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Preface 

This book represents an edited compilation of 
the scientific presentations given at an Interna­
tional Symposium on the Physiology of Diastole 
in Health and Disease, September 11 to 14, 
1986, in Cambridge, Massachusetts. Numerous 
studies have documented the importance of 
diastolic dysfunction in clinical heart disease. In 
recent years clinicians have become increasingly 
aware that many patients with congestive heart 
failure have completely normal myocardial con­
tractile function. In these patients, inotropic 
agents provide no clinical benefit and may in 
fact exacerbate clinical manifestations of heart 
failure. These patients, who may be regarded as 
having diastolic heart failure, represent a major 
therapeutic challenge today. It has also become 
increasingly apparent that a variety of patho­
logie processes can result in diastolic dysfunc­
tion sufficient to cause congestive heart failure. 
These include pathologie processes extrinsic to 
the ventricular myocardium (e.g., constrictive 
pericarditis) as weIl anatomie and pathologie 
alterations within the ventricular wall (e.g., 
fibrosis, amyloidosis). However, an exciting 
body of information has emerged that supports 
the concept that altered intracellular function 
within myocytes may playa role in the diastolic 
dysfunction of many patients with heart failure. 

The intracellular processes that control myo­
cardial relaxation have been rapidly delineated 
in recent years. A centtal role for sarcoplasmic 
reticular calcium sequestration has been clearly 
established. Moreover, the role of disturbed 
intracdlular calcium handling associated with a 
variety of pathologie processes has been increa­
singly documented in both experimental ani­
mals and humans. The available data suggest to 
us that diastole should be regarded as a high­
energy state, because the myocardial contractile 
proteins can only relax in the presence of very 
low intracellular calcium concentrations (i.e., 
10-7 M), and substantial energy expenditure is 
required to maintain this very low cytosolic 
calcium concentration in myocytes bathed by an 
extracellular fluid whose calcium concentration 
is approximately 10-3 M. Considered from this 
point of view, the transition from diastole to 
systole that occurs with each heart beat may be 
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viewed as rolling downhili from an uphill or 
high-energy state. This transition results from 
the opening of membrane pores that allow 
calcium to rush into the cytosol, triggering 
excitation-contraction coupling. If the energy 
available to sarcoplasmic reticular and sarcolem­
mal calcium pumps was insufficient to remove 
this calcium from the cytosol and res tore the 
1O,OOO-fold calcium gradient, characteristic of 
the "resting" myocyte, we would live for one 
glorious systole and die in cardiac rigor. The 
well-known phenomenon of rigor mortis re­
minds us that for skeletal muscles as weIl 
relaxation is the high-energy state and per­
manent contraction is the inevitable downhili 
state for muscle that can no longer produce 
adenosine triphosphate. Given these considera­
tions, it should hardly be surprising that a 
variety of pathophysiologie states which impair 
membrane energy metabolism or adversely alter 
the functional capacity of intracellular calcium 
pumps will be associated with some impairment 
of myocardial relaxation. 

The material presented in this book sum­
marizes current knowledge concerning the bio­
logie basis for understanding diastolic relaxation 
and compliance. In addition to cellular biology, 
the importance of mechanical factors such as 
ventricular interaction, coronary vascular turgor, 
and the pericardium are emphasized. Finally, 
the relevance of an understanding of diastolic 
physiology to clinical practice is presented. 
Evaluation of diastolic relaxation and com­
pliance in the intact heart is a controversial 
subject, and some of the methodologie issues are 
addressed by a variety of experts in this field. 
We hope that this book will serve as a stimulus 
to further investigation, as weIl as a compen­
dium of current knowledge concerning cardiac 
diastole. We are ~eeply grateful to Dr. Eugene 
Braunwald, who has enthusiastically supported 
our research efforts in this area over the past 12 
years, as weIl as to our many colleagues whose 
work is summarized in these pages. 

William Grossman, M.D. 
Beverly H. Lorell, M.D. 
Boston, Massachusetts 
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PART I. CELL BIOLOGY 
OF DIASTOLE 



1. CELLULAR MECHANISMS OF 
RELAXATION: LESSONS FROM 

FROGS, BIRDS, AND MAMMALS 

William H. Barry 

Much progress has been made in the elucidation 
of the cellular mechanisms of development and 
relaxation of twitch tension in cardiac muscle. 
The onset of contraction is preceded by a rise 
in cytosolic calcium ion concentration, (Ca2+}i 
(l}. This rise in (Ca2+l in mammalian ventri­
cular myocytes appears primarily to be due to 
release of Ca2+ from intracellular stores con­
tained within the sarcoplasmic reticulum (SR), 
the release being triggered by influx of extracel­
lular Ca2+ across the sarcolemma via the slow 
calcium channel during phase 2 of the cardiac 
action potential. In frog myocardium, litde of 
the Ca2+ involved in excitation-contraction 
coupIing is derived from intracellular stores be­
cause of a very sparse SR, and therefore most of 
the rise in {Ca2 +}i occurs because of transsar­
colemmal Ca2+ influx via the slow Ca2+ channel 
and possibly via an eleccrogenic Na + _Ca2+ 
exchange (2}. Calcium bound to sarcolemmal 
sites mayaiso be of importance in the excita­
tion-contraction coupling process (3}, possibly 
by providing a source for Ca2+ influx. 

