine-sensitive alkaline phosphatase in 
subjects absorbing fat. The slow-moving band becomes intensified in sera 
of individuals who are secretors (K7, L2). 

6.3. PLACENTAL STUDIES 

Harris and his group (R15, R16) in London recently initiated genetic 
studies on human placental alkaline phosphatase, and demonstrated 
phenotypic differences in this enzyme. In  this study, butanol extracts of 
alkaline phosphatase from each of 338 placentas were prepared, and the 
enzyme preparations were subjected to starch-gel electrophoresis a t  two 
different pH’s (8.6 and 6.0). The electrophoretic patterns obtained were 
classified in six different groups representing six distinct phenotypes. The 



ISOENZYMES OF HUMAN ALKALINE PHOSPHATASE 323 

studies were extended to the pairs of placentas derived from dizygotic 
twins, and these results suggested that probably three autosomal allelic 
genes are controlling and determining the polymorphism of placental 
alkaline phosphatase. In  earlier studies, Boyer (B39) also put forward 
the similar suggestion that the electrophoretic difference of human 
placental alkaline phosphatase might be under genetic control. These 
studies have certainly great potentiality in unraveling the roles that the 
chromosomal genes play in regulating alkaline phosphataee synthesis, 
and hence may throw much light in the near future on the factors related 
to the interpretation of human disease involving alkaline phosphatage 
isoenzymes. 

6.4. CHROMOSOMAL STUDIES 

Polymorphonuclear leukocyte alkaline phosphatase (R10, T6, V3, V4) 
has attracted attention with regard to its elevation in mongoloids exhibit- 
ing trisomy 21 and its deficiency in patients with chronic myelogenous 
leukemia in whom one of the short acrocentric chromosomes is m i s ~ i n g . ~  
Accordingly, there is reason to implicate chromosomes whose genes 
determine the extent of leukocyte alkaline phosphataee activity. 

A particularly relevant study by De Carli et  aE. (D9) is described. A 
karyotype analysis was made of both a very high alkaline phosphatase 
strain of an embryonic clone of strain EUE cells and two sublines (1  
and 2) of cells exhibiting very low activity. Cells of lines Sub 1 and 
Sub 2 show a consistent reduction of one or two units in long acrocentric 
and a much more pronounced reduction in short acrocentric chromosomes. 
The high EUE cells accordingly have twice as many short acrocentric 
chromosomes. Finally, there was no simple relationship between chromo- 
some dose and levels of enzyme activity in these cell lines, although this 
relationship has been seriously considered by Alter et al. (A12, A13) for 
the leukocytes. 

7. Distinctive Biochemical Properties in Relation to lsoenzymes 

7.1. EXPERIMENTAL APPROACH TO MEASUREMENTS 
In  our opinion, i t  is unwise to base a classification of isoenzymes solely 

on starch-gel electrophoresis data. For . example, the work of Boyer, 
Chiandussi, and many others (B39, C7, M33-M36) shows a great 
complexity in the location of bands derived from individual organs. 
True, one can identify the heat-stable or -unstable zones and even those 

* Conference on “Leukocyte Chemistry and Morphology Correlated with Chromo- 
some Anomalies,” N. Y. Academy of Sciences, November %5, 1966. 
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bands sensitive to L-phenylalanine (S49, W6). However, reliance on 
studies of this type provides only qualitative information, in which the 
variability of staining intensity of bands and of the visual acuity of the 
observer introduces ti considerable amount of subjectivity. On the other 
hand, biochemical properties of isoenzymes offer opportunity for quanti- 
tative measurements of LPSAP, non-LPSAP, and their respective heat- 
sensitive fractions. Moreover, to this information can be added observa- 
tions on starch gel, in which the results of neuraminidase treatment, 
L-phenylalanine inhibition, and heat inactivation of the serum alkaline 
phosphatase are visible. Next, with the knowledge of the blood type and 
secretor status, a further means of classification is introduced. 

7.2. BIOCHEMICAL PATTERNS OF SERUM ALKALINE PHOSPHATASES 

The pattern requires the division of alkaline phosphatase activity into 
two main parts (LPSAP and non-LPSAP) and each of these into two 
subgroups (heat-stable and heat-unstable moieties) : 

LPSAP non-LPSAP 

Heat-stable f - 5  Heat-unstable Heat-stable 

The analysis of such data obtained on normal subjects is considered 
basic to attempts to interpret hyperphosphatasemia in patients. 

Data to be presented in Sections 7.2, 8, and 9.2 were all obtained with 
the manual method (549, F14). It is to be expected that these results may 
differ numerically to some extent from those now being collected in 
greater numbers with the AutoAnalyzer. Accordingly, Tables 10, 11, 12, 
and 14 are significant in that they provide an experimental basis for 
developing the concept of a biochemical pattern for serum alkaline phos- 
phatase activity. The figures (mean f SD) will no doubt require revision 
with the availability of AutoAnalyzer data by the method of Fishman 
and Green (F8). 

Individuals characterized by the slow-moving band in the intestinal 
position are invariably Hecretors of ABH substance according to Lang- 
man et al. (L2). This is the basis for dividing the normal subjects into 
two groups, one with the slow-moving band and the other without the 
slow-moving band. Some secretors with A blood type fail to exhibit the 
band (L2). 

The faster-moving components in subjects irrespective of blood groups 



TABLE 10 
DIFFERENT MOIETIES OF ALKALINE PHOSPHATASE (KA UNITS/~OO ML) 

IN NORMAL SUBJECTS 

PART I:  SLOW INTESTINAL BAND ABSENT 

LPSAP (D - L) Non-LPSAP (L) 

Blood D - t O t d  % Heat % Heat Ratio of heat-stable 
No. Type Sex Value Value sensitive Value sensitive non-LPSAP/LPSAP 

(1) A M 5 .0  1.0 49.0 4.0 72.8 2.10 
(2) A M 5.8 1.2 71.0 4.6 89.9 1.43 
(3) A F 5.7 1 .3  72.0 4.4 85.8 1.80 
(4) A M 7.1 1 .9  72.0 5.2 64.3 3.44 
(5) A M 9.4 1.5 63.4 7.9 76.3 3.44 
(6) A M 9 .1  1 .6  61.4 7.5 62.1 4.70 
(7) A M 8.2 2.0 77.3 6.2 62.1 4.90 
(8) A M 6 .3  1.5 56.0 4.8 61.2 2.81 
(9) A M 7 .6  1.0 0 .0  6.6 63.3 2.36 

(10) A M 17.4 2.5 50.0 14.9 52.0 7.00 
(11) A F 7 .9  2.0 78.6 5.9 73.4 1.23 
(12) AB F 3.4 0.6 49.5 2.8 80.9 2.00 
(13) AB M 16.2 2.5 52.6 13.7 65.9 5.20 
(14) AB M 13.7 2.6 8O.lO 11.1 75.8 5.60 
(15) AB F 5.8 1 .7  81.0 4.1 76.1 3.20 
(16) 0 F 6.6  1.0 48.0 5.6 34.9 7.60 
(17) 0 F 11.7 2.1 53.5 9 .6  74.3 2.40 

Mean f SD 8 .6  1.6 59.7 6.9 68.9 3.55 
5 3 . 9  f 0 . 6  f20.2 f 3 . 5  f 8 . 8  k1 .93  

PART 11: SLOW INTESTINAL BAND PRESENT 

LPSAP (D - L) non-LPSAP(L) 

Blood D- tOta l  % Heat % Heat Ratio of heat-stable 
NO. Type Sex Value Value sensitive Value sensitive non-LPSAP/LPSAP 

(18) A M 
(19) A M 
(20) B M 
(21) B F 
(22) B M 
(23) B M 
(24) B F 
(25) B M 
(26) B F 
(27) AB M 
(28) AB M 
(29) 0 F 
(30) 0 M 
(31) 0 M 
(32) 0 M 
(33) 0 F 

Mean f SD 

7.6 
5.7 

10.5 
11.0 
7.4 
5.9 
6 .5  

10.5 
8 . 6  
8 .1  

11.3 
4.6 
7 .8  
7.0 
9.7 

14.0 
8 ..5 

f 2 . 4  

1.9 
1.7 
1.8 
2.5 
2.2 
2.0 
1 . 4  
2.8 
2 .6  
2 .6  
2.6 
1 .7  
3.1 
2.2 
1 .9  
2.4 
2.2 

f 0 . 5  

71.8 
58.5 
50.0 
52.5 
61.9 
34.0 
58.0 
55.0 
66.0 
70.7 
34.0 
78.0 
58.0 
36.0 
34.0 
41 .O 
53.7 

f14 .5  

5.7 
4.0 
8.7 
8 . 5  
5.2 
3 .9  
5 .1  
7.7 
6 .0  
5 . 5  
8.7 
2 .9  
4.7 
4.8 
7.8 

11.6 
6.3 

2 2 . 3  

79.2 
72.8 
79.9 
88.3 
79.2 
81.8 
73.2 
75.0 
79.8 
85.9 
64.1 
74.2 
84.1 
70.0 
68.0 
68.9 
76.5 

k6.9 

2.26 
1.47 
1.95 
0.83 
1.30 
0.53 
1.03 
1.53 
1.33 
1 .oo 
1.81 
2.10 
0.57 
1.04 
2.05 
2.50 
1.45 

f0.72 
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or secretor status undoubtedly include some LPSAP activity and a 
mixture of heat-stable and heat-unstable components. 

This order of evaluation (biochemical, first; starch gel, second) is 
amply justified from our own experiences and the consensus of opinion 
at  a recent symposium on multiple molecular forms of enzymes.l In  
particular, heterogeneity of human intestinal alkaline phosphatase on 
starch gel was reported by Moss (M34) and Fishman and Kreisher (F9, 
K25). A certain amount of LPSAP intestinal enzyme may occupy the 
same position that liver alkaline phosphatase migrates to. On the other 
hand, more than one band in nonliver positions can be produced by 
intestine. Another similar situation is seen with placental alkaline phos- 
phatase, which may show three bands. Consequently, the starch-gel data 
can be correlated with biochemical studies only if the nature and organ 
source of the preparation are known in advance. 

The biochemical partition data on serum alkaline phosphatase do not 
in themselves justify inferences regarding the number of individual forms 
of the enzyme present in the serum. However, they provide a profile for 
that individual, which may be of significance in quite a different fashion 
(vide infra) . 

8. Normal Subjects 

I n  Table 10 (Parts I and 11) are listed the data on the partition of 
serum alkaline phosphatase for 33 normal subjects according to blood 
type and status of the slow intestinal band. A statistical analysis appears 
in Table 11. 

TABLE 11 
SUMMARY OF STAT~STICALLY SIGNIFiCANT DIFFERENCES I N  NoRnuL SUBJECTS 

WITH AND WlTHOUT T H E  S L O W  BAND 

Slow Intestinal Band 

Present Absent 
NO. Moiety (n = 16) (n = 17) t P 

(1) Total LPSAP 2 .2  f 0 . 5  1 .6  f 0 . 6  10.4 <0.001 
(2) Heat-stable LPSAP 1 .0  f 0 . 4  0 . 6  f 0 . 3  3 . 4  <0.01 
(3) ’% Heat-sensitive 76.5 f 6.9  68.9 f 5.8 2 . 7  <0.02 

(4) Ratio heat-stable 1 . 5  f 0.7  3 . 6  f 1 . 9  4 .2  <0.001 
non-LPSAP 

non-LPSAP/LPSAP 

Those individuals whose sera on starch gel exhibited a slow band in the 
intestinal location had a greater amount of LPSAP that  was heat-stable 
compared to those persons lacking the slow bond. In  the latter, however, 
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the non-LPSAP was more heat-stable, and contributed to a higher ratio 
of this component to the heat-stable LPSAP (line 4, Table 11). 

In the comparison of individuals possessing blood type A versus blood 
type B (Table 12), the significant differences are the percent heat- 
sensitive non-LPSAP and the ratio of the heat-stable non-LPSAP to 
LPSAP (lines 8 and 10). Blood type B exhibits more total and heat- 
stable LPSAP than blood type A, a pattern that is expected in a group 
showing the slow intestinal bond compared to a group lacking it. This in 
fact is the case for blood type B individuals (Table 10). 

TABLE 12 
STATISTICAL COMPARISON OF MEAN VALUES OF DIFFERENT MOIETIES OF SERUM 

ALKALINE PHOSPHATASE I N  BLOOD GROUP A AND B SUBJECTS 

Blood type 

A B 
No. Moiety (n = 11) (n = 7) 1 P 

~ ~~ 

D-Total 8 . 6  f 3 . 6  8 . 6  f 2 . 1  0 
Total LPSAP 1 . 6  f 0 . 5  2 . 2  f 0 . 5  2 . 6  
Heat-sensitive LPSAP 1 . 0  f 0 . 5  1 . 2  f 0 . 4  1 .0  
Heat-stable LPSAP 0 . 6  f 0 . 3  1 . 0  f 0 . 3  3 . 0  
% Heat-stable LPSAP/ 36.7 i- 22.6 46.1 f 10.3 1 . 2  

Total non-LPSAP 6 . 5  f 3 . 1  7 . 8  f 2 . 2  1 . 0  
Heat-sensit>ive non-LPSAP 4 . 3  k 1 . 4  6 . 1  f 2 . 0  2 . 1  
% Heat-sensitive 69 .3  f 11.4 79.6 It 4 . 9  2 . 8  

Heat-stable non-LPSAP 2 . 2  f 1 . 8  1 . 6  f 0 . 6  1 .O 
Ratio heat-stable non- 3 . 2  f 1 . 8  1 . 2  zk 0 . 5  4 . 2  

total LPSAP 

non-LPSAP 

LPSAP/LPSAP 

- 
<0.05 

0.40 
<0.02 
<o. 20 

0 .40  
<0.10 

0 .01  

0.40 
<o.  01 

It would appear likely that a sex difference possibly exists in alkaline 
phosphatase among individuals lacking the slow intestinal bands. Female 
subjects exhibit an appreciably lower ratio of the heat-stable fractions 
for non-LPSAP and LPSAP. 

Starch-gel patterns representative of normal subjects (ABO blood 
groups) appear in Fig. 32, and can be related to the biochemical data 
(Table 10) for the individual sera. 

We assume that normal individuals have the same organ sources of 
serum alkaline phosphatase whether or not the slow intestinal band is 
present. Thus, persons with the band have more total and heat-stable 
LPSAP and those lacking the band, more heat-stable non-LPSAP. This 
can be explained if some of the intestinal alkaline phosphatase, before, 
during, or after absorption loses its sensitivity to L-phenylalanine but 
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FIQ. 32. Starch-gel zymograms of alkaline phosphatase in 6 normal subjects. A, 
B, and 0 represent the blood types; U=unheated, and H=heated serum (16 
minutes at 55°C). The upper 3 pairs from left to  right belong to subjects 2, 22, and 
30 listed in Table 10 (Parts I and 11) ; the lower 3 subjects from left to right are 10, 
24, and 17. 

still retains its relative heat-stability. In this case, the heat-stable non- 
LPSAP would be a metabolic variant of intestinal alkaline phosphatase. 

8.1. VIEWS ON THE NATURE OF SERUM ALKALINE PHOSPHATASE IN 

NORMAL ADULT SUBJECTS 

The serum of the normal subject is essentially a mixture of alkaline 
phosphatase activities, whose total activity is stable but which includes 
moieties that fluctuate in a manner related to the genetic constitution 
of the individual. What is the origin of these moieties? 

In  relation to the data presented in Table 10 (Parts I and 11) and Fig. 
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32, almost all the facts in the normal subject can be explained on the 
basis of intestinal origin of serum alkaline phosphatase. 

Since there is no difference in the amount of alkaline phosphatase in 
the intestinal mucosa of subjects of various blood types and secretor 
status (L2) and since this enzyme is presumed to be L-phenylalanine- 
sensitive (L14) , then the difference in the relative amount of heat-stable 
LPSAP in persons with or without the slow band may relate to events 

‘ O ° C  

0 .% 1 2 3 4 5  

Hours at 37’C 

FIQ. 33. Effect of maintaining gastrointestinal secretion a t  37°C a8 a function of 
time. Dotted line is the total alkaline phosphatase activity, (L) the activity in the 
presence of L-phenylalanine, and LPSAP the difference between D and L (D - L =  
LPSAP) . 

prior to absorption. Here, recent evidence (Figs. 33 and 34) demonstrates 
that the enzyme (which is almost all LPSAP) in duodenal and gastric 
juice exhibits a very heat-sensitive fraction that travels to the actual 
position of bone alkaline phosphatase. The slow LPSAP band is gen- 
erally heat-stable, as is alkaline phosphatase of the supernatant of a 
centrifuged Tris homogenate of intestine. Moreover, a t  37°C with time 
the intestinal enzyme loses its heat-stability and sensitivity to L-phenyl- 
alanine (Fig. 33). This may explain why not all the circulating phos- 



330 WILLIAM H. FISHMAN AND NIMAI K. GHOSH 

phatase in normal subjects is sensitive to L-phenylalanine and why the 
heat-sensitive moieties vary. 