Relaxation of developed tension results from 
a fall in [Ca2+}i' which allows dissociation 
of Ca2+ from troponin and subsequent cross­
bridge detachment dependent on adenosine tri­
phosphate (ATP) binding to the contractile 
proteins. The initial fall in (Ca2+}i in the 

Supported in part by National Institutes of Health Grant 
HL30478. 
Grossman, Wi/!iam, and Lore/!, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinlls Nijhoff 
Pllblishing. All rights reserved. 

mammalian myocardial cell is believed to be due 
to ATP-dependent uptake of Ca2+ by an SR 
Ca2+ pump of high affinity and high Ca2+ 
transport capacity (4}. However, an amount of 
Ca2+ equal to that entering from the extracellu­
lar space during the onset of contraction must be 
extruded from the cell subsequendy, to avoid a 
progressive gain in cellular calcium content (5}. 
Therefore, relaxation of the myocardial cell may 
be considered to have two components from a 
theoretical standpoint: first, an initial rapid 
relaxation most likely due to intracellular re­
uptake of Ca2+ by SR, and second, Ca2+ 
extrusion from the cell across the sarcolemma. 
In this chapter, I will describe recent experi­
ments performed on cultured chick embryo 
ventricular cells, which elucidate the relative 
importance of different transsarcolemmal Ca2+ 
extrusion mechanisms during relaxation. 

Methods 

TISSUE CULTURE 
The experiments to be described were performed 
on monolayer cultures of spontaneously contrac­
ting chick embryo ventricular cells, prepared as 
previously described (6}. Briefly, hearts of 10-
day-old chick embryos were removed, minced, 
and placed in Ca2+ and Mg2+ -free solution. 
The cells were isolated by four cycles of trypsini­
zation, resuspended in culture medium, and 
placed in plastic petri dishes containing circular 
glass overslips. After 3 to 4 days of culture, 
confluent layers of spontaneously contracting 
cells developed. 

3 



4 PART I. CELL BIOLOGY OF DIASTOLE 

MEASUREMENT OF CONTRACTION 
AND RELAXATION 
Measurement of relaxation and contraction of 
individual cells in the culture were assessed by 
the use of an optical video system as described 
[7}. Coverslips with attached monolayers were 
placed in aperfusion chamber in which the 
medium bathing a segment of the culture could 
be changed with a time constant of 1 to 2 
seconds. The chamber was placed on the stage of 
an inverted phase-contrast microscope enclosed 
in a Lucite box in which a temperature of 37°C 
was maintained. Cells were magnified with a 
40x objective, and the image was monitored 
by a low-light-level television camera, con­
nected to a video motion detector. The mo­
tion detector measured motion along a selected 
raster-line segment, and the output of the 
motion detector was calibrated to indicate actual 
microns of motion. 

MEASUREMENT OF CALCIUM EFFLUX 
In the experiments to be described, Ca2+ efflux 
was measured by labeling the cells with 45Ca 
tracer to equilibrium and then washing the cells 
to remove the extracellular label. The coverslip 
cultures were then placed serially in 2-ml 
aliquots of efflux medium for 5 seconds in each. 
The 45Ca efflux was calculated as fractional loss 
of 45Ca counts for each 5-second time point. For 
further details, see Barry and colleagues {7}. 

MEASUREMENT OF CHANGES IN (Ca2+}j 
Changes in {Ca2+1 were detected using the new 
fIuorescent probe, Indo-1 {8, 9}. Cells were 
exposed to the acetoxymethyl ester form (Indo-1 
AM) of the fIuorescent probe. This membrane­
permeable compound diffuses into the ceIl, 
where the easter groups are cleaved by intra­
cellular esterases, leaving the Indo-1 molecule 
free to bind to Ca2+. Cells were excited at a 
wavelength of 360 nm, and fIuorescence at 410 
and480 nm was detected using photomultiplier 
tubes. The fIuorescence intensity increases at 
410 nm with increasing {Ca2+1 and decreases at 
480 nm with increasing {Ca2+1; therefore, the 
ratio of the fluorescence intensities at these two 
wavelengths was used as an index of free {Ca2+1 
concentration. 