Therefore the length of time the intestinal juice remains in the intes- 
tine until it enters the circulation is a single factor which alone could 
determine the properties of the serum enzyme. In  figure 32, subject 22 
with blood type B showing the slow band might have a rapid rate of 
intestinal absorption which would enrich the blood with relatively more 

FIG. 34. Starch-gel pattern of serum and gastric juice of normal subject. U = un- 
heated, H=heated (16 minutes at 55°C). Note absence of fast-moving band in the 
heated gastric juice found in the unheated juice between 4 and 5 cm. 

heat-stable LPSAP, which represents the properties of the freshly secreted 
intestinal alkaline phosphatase. On the other hand, subject 2 with blood 
type A lacking the slow band may be absorbing intestinal alkaline phos- 
phatase that had remained much longer in the intestine, the absorbed 
material being fast-moving (bone position) and completely heat-sensi- 
tive. Since both individuals are adults of the same age (30), i t  would 
be unjustifiable to invoke an intestinal source to explain the facts in 
subject 22 but not in subject 2. 

Fast-moving bands of serum alkaline phosphatase essentially would 
represent metabolically altered intestinal alkaline phosphatase (analogous 
to the enzyme products in aging butanol extracts; Fig. 21). 

In addition, the interplay of factors other than rate and extent of 
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absorption may be important in determining the relative amounts of 
LPSAP, non-LPSAP, their respective heat sensitivities, and subsequent 
positions on starch-gel electrophoresis. Thus, the excessive functioning 
of lipoprotein lipase and of the reticuloendothelial system could reduce 
the chylomicron population with its LPSAP activity to low levels, and 
vice versa. The role, as yet unproved, of substrate and/or hormonal 
induction could be important in influencing the level as well as the type 
of alkaline phosphatase in the intestine and elsewhere (G22). 

The genetic factor recognized by blood type and secretor status could 
be operating a t  one or more of the following loci: intestinal mucosa, rate 
of absorption, rate of secretion, function and level of lipoprotein lipase 
and the reticuloendothelial system, neuraminidase level in intestinal con- 
tents and other tissues. In this latter connection, blood group carbo- 
hydrates are found on the cell walls of the epithelium of the microvilli of 
the intestine. 

A number of other circumstances favor the supposition that the intes- 
tine must be a major source of serum alkaline phosphatase in the normal. 
Thus, a consideration of the relative concentration of alkaline phos- 
phatase in tissues of the body and the total enzyme contributed by a 
single organ leaves no doubt that the intestine is by far the most impor- 
tant in this respect (B32a). Our own many experiences in preparing alka- 
line phosphatase from human liver, bone, and intestine have convinced us 
that intestine is many orders higher in its alkaline phosphatase activity. 
When one takes into account the tremendous absorptive surface area of 
the mucosa of the duodenum, jejunum, and ileum, the fact that alkaline 
phosphatase is secreted (L14) and absorbed into lymph (K7) and blood 
circulation (B25, K7),  the intestine must reasonably be expected to be 
the major source of serum alkaline phosphatase. Now in the case of the 
rat, all the serum alkaline phosphatase has properties indistinguishable 
from those of the intestinal alkaline phosphatase (F11, F19, M l ) .  A 
number of physiological experiments, such as fat feeding, have resulted 
in an enrichment of the intestinal mucosa and a subsequent elevation in 
serum alkaline phosphatase. Starvation markedly reduces serum alkaline 
phosphatase (B25). Bile duct ligation (F12) reduces the intestinal con- 
tribution to the circulation and increases the liver source. Normal indi- 
viduals depending on blood type and secretor status have exhibited as 
much as 66% intestinal enzyme, based on LPSAP measurements. In  the 
case of cirrhosis of the liver, individuals have been found in which 90% 
of the circulating alkaline phosphatase has the properties of intestinal 
mucosal alkaline phosphatase. In  such patients an extraordinarily rapid 
and copious secretion of intestinal juice occurs, which, coupled with 
defective liver function, may readily lead to the accumulation in the 
blood of the unmodified intestinal enzyme. Where is the so-called major 
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“bone” component of the serum in these individuals which should have 
accumulated owing to the failure of the liver to excrete phosphatase? 

The major part of the non-LPSAP is now considered to be intestinal 
enzyme that has undergone modification prior to or after absorption. 

The above considerations are not incompatible with the likelihood that 
liver and bone may be sources of alkaline phosphatase in the normal 
individual, but make it very probable that their contributions are rela- 
tively minor indeed compared to intestine. Moreover, since the varieties 
of unmodified and modified intestinal alkaline phosphatases have among 
them all the properties that have been employed to identify liver and 
bone components of serum alkaline phosphatase in biochemical and 
starch-gel experiments, the interpretation of enzyme bands in the non- 
pregnant individual must be stated as “intestine plus liver” (H17) or 
“intestine plus bone” (R20) and not “liver” or “bone.” 

Therefore, we are adopting as a working hypothesis that the main 
origin of serum alkaline phosphatase is the intestinal mucosa in non- 
pregnant normal adults. This hypothesis requires only one assumption, 
namely, that the intestinal alkaline phosphatase undergoes alteration 
in vivo to forms indistinguishable from the alkaline phosphatases in liver 
and bone preparations. The hypothesis enables one to interpret the 
biochemical and starch-gel data in a fashion that  admits the fewest 
assumptions. 

In  the pregnant subject, the placenta and intestine become the two 
major sources of serum alkaline phosphatase. Like intestine, placenta is 
a rich source of alkaline phosphatase and it enriches the outermost cell 
membranes of the microvilli of the syncytiotrophoblast, which is bathed 
by the maternal circulation. The properties of the placental enzyme 
differ sufllciently from those of the intestinal isozyme to permit their 
differentiati~n.~ 

‘The alkaline phosphatase of both human intestine and placenta are L-phenyl- 
alanine-sensitive and undergo uncompetitive inhibition to  the same extent (nearly 
80%) by 0.005M L-phenylalanine. However, we have been able to find several 
distinguishing biochemical characteristics of the two enzymes : (1) the anodic 
mobility of intestinal alkaline phosphatase remains unchanged after neuraminidase 
treatment, whereaa the placental enzyme is sialidase-sensitive and hence the electro- 
phoretic mobility on starch gel is considerably reduced by such treatment, (2) the 
Michaelis constant of placental alkaline phosphatase a t  a definite pH is appreciably 
higher than that of the intestinal enzyme (at pH 9.3 the K ,  values of placenta and 
intestine are 318 and 180 p M ,  respectively), and (3) the p H  optima (with 0.018M 
phenyl phosphate aa substrate) of the two enzymes are different; the values for 
intestinal and placental enzymes with 0.005M n-phenylalanine are 9.9 and 10.0, 
respectively, and the respective values in the presence of 0.005 M L-phenylalanine 
are 10.2 and 11.1. Finally, contrary to the behavior of intestinal alkaline phosphatase, 
placental enzyme is completely heat stable (P19). 
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9. Clinical Application 

The hypothesis of the intestinal and placental origin of normal serum 
alkaline phosphatase does not exclude the possibility that alkaline phos- 
phatase from other organs may, under pharmacological or pathological 
circumstances, enter the circulation in significant amounts. 

It was possible, in the preceding section, to arrive a t  a biochemical 
classification in normal healthy subjects. The moieties measured are 
simply the alkaline phosphatase activity of unheated and heated serum 
in the presence of D- and L-phenylalanine, respectively. Depending on the 
individual’s blood type, secretor status, and sex, the mean values and 
relative proportions of each may differ. 

FIG. 35. Starch-gel patterns of Cases A, B, C, and D described in text. 

It is reasonable to  examine similar data obtained in patients exhibiting 
hyperphosphatasemia and to develop interpretations. Although one can 
collect many such cases, i t  must be evident after reflection that such 
populations are statistically and medically heterogeneous. The intrusion 
of uncertainties can be expected, especially in cancer patients. These may 
be the presence or absence of metastases, their quiescence or activity, and 
relative activity of liver, bone, and intestinal sources under the influence 
of the disease and its therapy. Accordingly, until adequate numbers of 
statistically and medically homogeneous cases become available, it is 
proposed to evaluate each case individually against the proper cor- 
responding control values based on blood type, sex, and secretor status 
and the starch-gel patterns available for reference. The analysis is 
focused on a change in the level of serum alkaline phosphatase in which 
the various parameters examined permit a partial interpretation. 
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In  the following four examples (starch gel, Fig. 35; biochemistry, Figs. 
36-39) the emphasis is on the manner in which the hyperphosphatasemias 
have been analyzed from the biochemical data and the inferences which 
may be reasonably drawn. These cases belong to a larger series under- 
going analysis a t  the Lemuel Shattuck Hospital (to be reported in detail 
elsewhere Stolbach et  al.) . 
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FIQ. 36. Case A. Hyperphosphatasemia during androgen therapy in cancer of the 
endometrium. D - t O t d  = total alkaline phosphatase activity, non-LPSAP =activity 
in the presence of L-phenylalanine open circles, and D - L = LPSAP, closed circles. 
The same symbols apply to Figures 37, 38, and 39. 