Results 
When the contractile activity of spontaneously 
beating cultured ventricular cells within a 
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FIGURE 1-1. Two phases of relaxation. A. Contrac­
tion and relaxation of a cultured heart cell, as 
measured by cell motion. An initial rapid phase of re­
laxation (1) is followed by a slow phase (II) that con­
tinues until the next contraction. The lower tracing 
in panel A is the first derivative of the cell motion 
trace. Recorder speed was reduced by a factor of five 
at the beginning and end of the recording. B. Esti­
mation of the time constants Tl and T 2 of relaxation, 
from the cell motion trace shown in panel A. Cell 
motion is plot ted on a log scale, beginning at peak 
amplitude of contraction and extending through 
diastole. Complete relaxation was assumed to have 
occurred at the end of diastole. Tl is 30 to 40 msec, 
whereas T 2 is about 200 msee. (Adapted from Miura 
et al. [5}.) 



l. CELLULAR MECHANISMS OF RELAXATION 5 

monolayer is monitored, two distinct phases of 
relaxation are apparent, as seen in Figure 1-1. 
There is an initial rapid phase of relaxation 
followed by a slow phase that continues until 
the next contraction. The time constant of the 
rapid phase of relaxation is 30 to 40 msec, and 
the time constant of the second slower phase is 
longer. The exact magnitude of this slower time 
constant is difficult to determine, however, 
because the cells are continuing to relax at the 
onset of the next contraction, and therefore the 
position of complete relaxation is unknown. It is 
important to note that two phases of relaxation 
have also been detected in cultured aggregates of 
chick embryo ventricular cells by Clusin [l0} 
and in isolated dissociated adult ventricular 
myocytes [l1}. 

It has been suggested that this second slow 

MOTION ...; 

I I 
500msec 

FlGURE 1-2. Simultaneous Cell motion (upper 
trace) and changes in [Ca2+}i (lower trace) in a 
monolayer of cultured heart cells. The [Ca2+}i signal 
is the ratio of fluorescence intensities at 410 and 
480 nM of cells loaded with Indo--1 and excited at 
360 nM. Calibration studies using a Ca2+ ionophore 
and Ca2+ -buffered solutions indicate an average 
systolic [Ca2 +}i of 780 nM, and end-diastolic [Ca2 +}i 
of 240 nM (9}. Note that (Ca2+}i continues to fall 
slowly throughout diastole, after an initial more 
rapid decline. 

phase of relaxation is not a viscoelastic pheno­
menon but rather represents a decline in Ca2+ -
dependent contractile force {5, 1O}. In this 
regard, recent studies in our laboratory using 
Indo-l have confirmed that this slow phase of 
relaxation is associated with a fall in {Ca2+}i {9}, 
as iIlustrated in Figure 1-2. 

Thus, in intact cultured ventricular myocytes, 
both the decline in {Ca2 +}i and the correspon­
ding mechanical relaxation of the ceIl appear to 
occur in two distinct phases with markedly 
different time constants. Although the initial 
rapid phase appears to be accounted for by SR 
uptake of Ca2 + {4}, the mechanism(s) respon­
sible for the second slower phase of relaxation 
have not been established. It has been proposed 
by Clusin [l0} and Muira et al. {5} that the 
second phase of relaxation might represent Ca2+ 
extrusion via Na+ _Ca2+ exchange. However, 
subsequent experiments demonstrated that cul­
tured heart ceIls can maintain an efflux of Ca2+ 
at a normal rate in the presence of zero extra­
ceIlular Na+, a finding that suggests that Na+­
dependent Ca2+ extrusion may be relatively un­
important in these ceIls [l2}. Thus, the slow 
phase of relaxation could be due to another 
extrusion mechanism such as the sarcolemmal 
Ca2+ -ATPase calcium pump. 

As shown in Table 1-1, work recently sum­
marized by Carafoli {4} has demonstrated that 
while the Na+ -Ca2+ exchanger has a relatively 
low affinity for Ca2 +, it has a much higher 
maximum transport rate than the sarcolemmal 
Ca2+ -ATPase. These results, which were based 
on studies performed on vesicles prepared from 
adult mammalian myocardial sarcolemmal 
membranes, suggested that the Ca2+ pump was 
a low-capacity, high-affinity transport system, 
whereas the Na + -Ca2+ exchanger was a rela­
tively low-affinity but high-capacity transport 
system. A major question remained regarding 
the extent to wh ich either one or both of these 
Ca2 + extrusion systems contributes to the slow 
phase of relaxation. 

To approach this question we performed the 
experiment {7} shown in Figure 1-3. In this ex­
periment, cultured heart cells were first ex­
posed to nominal zero Na+, zero Ca2+ solution 
({Ca2+} = 1-5 [!M). This resulted in osciIlatorr 
mechanical activity consistent with SR Ca2 

overload {l3}. However, the cells remained ina 
relaxed position. Abrupt exposure to 20 mM 
caffeine in the absence of extraceIlular Na+, 
caused a contracture, which relaxed slowly (Fi-
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TABLE 1-1. Kinetic Properties ofMyocardial Ca2+ -Transporters 

Km (f:tM) 

SR Ca2+ -ATPase 0.1-0.5 
SL Na + -Ca2+ Exchanger 2-20 
SL Ca2-ATPase 0.5 
Mitochondria 

Electrophoretic uptake in si tu 15-30 
Na+ -Ca2 + exchanger 13 

V rnax (nmol/mg/sec) 

20-30 
15-30 

0.5 

<0.5 
0.2 

% Total Ca2+ Uptake 

88.0 
4.9 
0.7 

6.3 

Km = concentration at which enzyme activity is one-half V max; V max = maximum activity rate; SR = sarcoplasmic reticulum; SL = 
sarcolemma. (From Carafoli (4)). 

gure 1-3A). As shown in Figure 1-3B, ex­
posure to caffeine under these conditions also 
increased 45Ca efflux. Under identical condi­
tions, exposure of cells to caffeine plus Na+ 
(140 mM) produced a smaller contracture that 
relaxed much more rapidly (Figure 1-3C) and a 
more rapid 45Ca efflux (Figure I-3D). 

Data from several experiments are summar­
ized in Table 1-2. Cells relaxed more rapidly in 
140 mM Na+ than in the absence of Na+, and 
this effect of Na+ was antagonized by LaH , an 
inhibitor of Na+ _Ca2+ exchange. These find­
ings indicate that there is an Na+ -independent, 
Ca2 + extrusion system in these cultured heart 
cells, wh ich is capable of extruding Ca2+ 
against a considerable electrochemical concen­
tration gradient. This system presumably is a 
Ca2+ -ATPase calcium pump. However, the rate 
of relaxation of tension that this system is able 
to produce is inadequate to account for the 
second slow phase of relaxation in intact beating 
cells. The results in which Na+ was resupplied 
simultaneously with caffeine exposure indicate 
that Na+ _Ca2+ exchange can extrude Ca2 + 
more rapidly and produce more rapid relaxation 
of the caffeine contracture. The time constant 
for this relaxation is similar to that noted for the 
second phase of relaxation is intact cells. These 
data, taken together, show that the sarcolemmal 
Ca2 + pump is incapable of contributing to 
phasic relaxation in these cells but support the 
hypothesis that the second, slow phase of 
relaxation is due to Ca2+ extrusion across the 
sarcolemma via Na+ _Ca2+ exchange. 

Discussion 
The results shown above demonstrate the pre­
sence of two kinetically distinct phases of relaxa­
tion of cultured ventricular cells. This finding is 
consistent with the presence of two distinct 

mechanisms by which cytoplasmic {Ca2+} is 
lowered during diastole. It is known that intact 
adult avian myocardium resembles mammalian 
myocardium in that it possesses a well-devel­
oped SR {14}. Studies by Holland {15} have 
demonstrated Ca2 + -dependent SR ATPase in 
cell cultures of chick heart. In addition, recent 
studies in our laboratory {16} have demon­
strated that the contractile amplitude of cul­
tured heart cells is influenced by ryanodine and 
caffeine in such a way as to suggest that the SR 
plays a significant role in excitation-contraction 
coupling in these cells. Therefore, it seems rea­
sonable to ascribe the rapid phase of myocardial 
cell relaxation to Ca2+ uptake by SR, as sug­
gested previously. 

The second, slower phase of relaxation seems 
to be due to Ca2+ extrusion from the cell by 
Na+ _Ca2 + exchange. It is of interest to note 
that studies by Roulet and co-workers {17} have 
demonstrated that relaxation of frog atrium, 
which has a very sparse functional SR, as 
mentioned previously, is primarily dependent 
on the extracellular Na + concentration. The 
relaxation of frog ventricle after repolarization 
from a voltage-clamp pulse was ten times more 
rapid in the presence ofNa+ than in its absence, 
a result which is very consistent with our own 
findings (Table 1-2) and wh ich further supports 
the conclusion that Na+ -Ca2+ exchange is in­
volved in relaxation of twitch tension. 

These results also suggest that cardiac glyco­
sides, which increase net 45Ca uptake and 
content {18}, do so primarily by slowing the 
rate of Ca2 + efflux occurring each beat via 
Na+ -Ca2+ exchange. This occurs because with 
inhibition of the Na+ pump, and consequent 
increase in intracellular {Na +}, less electro­
chemical energy from the Na+ gradient is 
available for the Na+ _Ca2+ exchanger to ex­
trude Ca2+. Additionally, a cardiac glycoside-
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FIGURE 1-3. a. Effect of abrupt exposure co caffeine on ceU motion in the absence of extraceUular Na + . 
Control contractions at fast paper speed are shown on lek Oscillatory mechanical activity developed in zero. 
Na+, nominal zero Ca2 + solution. Caffeine exposure (vertical arrow) caused a large contracture, which relaxed 
over 20 to 30 seconds. b. Effect of abrupt exposure co caffeine on 45Ca efflux. Control efflux in zero Na+, 
nominal zero Ca2+ solution is shown on bottom (squares). Caffeine exposure (vertical arrow) in the absence of 
extraceUular Na+ caused an increased efflux of 45Ca, which lasted for about 20 seconds. c. Effect of abrupt 
exposure to caffeine plus 140 mM Na+ on motion. The combination of caffeine plus Na+ produced a smaUer, 
more rapidly relaxing contracture. This was the same ceU as shown in A, after recovery in normal HEPES­
buffered medium. d. Effect of abrupt exposure co caffeine and Na+ on 45Ca efflux. 140 mM Na+ plus caffeine 
produced an increase in Ca2+ efflux relative to that seen on resupply of Na + alone, the major portion of which 
occurred within 5 seconds [7}. 