Examples 

Case A (Fig. 36). This female patient (blood type B) with cancer 
of the endometrium metastatic to liver and lung showed no change in 
alkaline phosphatase on the first 60 days of Delalutin (progesterone) 
therapy, and then showed a rise for the next 80 days. The elevated 
values over this period showed a reasonably close proportionate rise in 
the LPSAP and non-LPSAP. This circumstance applies also to the heat- 
sensitive and -insensitive fractions. The percent heat inactivation remains 
constant for both LPSAP and non-LPSAP moieties a t  62 and 50% 
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approximately. Normal individuals with blood type B and the slow- 
moving band exhibit 53.7 and 76.5%, respectively. From this i t  may be 
stated that only the heat sensitivity of the non-LPSAP band is abnor- 
mally low. It may also be surmised that no new source of enzyme, or a 
source showing different properties from those described, is appearing 
during the 80 days. In view of the hyperbilirubinemia, progressive 
obstruction of the biliary tree could account for the accumulation in the 
circulation of alkaline phosphatase isoenzymes, whose pattern, however, 
is normal in most respects and the intestine would be considered as the 
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FIQ. 37. Case B. Hyperphosphatasemia in androgen therapy of cancer of the 
breast. See Fig. 36. 

major source. The possibility also exists of hormone induction of alkaline 
phosphatase owing to impaired liver function, resulting in the accumula- 
tion of unconjugated steroid hormones, and to the administered Delalutin. 

Case B (Fig. 37).  This female patient (blood type A) with cancer 
of the breast metastatic to bone showed a rise in alkaline phosphatase 
while on androgen (Halotestin) therapy. There was a proportionate 
increase in both LPSAP and non-LPSAP moieties, which could be attrib- 
uted to the alteration in the heat-sensitive portions; the heat-insensitive 
fractions showed no appreciable alteration. With the increase, the per- 
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centage of heat inactivation of both LPSAP and non-LPSAP steadied a t  
90% approximately, which was far above the expected value for a blood 
group A slow band absent 70%. The sites most likely to deliver a high 
heat-sensitive alkaline phosphatase to the circulation are bone and 
intestine. The response may simply owe to androgenic hormone induction 
of bone and intestinal alkaline phosphatase or to a healing process. 

Case C (Fig. 38). A female patient with cancer of the breast 
metastatic to bone exhibited a drop in serum alkaline phosphatase while 
on androgen therapy. This diminution can be attributed to the loss of 
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Fm. 38. Case C. Alteration in serum alkaline phosphatase in a patient with 
cancer of the breast. 

heat-stable non-LPSAP. However, there is a coincident rise in heat- 
sensitive LPSAP. The percent heat inactivations were around 80% for 
both; these are higher than that (69%) expected for a female secretor. 
As in Case B, bone or intestine could be considered a source of the 
increased heat-sensitive fraction that persisted in this patient. The in- 
verse relation between heat-stable non-LPSAP and heat-sensitive LPSAP 
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would appear to reflect an entirely different phenomenon from that 
noted in Case B. 

Case D (Fig. 39). This patient (blood group 0, secretor) with cancer 
of the lung metastatic to lymph nodes and other organs showed an 
atypical alkaline phosphatase picture. The rise in alkaline phosphatase 
resulted from an increase in a very heat-stable LPSAP fraction that 
accounted for 50% of the total. The non-LPSAP percent heat inactivation 
is also lower than expected (76.5%). The interpretation is that a new 
tissue source of serum alkaline phosphatase with altogether unusual 
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FIG. 39. Case D. Presence of abnormal amounts of heat-stable LPSAP in hyper- 
p hosphatasemia . 

properties explains the increase. [Evidence to be presented elsewhere in 
detail (F15) establishes that this patient's cancer tissue contains large 
amounts of heat-stable LPSAP resembling placenta.] 

These few examples illustrate the means by which one can evaluate 
the biochemical isoenzyme information in patients stressing the impor- 
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tance of employing a control isoenzyme pattern based on blood type and 
the presence or absence of the slow intestinal band. 

This section has been organized around the findings in the normal 
followed by examination of the same type of information in disease. The 
following and last section of this chapter concerns clinical entities 
(pregnancy and disease) in which the current status of our understanding 
of the significance of the serum alkaline phosphatase is described, as well 
as the inferences which may now be permitted from the foregoing bio- 
chemical approach. 

The more clinical aspects of serum alkaline phosphatase have been 
widely discussed (B28, F6, G18, G22, H7, 11, L13, M10, M14, 03, P2, 
P10, R5, R17, 515, W11). 

9.1. PREGNANCY 

The elevation of serum alkaline phosphatase in pregnancy has been 
investigated by many workers (B28, K14, L3, L12, L17, L18, M16, M17, 
R9) during the last 30 years, and until recently i t  was believed that the 
enhanced level of this enzyme resulted from the contribution of growing 
fetal bone. In  1950 Beck and Clark (B8) reported that the increase in 
serum alkaline phosphatase during the last several weeks of pregnancy 
was taurocholate-resistant. The fact, however, that taurocholate was not 
an inhibitor of intestinal and placental alkaline phosphatases, although 
it inhibited alkaline phosphatase of other tissues, suggested that possibly 
placenta and to a lesser extent perhaps intestine were the main con- 
tributors of serum alkaline phosphatase in pregnancy. 

A number of different studies have made it certain that placenta is the 
main contributor to serum alkaline phosphatase in late pregnancy. Thus, 
McMaster et  al. (M15) and Zuckerman (22) noted the heat-stable 
enzyme appearing in the maternal circulation might be of placental origin. 
There was, however, practically no heat-stable enzyme in the umbilical 
cord blood. The immunological studies supported the theory of placental 
contribution in pregnancy, as the anti-enzyme (prepared by injecting 
human placental alkaline phosphatase into rabbits) inactivated the heat- 
stable fraction of alkaline phosphatase in the serum of pregnant women. 
Also, on the basis of their results on EDTA inactivation and electro- 
phoresis on cellulose acetate, Kitchener et al. (K13) suggested that half 
the maternal serum alkaline phosphatase in pregnancy and puerperium 
was of placental origin. Latner (L4) also proposed that the onset of 
placental degeneration during the last weeks of pregnancy leads to  the 
enhancement of alkaline phosphatase level in pregnancy serum. Beckman 
and Grivea (B11) recently reported their results on the variations of 
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serum alkaline phosphatase in a series of pregnant women and newborn 
children. The alkaline phosphatase in the maternal serum indicated two 
electrophoretic variants. The pregnancy enzyme was found in cord sera 
in a few exceptional cases. They noted a significant reduction of the PP2 
“antigen-associated” alkaline phoephatase in pregnant women and new- 
born children. 

Boyer (B38) was the first to indicate the polymorphism of human 
placental alkaline phosphatase by starch-gel electrophoresis. He sug- 
gested also the existence of genetic variants of the placental isoenzymes, 
which were investigated in greater detail by Harris and his collaborators 
(R15, R16). 

With the aid of photomicrographs of the L-phenylalanine-sensitive 
placental alkaline phosphatase, one can picture the placental villi in 
contact with the maternal circulation (H3) and so enriching it with 
alkaline phosphatase. In  support of this view, we have demonstrated a 
progressive rise in pregnancy of heat-stable LPSAP with an optimum 
pH of 10.7. 

9.2. LIVER DISEASE 

This organ plays a central role in the physiopathology of alkaline 
phosphatase (B9, C2, D4, D5, 11121, N1, P2, R6, 57, 526, 528, 529). Over 
the years the prevailing concept has been that the liver’s function is an 
excretory one insofar as serum alkaline phosphatase coming to the liver 
is concerned, the source of the enzyme being osseous. Now, one part of 
this view has been challenged by Posen, who states that the liver does not 
excrete alkaline phosphatase and that hyperphosphatasemia owes to 
“regurgitation” of bile ducts (B20). 

From physiological and ultrastructural considerations, i t  would appear 
that the alkaline phosphatase of the bile canaliculi (the only liver struc- 
tures that are histochemically positive) would have the same function as 
that assigned to the brush border of intestine and placenta. It may serve 
in membranes participating in the active transport of metabolites and 
ions into and out of the bile duct epithelium. The bile normally contains 
relatively low alkaline phosphatase activity, which can be considered 
enzyme produced by the bile canaliculi only. 

The portal blood-borne alkaline phosphatase from the intestine under- 
goes mixing in the liver with the enzyme that has traveled the lymphatic 
route. The proportions of these two populations of enzyme molecules, and 
their heat lability and sensitivity to L-phenylalanine are under the 
control of a number of physiological variables already discussed. 