TABLE 1-2. Effects ofNa andLa on Caffeine Contracturea 

140 mM Na+, 0 Ca2+ 

140 mM Na+, 0 Ca2+, 1 mM La3+ 

Caffeine Contracture (!-tm) 

3.94 ± 0.90 

(P< .05) 

1.53 ± 0.50 
2.28 ± 0.93 

Relaxation t1l2 (sec) 

8.60 ± 1.22 

(P< .001) 

0.77 ± 0.09 
6.51 ± 2.18 

a n = 7; P values shown indicate a paired t-test comparisoo of zero Na +, zero Ca2+ vs. 140 mM Na +, zero Ca2+ groups. The oon-paired t 
test, showed 00 sigoificant differences betweeo the zero Na +, zero Ca +, 140 mM Na +, zero Ca2+, 1 mM LaH groups. 
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induced increase in [Na +1 may cause a small 
increase in Ca2+ inf!ux via Na+ -Ca2+ exchange 
each beat, during the initial phase of the action 
potential after membrane depolarization but 
before the [Ca2+}i transient due to SR Ca2+ 
release [lS}. It should be noted, however, that 
experiments with extracellular Ca2+ indicators 
do not support a major role for enhanced Ca2+ 
inf!ux via Na+ _Ca2 + exchange as a mechanism 
for strophanthidin-induced inotropy [l9}. 

Relaxation of myocardial ceUs in the absence 
of functioning SR and in the absence of extra­
cellular Na+ is very slow indeed, but does 
occur [see Figure 1-3A). Ir is not clear whether 
this relaxation is due to Ca2+ extrusion by the 
Ca2+ -ATPase calcium pump (although this 
clearly could play a role) , or could represent 
Ca2 + binding to proteins within the ceU [20} 
or to mitochondria. Mitochondria have a large 
capacity for Ca2+ but have very slow rates of 
Ca2+ uptake and release [4}. It is therefore 
believed that under usual circumstances, Ca2+ 
uptake by mitochondria serves primarily to 
buffer the cell against Ca2+ changes at higher 
Ca2+ levels in the cytosol, as might occur 
during marked and prolonged inhibition of the 
Na + pump, rat her than to contribute to phasic 
changes in Ca2 + during excitation contraction 
coupling [21, 22}. 

Many lessons remain to be learned about 
relaxation, and its integration with excitation­
contraction coupling. As pointed out by Cara­
foli (4}, very litde is known about the Ca2+ 
release channels in the SR. Furthermore, the 
importance of cAMP-dependent phosphoryla­
tion of SR, relative to calmodulin-modulated 
phosphorylation and protein kinase C-modu­
lated phosphorylation of phospholamban, in 
regulating Ca2+ uptake by the SR under 
physiologie and pathologie conditions remains 
uncertain. Finally, mechanisms involved in the 
translocation of Ca2+ from the uptake site of SR 
to Ca2+ release sites are uncertain. It is clear 
that aIl these components of the SR system must 
function in an integrated way to provide normal 
relaxation as weIl as contraction. 
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2. SARCOPLASMIC RETICULAR 
CONTROL OF CARDIAC 

CONTRACTION AND RELAXATION 

Arnold M. Katz 

Any analysis of cardiac relaxation requires an 
understanding of the role of the sarcoplasmic 
reticulum (SR) in removing activator Caz+ from 
the cytosol at the end of systole. The precise 
relationship between Ca2+ uptake into this 
intracellular membrane system and the changes 
in muscle length and tension that occur during 
diastole remains incompletely understood, but 
it is generally accepted that relaxation begins 
when cytosolic Caz+ is reduced by the calcium 
pump of the SR. 

This chapter reviews briefly the handling of 
Caz+ by the SR and focuses on the properties of 
the calcium pump ATPase, wh ich is the major 
intrinsic protein in these membranes. The role 
of the SR in the release of activator Caz+ at the 
start of systole is also described; however, this 
process is much less weIl understood than that of 
Caz+ uptake. 