Cirrhosis of the Liver. This entity is given detailed attention here, since 
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it appears to illustrate well some of the factors to be considered in 
interpreting the hyperphosphatasemia of liver disease. 

Fishman et al. (F14) reported that cirrhotics with hyperphosphata- 
semi'a can be divided into two categories: one in which the L-phenyl- 
alanine-sensitive moiety is increased, and one in which i t  is not. Careful 
clinical studies then and later (549) have failed to reveal a correlation 
of the LPSAP with any one feature of the disease. On the other hand, 
a positive correlation was discovered between LPSAP and the ABO 
blood groups, subjects with blood types B and 0 exhibiting elevated 
LPSAP. On this evidence, our viewpoint now is that the genetic consti- 
tution of the individual is the factor that determines in hyperphos- 
phatasemia the proportions of LPSAP of the total alkaline phosphatase. 

Why then is the alkaline phosphatase elevated? It is known that 
cirrhotics exhibit hypersecretion of gastrointestinal juices. Such a hyper- 
secretion with an accompanying rapid absorption into the lymph and 
portal blood would enrich the blood with intestinal alkaline phosphatase. 
Those individuals of blood types B and 0 would show high LPSAP levels 
and a slow band on starch gel [and those of type A (nonsecretors) high 
non-LPSAP levels] not only because of increased supply of intestinal 
enzyme, but perhaps also because of the malfunction of the liver mech- 
anism for handling chylomicron intestinal alkaline phosphatase. Also, 
since in chronic cirrhosis increased levels of free estrogen accumulate in 
the body, it is conceivable that estrogen induction of alkaline phos- 
phatase of liver, intestine, and other sites of origin of the enzyme may 
occur. Very probably all these factors may be operating to a .lesser or 
greater extent simultaneotlsly. 

The biochemical fractions of the serum alkaline phosphatase in cirrho- 
sis are listed in Table 13 according to blood types A and 0. It may be 
advantageous to compare the various moieties in these patients with 
the data on normal subjects of corresponding blood type (Table 10). 
In  some cases (4, 5, 14) the elevation is proportionate in the LPSAP 
and non-LPSAP moieties, whereas in others (1, 2, 3, 9, 10, 12, 13, 15) 
there is a disproportionate elevation in the LPSAP fraction. Subject 7 
exhibits the largest contribution of LPSAP (60%). There appears to be 
no similarity of the heat sensitivities of LPSAP and non-LPSAP in 
subjects 4, 5, 7, 14, and 15 with total LPSAP hyperphosphatasemia. In  
fact, the relatively high heat inactivation of sera 5, 6, 7, and 12 would 
register negatively for liver in a heat-inactivation test of total alkaline 
phosphatase (P19). 

Other Liver Diseases. Studies on liver diseases other than cirrhosis of 
the liver are in progress. However, elevations in LPSAP as an explana- 
tion of hyperphosphatasemia are much rarer. 
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It must be pointed out that the connection between abnormal liver 
function tests and serum alkaline phosphatase is often not clear. 
It then becomes important to devise means of identifying the particular 
mechanism or mechanisms that have been damaged in the liver, in order 
to interpret precisely the significance of hyperphosphatasemia in liver 
disease. 

TABLE 13 
DIFFERENT MOIETIES OF SERUM ALKALINE PHOSPHATASE IN CIRRHOTIC PATIENTSO 

Non-LPSAP (L) LPSAP (D - L) 

Blood D-total % Heat % Heat Ratio of heat-stable 
Patient type Value Value sensitive Value sensitive non-LPSAP/LPSAP 

(1) Bi 0 
(2) Ma 0 
(3) Hi 0 
(4) Ho 0 
(5) Mi 0 
(6) Cu 0 
(7) Mu 0 
(8) Si 0 
(9) sv  A 

(10) Fa A 
(11) Dw A 
(12) Am A 
(13) Ca A 
(14) Br A 
(15) Lo A 

22.4 3 .4  
27.5 6 .5  
30.0 4.6 
48.0 18.5 
26.6 12.6 
25.4 9.2 
34.7 20.9 
34.4 8.3 
16.3 2.9 
60.0 7 .1  
39.1 10.7 
25.9 3.3 
27.0 5 . 9  
25.9 10.1 
44.8 12.5 

53.1 19.0 69.4 
78.3 21.0 68.3 
61.0 25.4 61.9 
87.7 29.5 68.9 
75.8 14.0 82.1 
70.8 16.2 80.3 
66.7 13.8 81.0 
59.2 26.1 68.4 
59.2 13.4 71.6 
41.7 52.9 59.0 
64.1 28.4 59.5 
54.8 22.6 85.3 
89.8 21.1 74.5 
66.3 15.8 76.7 
79.4 32.3 61.2 

3.57 
4.77 
5.39 
4.02 
0.82 
1.19 
0.38 
2.42 
3.24 
5.21 
3.00 
2.21 
9.00 
1.08 
4.84 

a KA units/100 ml. 

9.3. BONE DISORDERS 

The earliest literature on alkaline phosphatase (F21, Rll-R14) has 
emphasized the osteoblastic source of serum alkaline phosphatase in 
growing children and in patients with bone disease, such as hyperpara- 
thyroidism (D12), Paget’s disease, etc. A voluminous literature has fol- 
lowed (52, K2, K17, M12, M31, N1, S45, T3, V1, V2). 

Starch-gel migration of bone alkaline phosphatase yields bands in 
locations that can be occupied by gastrointestinal juice alkaline phos- 
phatase as well as by the enzyme of kidney, lung, and spleen. High heat 
sensitivity is a property of the alkaline phosphatase from these various 
sources. Hence findings based on starch-gel electrophoresis and heat sen- 
sitivity in themselves are not diagnostic of a bone source. 

The following question must also be considered. Is bone disease pos- 
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sibly coincident with an associated intestinal disorder, and is a greater 
than normal contribution of intestinal enzyme made in bone disease? 
This question is stimulated by the presence in sera of such patients of a 
major heat-labile component, in the bone-plus-intestine position in starch 
gel. 

In  fact in experimental animals (rat), rickets produced by avitamin- 
osis D results in hyperphosphatasemia (F12) [normal 6.19 units/100 ml 
( F l l ) ,  rickets 17.9 units/100 ml] , that results from both “intestinal” and 
“bone” components [see also (D21) and R20) 1. 

In general, i t  would seem that osteoblasts could not compare as a 
source of alkaline phosphatase with intestine or placenta. In  pregnancy 
the level of alkaline phosphatase is rarely increased above 10 Bodansky 
or Shinowara units, and yet the placenta’s microvilli, which are extremely 
rich in alkaline phosphatase, are directly immersed in the ample and 
efficient maternal blood supply (H3). In the nonpregnant individual, 
therefore, before hyperphosphatasemia can be attributed to bone i t  would 
appear necessary to evaluate the intestinal contribution that is evident 
as heat-sensitive non-LPSAP protein. 

Another consideration is that properties of sera from individuals of a 
particular blood type and secretor status may resemble those of bone 
disease. If such individuals were blood type A nonsecretors with pre- 
dominantly heat-sensitive non-LPSAP in the bone position and under- 
went substrate or hormonal induction, their hyperphosphatasemic sera 
would be indistinguishable in starch-gel patterns, LPSAP, and heat 
sensitivity from sera in Paget’s disease. 

One may ask, therefore, if the properties of hyperphosphatasemic sera 
from patients with bone disease are similar only because such patients 
represent a population that is either particularly susceptible to bone 
disease, or who survive long enough to become patients in a chronic 
disease hospital where clinical investigations are frequently conducted. 

9.4. SKELETAL AND HEPATIC  DISORDER^ 

It must be stressed that hyperphosphatasemia in uncomplicated liver 
or bone disease, although of academic interest, has never posed a mystery 
of interpretation to the clinician nor has it confused the grounds for his 
decision making. The problem has arisen principally in dealing with 
laboratory findings in coexisting liver and bone disease, especially where 
a sudden elevation has occurred in the serum phosphatase level, as in 
hormonal therapy of cancer of the breast or of the prostate. 

A variety of approaches require the application of starch-gel electro- 
phoresis, physical conditions, and biochemical reagents. The majority 



ISOENZYMES OF HUMAN ALKALINE PHOSPHATASE 343 

opinion among various workers is that liver and bone alkaline phos- 
phatases are not readily separable by starch-gel electrophoresis, although 
a degree of success is claimed by some (C7, T2). The question of in- 
terpreting the pattern in coincident liver and bone disorders is not 
considered experimentally in the literature. 