The SR is an intracellular membrane system 
that is specialized far its role of regulating 
cytosolic Caz+ concentration. These membranes 
cause cardiac muscle to relax by pumping Ca2+ 
"uphill" against a concentration gradient, while 
by mediating a "downhill" Caz+ release from 
stores in the SR these membranes also initiate 
contraction. The transport of Caz+ by the SR is 
effected by an ATP-dependent calcium pump 
whose molecular properties have been exten­
sively characterized. 

Supporred by Program Projecr Grant HL-33026 from the 
National Hearr, Lung and Blood Institute. 
Growliall. Willialll. alld Lorell. Beverly H. (eds.). Diastolic 
Relaxatioll 0/ the Heart. Copyright © 1987. Martillus Nijhoff 
Publishillg. All rights reserved. 

The Calcium Pump 0/ the SR 
The Ca2+ -transport reaction of the SR has been 
studied mainly in skeletal muscle vesicular 
preparations {l-4}. Caz+ transport by cardiac 
SR is gene rally similar to that of skeletal muscle 
{5}, with the important exception that the 
cardiac system is more highly regulated and 
can be modified by such influences as protein 
kinase-mediated phosphorylation {6, 7}. 

The calcium pump ATPase reaction proceeds 
through several steps that involve the interac­
tion of Caz+ and-ATP with the -100,000 
dalton calcium pump ATPase protein. As 
shown in the scheme below, Ca2+ uptake begins 
when Ca2+ and ATP bind to the outer sutface of 
the calcium pump A TPase (E), after wh ich the 
terminal high-energy phosphate of ATP is 
transferred to the protein to form sequentially 
at least two different phosphoenzyme inter­
mediates. 

MgATP, 2 Cao2+ ADP 2 Cai2+ Pi 

E ~Ca2E-ATP LCazE\P J ~ EzP-4*E 

The initial formation of a CazE-ATP inter­
mediate is followed by the liberation of adenosine 
diphosphate (ADP), wh ich rapidly converts this 
intermediate to the high-energy acyl phospho­
enzyme denoted EIP. Caz+ remains bound with 
high affinity to EIP at its low activity (i.e., as 
CaÖ+). Thus, the energy of the terminal phos­
phate bond of A TP is retained in EI P, which is a 
high-energy phosphoenzyme. 

The key step in Caz+ transport occurs when 
EIP moves the two bound Caz+ ions ac ross the 
membrane bilayer at the same time that the 
affinity of the eozyme-bound Ca2+ becomes 
reduced. This allows Caz+ to be released in the 

11 
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region of higher Ca2+ concentration within the 
SR {Ca2+1i while a different phosphoenzyme 
(EzP, a low-energy reaction intermediate) is 
formed at this step of the reaction. EzP is then 
hydrolysed to form *E and inorganic phosphate. 
A conformational change in the calcium-pump 
ATPase (*E-E transition) then occurs before 
the Ca2+ transport cyde can begin again. 
Because all steps in this reaction scheme are 
reversible, under special conditions the calcium­
pump ATPase can be made be catalyse Ca2+ 
efflux from Ca2+ -filled SR vesides. 

The mechanism responsible for the conforma­
tional change in the A TPase protein that utilizes 
the energr of the acyl phosphate bond of EIP to 
move Ca + across the SR membrane remains 
poorly understood. This key step of the active 
transport process may involve a large entropy 
change that occurs when the high-energy phos­
phoenzyme EIP is converted to EzP, but how 
such an entropy change, or other mechanism, 
actually causes Ca2+ to be transported uphill, 
against a concentration gradient, is not known. 
One possible mechanism is shown in Figure 
2-1, where the movement of Ca2+ is shown to 
occur in a manner similar to that which raises a 
boat in a canal lock. 

ATP has two distinct functions in the reac­
tions of the calcium pump. At lower concentra­
tions the nudeotide is a substrate that provides 
energy for the active transport of Ca2+, whereas 
at higher concentrations A TP acts as an allos­
teric regulator that stimulates the overall trans­
port reaction (see {n for references). Ir is 
important to appreciate that the two A TP 
binding sites have different affinities; the sub­
strate (high affinity) site has a ~ of -111M 
while the allosteric regulatory (low affinity) site 
has a ~ of -500 11M. 