The application of the heat-sensitive measurement by Posen e t  al. 
(P19, P20) has been restricted to sera of patients with uncomplicated 
liver or bone disease. Here, sera with high inactivation of alkaline phos- 
phatase are interpreted as bone and those that are relatively heat-stable 
as liver. Particularly disturbing to us were sera from patients with 
cirrhosis of the liver (patients 5, 6, and 12, Table 13) exhibiting heat 
sensitivity of non-LPSAP in the “bone” range. The measurement of heat 
sensitivity of serum alkaline phosphatase alone cannot be used for the 
certain identification of liver or bone sources or their mixtures. 

The use of the L-phenylalanine inhibition and heat sensitivity does 
serve (as illustrated in Cases A, B, C, and D) to separate into a separate 
category those sera whose biochemical patterns are abnormal in type 
compared to the pattern of a normal individual of the same blood type, 
sex, and secretor status. If the heat sensitivity of the non-LPSAP is 
higher than expected, one has grounds to consider the presence of a 
bone phosphatase. Its amount can be quantitated readily. 

In  our opinion, a single set of this laboratory’s partition values on 
serum is not diagnostic in itself of the relative degree of liver and bone 
involvement. Additional parameters need to be evaluated such as starch 
gel, neuraminidase treatment, clinical status (Y1) , etc. 

9.5. HORMONE-RELATED HYPERPHOSPHATASEMIAS 
Wray (W16) found that the prostatic cancer patients with normal 

levels of serum alkaline phosphatase evidenced a rise immediately after 
the start of stilbestrol therapy. After the peak the value fell to normal 
more slowly. I n  those cases in which serum alkaline phosphatase was 
markedly raised to begin with, there was an initial fall in its value 
coincident with the start of stilbestrol therapy, but after a few days this 
downward trend reversed and the subsequent increase went beyond its 
initial level to attain a maximum followed by a gradual decline as in the 
former case. It was shown that when bone metastases were seen radio- 
graphically but the primary source was not evident, the presence of an 
alkaline phosphatase “kick” following administration of stilbestrol would 
indicate that the metastases were of prostatic origin, whereas its absence 
would be some evidence against such a source. Woodward e t  al. (W13- 
W15) have come to the conclusion that the hyperphosphatasemias in 
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hormone-treated subjects were the result of two basic phenomena: one 
related to hormone action, and the other related to the disease. 

9.6. RENAL DISEASE 

The measurement of alkaline phosphatase was also employed in eluci- 
dating the pathogenesis and prognosis of renal disease (B43). Spink and 
Landeryou (542) observed that kidneys from patients dying from shock 
and renal failure as a result of hemorrhage, myocardial infarction, or 
sepsis contained reduced amounts of phosphatase. A quantitative de- 
crease in the alkaline phosphatase content of human kidneys was reported 
by Brain and Kay (B40) in severe renal disease. The investigations 
carried out by Latner e t  al. (L4) on the isoenzyme pattern in serum 
resulting from the rejection of a kidney homograft are interesting. 
Although most of the work was done with the dog, isoenzyme patterns 
on starch gel of a patient who received a kidney from his father were 
studied. After the operation an altered serum isoenzyme pattern was 
noted and was clearly evident when the graft was rejected 7 weeks later, 
the starch-gel patterns containing bands very similar to those of kidney 
extracts. These techniques of analyzing alkaline phosphatase isoenzymes, 
therefore, could be developed into a useful tool for detecting complete 
or partial rejection of the grafted organ. 

Butterworth and Moss (B44, B47) reported the presence of a fast- 
moving isoenzyme of alkaline phosphatase in human urine. The normal 
level of alkaline phosphatase in human urine (around 0.2 KA unit/100 
ml) was low, but the greatest quantities were found in relation to  the 
onset of diuresis in patients suffering from acute renal tubular necrosis, In  
patients with nephrotic syndrome a similar phenomenon is found in the 
“nephritic” exacerbations. The urinary alkaline phosphatase had a molec- 
ular weight lower than that in the kidney extracts. It could be contended 
that the lower molecular weight enzyme is a product of dissociation 
occurring in the patient’s urine, which contains urea in very high con- 
centrations, and urea is well known for its capability of dissociating 
heavy molecular enzymes into their subunits. In  diuresis the elevation 
of urinary alkaline phosphatase tended to occur in sharp peaks of short 
duration separated by troughs of lower levels (B46). 

Other studies have reported raised urinary levels of alkaline phos- 
phatase in a wide variety of renal disease (A2, A14, R22, W4). The pat- 
terns of distribution of alkaline phosphatase isozymes in the urines of 
patients having higher blood levels of this enzyme closely resemble those 
in the circulation. Urine enzyme may also originate from the prostate 
(525). 
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9.7. OTHER DISEASES 

An increased serum alkaline phosphatase activity was reported in 
pulmonary infarction first by Nikkila (N21) and recently confirmed by 
Dijkman and Kloppenberg (D15). Nath and Ghosh (N6, N13) suggested 
a method for the differential diagnosis of Hb-E-thalassemia, in which 
determination of serum alkaline phosphatase activity simultaneously 
against phenyl phosphate as well as fructose 1,6-diphosphate was recom- 
mended. The ratio of the activity of fructose-1,6-diphosphatase to phenyl 
phosphatase was measured in a variety of pathological cases, and it was 
observed that the mean value of this ratio was 3 times higher in Hb-E- 
thalassemia than those in normal and nonthalassemic cases. Latner (L4) 
studied extracts of dental pulp by starch-gel electrophoresis, and observed 
that the band of activity traveled with exactly the same velocity as that 
of the bone enzyme. It was suggested, therefore, that odontoblasts possess 
the same alkaline phosphatase as osteoblasts. Hypophosphatasemia is one 
of the characteristic features of a genetic disease, as observed by Harris 
and Robson (H6), evidencing an increased excretion of ethanolamine 
phosphate in the urine. Premature shedding of the anterior deciduous 
teeth was found by Pimstone et al. (P5) in hypophosphatasemia. 

9.8. TUMOR+S AS TISSUE SOURCES FOR SERUM ALKALINE PHOSPHATASE 

Osteogenic sarcoma has been the classical example of a tumor that 
produces alkaline phosphatase in amounts sufficient to produce hyper- 
phosphatasemia. Here the usual explanation is that the tumor has 
retained a biochemical characteristic of the tissue of origin (bone). 

The association of hyperphosphatasemia with tumors of nonbone 
origins has been reported, as in the case of pancreatic cancer (S15), 
but the source of the serum enzyme has not been clearly traced back 
to the tumor. 

Hitherto unreported are examples of patients such as Case D (Fig. 39) 
whose cancer of the lung and its metastases exhibited a placenta-like 
alkaline phosphatase that enriched the serum. This case may well be 
classified with those neoplasms that have apparently undergone dere- 
pression and produce proteins normally unrelated to the tissue of origin. 
The study of this interesting tumor is continuing (F15). 

The point of referring to this case is to alert investigators to  the possi- 
bility that the neoplasm itself may be the source of an elevation in serum 
alkaline phosphatase. Such cases may prove to be more common than 
hitherto suspected and represent a new and interesting field of oncologic 
significance. 
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Finally, mention should be made of the association of ABO substances 
in gastrointestinal carcinoma (D6). 

10. Summary of Present Status of the Problem 

Although the terms isoenzymes and variants have been clearly defined 
in this chapter, particularly for human intestinal and placental alkaline 
phosphatases, they may be found inadequate to describe phenomena pres- 
ently being investigated. For example, how is one to deal with a meta- 
bolically altered isoenzyme which may have a variety of physical 
properties depending on the extent of its metabolic alteration, as, for 
example, in gastrointestinal juice prior to absorption? Although the prop- 
erties of isoenzymes in individual tissues such as intestine and placenta 
can be systematically studied and interpreted, what happens to these 
components when they have been circulating in the blood for a period 
of time? Also, what transformations may take place in these enzymes 
attached to lipid in the population of small and large chylomicrons 
present in the circulation? 

When one takes into consideration the physiological factors which can 
operate to modify enzyme proteins, one must also include as a funda- 
mental basis of departure the genetic constitution of the individual. At 
present the traits are associated with ABO blood groups and secretor 
status. But who knows when the genetic factor may directly explain the 
individual serum alkaline phosphatase distribution in terms of specific 
enzymes? 

It is against this background of genetic predetermination and physio- 
logical factors such as absorption and pregnancy, that the biochemical 
partitioning of alkaline phosphatases has been presented in this chapter. 
It is provided to the investigators in the field as a working arrangement 
that enables one to evaluate the normality or abnormality of the bio- 
chemical properties of the serum alkaline phosphatase for a given 
individual of known blood type and secretor status. From the biochemical 
study of normal individuals has evolved a picture of a predominantly 
intestinal contribution of alkaline phosphatase to the circulation, which 
undergoes modification in the body to an extent dependent on the 
individual. All the positions on starch gel are known positions of modi- 
fied and unmodified intestinal alkaline phosphatase and the evidence is 
strongest that intestine does supply alkaline phosphatase to the circula- 
tion. 