The allosteric effect of A TP appears to be 
relevant to physiologic, and especially patho­
physiologic effects on Ca2+ transport by the SR. 
For example, during states of "energy starva­
tion" such as occur in the ischemic or chroni­
cally overloaded heart, relaxation may be slowed 
by a modest fall in A TP concentration to levels 
low enough to reduce the allosteric effect of the 
nudeotide but not so low as to impair the 
substrate functions of ATP. 

cti+ Release/rom the SR 
Although Ca2+ release from the SR has been 
studied extensively over the past decade {8, 91, 

and it is generally accepted that the terminal 
cisternae represent the site from which Ca2+ is 
released from the SR {l0}, the stimulus that 
initiates the Ca2+ release that constitutes the 
final step in excitation-contraction coupling 
is not yet fully understood. Three different 
mechanisms have been proposed to account for 
the initiation of this Ca2+ release: first, in­
creased Ca2+ concentration at the cytosolic 
surface of the SR that occurs when Ca2+ enters 
the ceU by way of sarcolemmal calcium channels 
("Ca2+ -induced Ca2+ release"); second, an in­
crease in the Ca2+ permeability of the SR, 
caused by the sudden change in electrical 
potential ac ross the sarcolemmal oe t-tubular 
membrane during the action potential ("de­
polarization-induced Ca2+ -release"); and third, 
a mechanical coupling between the membranes 
of the SR and sarcolemma; for example, depol­
arization of the t-tubular membrane might 
modify a structural connection between the t­
tubular membrane and that of the terminal 
cisternae SR so as to "unplug" a channel that 
allows Ca2+ to flow out of the SR. At this time, 
a Ca2+ -induced Ca2+ release appears to be most 
important in the myocardium. 

In addition to the uncertainty regarding the 
mechanism that initiates Ca2+ release from the 
SR, the nature of the channel through which 
Ca2+ leaves the SR remains to be defined {lI}. 
Two general types of Ca2+ release channel have 
been proposed: a special "channel" that medi­
ates passive Ca2+ flux out of the SR; or that the 
calcium-pump ATPase itself is the Ca2+ chan­
nel that allows Ca2+ to move '''downhill'' out of 
the Ca2+ -filled SR. As pointed out above, the 
calcium-pump ATPase, the predominant species 
of protein in the SR membrane, can catalyze a 
downhill flux of Ca2+ across these membranes; 
however, this Ca2+ efflux is slow {12}. The 
finding that ryanodine, which specifically inhi­
bits Ca2+ release from the SR; binds to a limited 
number of sites in SR fractions derived from the 
terminal cisternae suggests the presence of a 
calcium channel in this region of the SR {l3}' 

Implications 0/ the Energetics 0/ Calcium 
Transport by the SR 
As is discussed at length elsewhere in this 
volume, relaxation abnormalities playamajor 
role in the pathophysiology of many forms of 
cardiac disease, induding heart failure, and 
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FIGURE 2-1. Schematic diagram of the reaction mechanism of the calcium pump ATPase reaction of the 
sarcoplasmic reticulum (SR). Beginning in the upper left corner, 2 moles of calcium and 1 mole of ATP bind to 
the calcium-pump ATPase protein to form the E-ATP complex. Hydrolysis of ATP and release of ADP leads to 
the formation of EIP, the ADP-sensitive phosphorylated intermediate in which the 2 moles of calcium are 
occluded . The next step, formation of the ADP-insensitive E2P, is accompanied by the translocation of the 2 
moles of calcium into the lumen of the SR. This is followed by destabilization of the bond linking Pi to the 
enzyme and formation of E· P . Release of Pi forms E*, astate of the calcium-pump ATPase protein that differs 
from E. The transition from E* to E allows the calcium-pump ATPase protein again to bind 2 moles of calcium 
and 1 mole of ATP. All ofthese reactions can run in reverse, so that under special conditions the "downhill" 
efßux of calcium can be coupled to the resynthesis of ATP from ADP and Pi. (Reprinted from Katz et al. [17}.) 

relaxation is more severely impaired than con­
traction in the ischemic and overloaded heart. 
These findings reflect the greater effect of a 
deficit in chemical energy to slow the Ca2+ 
fluxes ac ross the SR that occur during relaxation 
rat her than during contraction, and also reflect a 
greater reserve capacity for the Ca2+ fluxes 
involved in systole than those involved in 
diastole. 

The greater sensitivity of the Ca2+ fluxes 
involved in relaxation to an energy deficit is 
readily understood when it is remembered that 
delivery of activator Ca2+ to the contractile 
proteins is a passive process; whereas relaxation 

requires that Ca2+ be transported actively 
against a concentration gradient. Thus, acti­
vation is initiated by the intrinsically rapid 
diffusion of Ca2 + through membrane channels 
from the extracellular space and SR, where Ca2+ 
concentration is in the millimolar range,' into 
the cytosol, where Ca2+ concentration is ap­
proximately 0.1 IlM. The downhilI fluxes of 
activator Ca2+ are much faster than the active 
transport of Ca2+ that effects relaxation (Table 
2-1). For example, Ca2+ entry via a single 
sarcolemmal calcium channel is approximately 
3,000,000 ionslsecond [l4}, while ATP-de­
pendent Ca2+ transport by a single calcium 
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TABLE 2-1. Balances Between Ca2+ Fluxes During 
Activation and Relaxation in the Myocardium 

Surface areas of membranes in the myocardium 
q.lm2"/llm3) 

SL: -0.3 
SR: -1.2 

Densities ofCa2 + channels and Ca2+ pump sites 
(sites/llm2 ) 