The nature of the stereospecific inhibition of alkaline phosphatase by 
L-phenylalanine has been presented insofar as it is known. Hopefully, 
this knowledge may be helpful in the design or detection of better 
stereospecific inhibitors, which may have utility in developing the bio- 
chemical approach to isoenzymes. 
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Information resulting from starch-gel and other types of electrophoresis 
is desirable, but in itself cannot be interpreted with the precision that 
is possible in combination with the biochemical information. 

In  the present state of knowledge and in the absence of information 
of the patient’s diagnosis, one cannot yet expect to correctly identify 
a serum as “mostly bone” or “mostly liver” in origin with respect to its 
alkaline phosphatase by heat inactivation or L-phenylalanine inhibition. 
With the inclusion of additional studies, such as starch-gel electrophore- 
sis, neuraminidase treatment, and continued study over a period of time, 
one can increase the certainty of the interpretation of the origin of the 
serum alkaline phosphatase in patients. 

Information in the field of the isoeneymes of alkaline phosphatase may 
then be regarded as part of the evolving understanding of isoenzymes in 
general, which a t  the present time is rather confused with respect to its 
biological and clinical significance. 

DEDICATION 

This chapter is dedicated to Dr. Oscar Bodansky who has pioneered in the subject 
of alkaline phosphatase. 
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bile salts, 279f. 
cyanide, 279 
L-phenylalanine, 265 

Michaelis constants, 274, 276ff. 
substrate specificity, 273 

Alkaline phosphatase of tissues 

Allopurinol, as inhibitor of xanthine oxi- 
dase, 194 

Aminoantipyrine-ferricyanide reagent, in 
alkaline phosphatase assay, 265f. 

Aminopurines, hydrolysis of, 169 
AutoAnalyzer 

detector-recording systems, 47 
dialyzer, 47 
heating bath, 47 
proportioning pump, 46 
sampler in, 46 

Automatic analysis 
advantages in clinical chemistry, 146ff. 
precision, 146ff. 

B 
intracellular site of production, 316 
localization on absorptive membrane, 

313ff. Blood biochemical components, signifi- 
mechanism of catalysis, 281ff. 
relation to liaryotype in cultured cells, Bone alkaline phosphatase, heat inac- 

came of slight changes, 67 

323 tivation, 310 
Alkaline phosphatases 

genetic control, 321 C 
heat sensitivity, 307f. Calcitonin, 1, 8 
immunochemical properties, 297f. definition, 8 

Alkaline phosphatase assay Calcium in bone, effect of thyrocalci- 
automation of, 264f. tonin, 20-22 
determination of liberated inorganic Calcium loading test, after thyroidec- 

phosphate in, 260f. tomy, 11 

261f. bioassay, 24-27 
liberated organic phenolic group in, Calcium-lowering hormones 

principles of, 259f. 
Alkaline phosphatase electrophoresis radioimmunoassay, 27-28 

agar-gel, 305 Cholesterol 
paper, 299 fluorimetric technique, 51 
Sephadex-gel, 305ff. 
starch-gel, 299f. 

effects of age and diet on, 26-27 

manifold in automated assay, 53 
interactions in automated assay, 48-52 

ferric chloride-glacial acetic acid, 48 of intestinal extracts, 300 

390 
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Lieberman-Burchard, 49 
modification of other techniques, 50- 

ptoluenesulfonio acid-glacial acetic 
52 

acid, 48f. 
Clinical biochemical determinations 

control sera in, 82ff. 
definition of 

accuracy, 71f. 
error, 76ff. 
precision, 73ff. 
reliability, 77 
sensitivity, 75 
specificity, 71ff. 
standards and controls, 78 

improvement of reliability, 116ff. 
increase in number, 66 

necessity for precision, 67 
survey of interlaboratory variability, 

scope, 66 

68 
Clinical chemistry 

precision, 9%. 

148f. 

degree of accuracy, 95ff. 

Computer control, in clinical chemistry, 

Congenital juvenile hyperuricogeneis 
serum uric acid in, 186 
urinary excretion of 

hypoxanthine, 188 
uric acid, 186f. 
xanthine, 187 

Control charts, in clinical chemistry, 99f. 
Control samples, use of, 89f. 
Controls in clinical chemistry, stability 

of, 88 

D 

Deoxyribonuclease I 
inhibitors, 166f. 
mode of action, 166 

Deoxyribonuclease 11, mode of action, 
167 

E 
Electrophoretic patterns, serum alkaline 

phosphatase in normal persons, 328 
Errors in clinical chemical results 

collection of specimens, 113 

deterioration of specimens, 114f. 
diet, 114 
drug administration, 114 
effect of intravenous therapy, 114 
labeling, 115 
in laboratory, 116 
numbering of specimens, 115 

F 
Free fatty acids, automated assay, 60f. 

G 
Gout 

glutamine metabolism in, 179 
phosphoribosylpyrophosphate (PRPP) 

turnover in, 179 
Gouty attacks 

effect of corticosteroids on, 180, 181 
urate crystals in, 181 

Guanine, hydrolysis to xanthine, 169 

H 
Hydroxyproline 

assay 
chromatographic procedures, 217 
colorimetric procedures, 214-217 
p-dimethylaminobenzaldehyde, use 

distillation of oxidation products, 

enzymatic procedure, 216 
extraction of oxidation products, 

isotope dilution procedure, 218 
labeled hydroxyproline, use of, 216 
radioactive determination, 218 
oxidation with chloramine-T, 215, 

of, 216 

215 

215 

217 
peroxide, 216 
products, 217 

in collagen, 213 
in heart and blood vessels, 238 
in human skin, 238 
in human uterus, 238 
peptides, 219 
in plasma, 229-235 
structure, 217 
in tissues, 235ff. 
urinary, 218-229 
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Hypercalcemia, thyrocalcitonin secre- 

Hyperuricemia, see also Serum uric acid 
genetic aspects, 194, 195 
incorporation of labeled precursors in 

patients with, 178 
Hyperuricosuria, in corporation of 

labeled precursors in patients with, 
178 

tion, 30 

Hypoxanthine 
assays for, 197 
incorporation into nucleic acid pu- 

rines, 164 

I 

Interlaboratory comparisons, in clinical 

Intestinal alkaline phosphataae 
chemistry, 90f. 

L-pheny lalanine 
energy of activation, 287 
nature of inhibition by, 284ff. 
p H  optimum, effect of, 274ff. 

in blood groups, 317 
heat inactivation of, 310 
relation to  glucose absorption, 318 
starch gel electrophoretic pattern, 300 

Intestinal mucosa, as source of serum 

Isoenrymes of alkaline phosphatase, iso- 
alkaline phosphatase, 331ff. 

lation from placenta, 292ff. 

1 
Leukemia, chronic granulocytic 

serum uric acid, 184 
uric acid production in, 184-186 
urinary uric acid, 184 

Liver alkaline phosphatase, heat inac- 
tivation of, 311 

M 
Marfan’s syndrome, skin collagen pro- 

Moieties of serum alkaline phosphatase, 

Multichannel analysis, standards for, 

Myeloproliferative diseases 
serum uric acid, 184 
uric acid excretion, 184 

file, 239 

clinical applications, 3336. 

88f. 

N 
Neuraminidase, action on alkaline phos- 

5’-Nucleotidase, action on 5’-nucleotides, 

Nucleotides, hydrolysis of, 168 

phatase, 309 

168 

0 
Oste ogenesis 

alkaline phosphatase in, 319 
imperfecta, skin collagen profile, 239 

thiadiazole and other drugs, combined 

thiadiazole and 6-diazo-5-oxo-~nor- 

thiadiazole and nicotinamide, com- 

thiadiarole, effect of, 189, 191, 192 
2-substituted thiadiazoles, effect of, 

Oxypurine production 

effect, 190 

leucine, combined effect of, 190 

bined effect of, 190 

189,190 

P 
Parathyroid 

extracts, hypercalcemia after injec- 

function, relation to thyrocalcitonin 

gland system, 3-8 

in dog, 8 
in pig, 8 
in sheep, 8 

tion, 6f. 

secretion, 38 

hypercalcemic perfusion 

glands 
hypercalcemic perfusion, 5 
perfusion of, 4ff., 8 

citonin induced hypocalcemia, 19 

234 

phatases, 278 

Parathyroidectomy, effect on thyrocal- 

Peptide hydroxyproline, in renal failure, 

pH optimum of human alkaline phos- 

effect of buffer in determination, 279 

automated determination of inhibi- 

inhibition of serum alkaline phospha- 

LPhenylalanine 

tion, 27Off. 

tase, 265 
tissues phosphataaes by, 266ff. 
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L-Phenylalanine-sensitive alkaline phos- 
phatase 

in fat absorption, 317 
histochemical demonstration, 314 
starch-gel electrophoresis and stain- 

ing, 304,306 
Phosphodiesterases, properties of, 168 
Phospholipids, automated assay, 53-56 

by determination of fatty acids, 54 
phosphorus content of, 55-56 
diagram for manifold, 57, 69 

Placental alkaline phosphatase 
crystallization of isozpmes, 296 
genetic control, 323 
inhibition by tphenylalanine, mecha- 

L-phenylalanine, pH optimum, 274 
Sephadex-gel filtration, 294f. 
starch-gel electrophoretic pattern, 294 

dual regulating system, 2f. 
effect of hypercalcemic infusion of 

hypercalcemic perfusion of thyroid 

injection of parathyroid extract, 6 
thyrocalcitonin injection in methyl- 

nism, 286 

Plasma calcium level 

parathyroid gland, 5 

gland, 13 

thiouracil treated pig, 16 
Plasma calcium levels, stability of, 2f. 
Plasma hydroxyproline 

assay of, 230-233 
free, 229,230,231-234 
peptide, 229, 230 
protein-bound, 229, 230, 235 

Plasma magnesium level, 16-17 
effect of thyrocalcitonin injection, 16f. 

Plasma protein hydroxyproline, in vari- 
ous disorders, 235 

Polymorphonuclear alkaline phospha- 
tase, in mongoloids, 323 

Polynucleotide phosphorylase, 166 
Precalibrated photometers, 92 
Precision, initial assessment of, 95 
Psoriasis 

deoxyribonuclease activity of skin, 

deoxyribonucleic acid in skin, 182- 

nucleotides in psoriatic tissue, 183 

183 

183 

ribonucleic acid concentration in tis- 

urinary excretion of uric acid in, 182, 
sues, 182 

183 
Purine 

nucleosides, enzymic action on, 169 
nucleotides, catabolism of, 171 
ribonucleotides, interconversion of, 

ribosides, incorporation into nucleic 

ribotides, incorporation into nucleic 

synthesis 

160, 162 

acid purines, 163 

acid purines, 163-164 

aspartic acid, 159 
carbon dioxide, 159 
carbon sources in, 159 
de novo 

in eggs, 158 
in migrating salmon, 158 
suppression of, in microorgan- 

isms, 179 
formate in, 159 
glutamine in, 159 
glycine in, 159 
inhibition by amethopterin, 192 

aminopterin, 192 
azaserine, 192 
6-diazo-5-oxo-~-norleucine, 192 

nitrogen sources in, 159 
pathways of, 160, 161 
ribosylpurine as precursor, 160-161 

Purines, degradation in various species, 
172-173 

Q 
Quality control in  clinical chemistry, 

65-155 
computer analysis in, 106ff. 
cumulative sum charts, 103ff. 
daily average of assays, 108 
duplicate analyses, 109 
monitoring of laboratory errors, 105 
sequential analyses in patient, 109f. 

R 
Reliability in clinical chemistry 

automatic continuous-flow analysis, 
132ff. 
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automatic discontinuous and continu- 

automatic dispensers, 121ff. 
computer techniques, 141ff. 
contact between ward and laboratory, 

data processing, 141ff. 

ous discrete analysis, 137ff. 

117 

Rheumatoid arthritis, skin collagen pro- 

Ribonuclease 
file, 239 

protein inhibitors, 166 
pancreatic, action on ribonucleic acid, 

spleen, activity of, 165 
165 

Ribonuclease I, inhibition by heparin, 

Ribonucleic acid, cleavage of internu- 

5 
Scleroderma, skin collagen profile, 239 
Serum alkaline phosphatase 

165 

cleotide linkages, 165 

homeostasis, 320f. 
moieties in blood Group A and B 

moieties in bone disorders, 341f. 
moieties in liver disease, 329ff. 
moieties in normal persons, 326ff. 
moieties in pregnancy, 338f. 
in prostatic cancer, 343 
in renal disease, 344 
tumors as tissue sources, 345 

Serum calcium levels 
after thyroidectomy, 37 
in hyperthyroidism, 37f. 

subjects, 327 

Serum pool, as bench standard, 86f. 
Serum uric acid 

in gout, 178, 180 
in hyperthyroidism, 1 
in tissue destruction, 188, 189 

Skin collagen profile, in various dis- 

Skin diseases, skin collagen profile, 239 
Standards 

eases, 239 

biological materials as, 84ff. 
in clinical enzymology, 85f. 
for ketosteroid determinations, 86 

Standards and controls, use in clinical 

Standards in clinical chemistry 
biochemistry, 79ff. 

primary and secondary, 81 
radioactive tracer substances, 81, 88 
stability, 88 
“standard” sera, 81 

alkaline phosphatase in gastric juice, 

staining for phosphatase action, 304 
Starch-gel electrophoretic pattern 

bile alkaline phosphatase, 302 
human tissue phosphatases, 302 
L-phenylalanine-sensitive serum alka- 

serum phosphatase, 302 

P-glycerophosphate, 269 
indoxyl phosphate, 259 
4-methylumbelliferyl phosphate, 259 
a-naphthyl phosphate, 259, 263, 264 
p-nitrophenyl phosphate, 259 
phenolphthalein &phosphate, 259 
phenyl phosphate, 259, 262, 263 
phosphoenolpyruvate, 259 

Starch-gel electrophoresis 

330 

line phosphatase, 303 

Substrate in alkaline p h o s p h a t e  assay 

T 
Thyrocalcitonin 

amino acid composition, 35 
bioassay, 24ff. 
clinical significance, 366. 
definition, 8 
effect in intact animals, 18 

in parathyroidectomized rats, 17 
in thyroparathyroidectomized rats, 

of calcium on release, 13ff. 
of iodine-deficiency on release, 15 
of magnesium on release, 14 
of methylthiouracil on release, 15 
of propylthiouracil, 15 
of thiouracil on release, 15 
on alimentary tract, 22f. 
on bone, 20ff. 
on excretion of calcium, 22 
on excretion of hydroxyproline, 22 
on excretion of magnesium, 22 
on excretion of phosphorus, 22 
on excretion of strontium, 22 
on kidneys, 19f. 
on urinary excretion of creatinine, 

18 

19 
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excess syndrome, 39 
hypophysectomy, 23 
intracellular localization, 30 
localization in thyroid gland, 2b29 
molecular size, 35 
parathormone and, 23 
physical properties, 33ff., 37 
presence in other tissues, 11 
purification, 30ff. 
radioimmunoassay, 27 
release in different species, 14f. 
resting level of secretion, 14 
strain and species variation, 25 
therapeutic use, 39 

extracts, decrease of plasma calcium 

gland 

Thyroid 

by, 9f. 

cautery, effect of, 8 
hypocalcemic factor in, 8 

Thyroidectomy, 10-12 
effect on plasma calcium concentra- 

tion, 11 
Tissue hydroxyproline 

assay, 236 
in experimental animals, 236 
in man, 237-240 

Triglycerides, automated assay of, 56- 

chromotropic acid technique, 56-57 
fluorimetric procedure, 57-60 
Hantszch condensation reaction in, 

60 

57,58 

U 

assays for, 195, 196 
formation from xanthine and hypo- 

xanthine, 170, 171 
Metabolic fate, 175 
urinary excretion of, 175 

Uric acid 

pool 
in congenital juvenile hyperurico- 

factors in size, 173, 174 
genesis, 186, 187 

size in man, 173 
size in patients with gout, 180 

Urinary alkaline phosphatase, starch-gel 
electrophoretic pattern, 301 

Urinary hydroxyproline 
in acromegaly, 226 
chemical nature of, 219 
in congenital dwarfism, 224 
in connective tissue disorders, 227, 228 
effect of age on, 221-224 

diet on, 219-220 
sex on, 220-221 

in hyperparathyroidism, 226 
in hyperthyroidism, 224,226 
in hypothyroidism, 224, 226 
in idiopathic hyperphosphatasia, 224 
in kwashiorkor, 224 
in malabsorption states, 227 
in malnutrition, 224 
in osteoarthropathy, 226 
in Paget’s disease of bone, 226 
in pituitary dwarfism, 224 
in pseudohypertrophic muscular dys- 

in skin disease, 227, 229 
in vitamin-D deficient rickets, 224 
in vitamin-D resistant rickets, 224 

Urinary oxypurines, normal precursors 

Urinary uric acid, in gout, 178 

trophy, 224 

of, 177 

X 

Xanthine 
assays for, 197 
incorporation into nucleic acid pa- 

rines, 164 
oxidase 

inhibitors, 194-195 
properties of, 170 
xanthinuria, role in, 176, 177 

Xanthinuria 
absence of xanthine oxidase, 176, 177 
excretion of oxypurines, 176, 177 
uric acid excretion in, 176 
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