Ca2+ channels in the cardiac SL 
Ca2+ pump proteins in cardiac SR 

Number of sites/llm3 {A X B} 
SL plus t-tubules 
SR 

Rates of Ca2+ fluxes involved in 
activation and relaxation (ions/sec) 

1-5 
6000 

-1 
-7000 

Activation (flux through a Ca2+ channe!) 
-3,000,000 

Relaxation (flux by a Ca2+ pump site) - 30 
"Ca2+ flux reserve capacity" (ions/sec·llm3) {C X D} 

Activation -3,000,000 
Relaxation - 21 0,000 

S1 = Sarcolemma and r-tubules; SR = sacroplasmic rericulum. 
(Modified from Smirh er al. {J6].) 

pump site of the SR is approximately 30 ions! 
second {15}, 11100,000 the rate of Ca2+ entry 
through a Ca2+ channel. Although the relative 
slowness of the Ca2+ fluxes responsible for re­
laxation is partially overcome by a very high 
density of Ca2+ pump proteins in the mem­
branes of the SR (see Table 2-1), the myo­
cardium remains susceptible to an imbalance 
between the rates of Ca2+ entry and removal 
from the cytosol. 

The greater inhibition of relaxation than con­
traction when the rate of energy utilization 
exceeds that of energy production probably 
reflects. not only the smaller "reserve" capacity 
for Ca2+ removal from within the myocardial 
cell, but also the fact that a deficit in myocardial 
ATP supply slows the Ca2+ pump of the SR and 
so delays Ca2+ removal from the contractile 
proteins. As pointed out above, even a small 
decrease in ATP supply can impair relaxation by 
the allosteric effect of ATP to stimulate the 
Ca2+ pump. A profound fall in ATP concentra­
tion, to levels below those of the Km of the site 
at which ATP serves as the energy donor for the 
active transport of Ca2+, would lead to contrac­
ture. Thus, relaxation (lusitropic) abnormalities 
tend to be more prominent than contraction 
(inotropic) abnormalities in hearts in which 
energy demand has outstripped energy delivery 
to the SR. 
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3. CALCIUM AND 
CARDIAC RELAXATION 

James P. Morgan, Roderick MacKinnon, Maurice Briggs, 

Judith K. Gwathmey 

Excitation-contraction coupling in the heart can 
be divided into four steps as shown in Figure 
3-1. First, an action potential depolarizes the 
sarcolemma. Second, this depolarization releases 
Ca2 + from the subsarcolemmal cisternae of the 
sarcoplasmic reticulum (SR), allows entry of 
calcium from outside the sarcolemma, or both. 
Third, Ca2+ diffuses to troponin-C on the thin 
filaments, and, by a complex sequence of events, 
the binding of calcium to this regulatory protein 
permits actin and myosin to interact. Fourth, 
relaxation occurs when the SR reaccumulates 
Ca2 +, causing it to dissociate from troponin C. 
The Na + _Ca2+ exchanger and Ca2+ pump, 
both Iocated on the sarcolemma, ultimately 
restore Ca2 + to resting levels. The cellular 
mechanisms involved in each step are still not 
completely understood and in some cases remain 
subject to considerable controversy. Various 
aspects of the excitation-contraction process are 
considered in detail in several excellent reviews 
(1-4). 

Although the scheme outlined in Figure 3-1 
is useful for describing the Ca2 + fIuxes that 
occur during contraction-relaxation cycles in the 
heart, it largely ignores other important regula­
tory mechanisms that are not directly involved 
with intracellular Ca2+ handling. Blinks and 
Endoh have recently presented a more compre­
hensive model for considering the regulation of 
cardiac contractile performance which incor-

The work was supporced in part by HL311l7, HL31704, 
HL07374, HL36797, and a Grant-in-Aid from the 
American Heart Association, Massachusetts Affiliate. Dr. 
Morgan is the recipient of a Research Career Development 
Award (HL01611). 
Grossman, William, and Lore/!, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 
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CONTRACTIO~ ~ELAXATION 
MYOFILAMENTS 

FIGURE 3-1. Major steps of excitation-contraction 
coupling in mammalian working myocardium. 
(From Morgan et al. [13}, with permission. ) 

po rates these additional mechanisms {51. This 
scheme approaches cardiac contraction and re­
laxation from the vantage point of troponin-C, 
as shown in Table 3-1. As viewed in this way, 
the regulation of cardiac contractile performance 
can be divided into three types of mechanisms. 
First, the inotropic and lusitropic states of the 
heart may be changed by altering the amplitude 
or time course of the Ca2+ transient by the 
processes described in the preceding paragraph. 
For example, astronger contraction may occur 
through the release of additional amounts of 
activator calcium from the SR or a positive 
lusitropic effect may develop if the rate of 
resequestration of Ca2+ by the SR is increased. 
These sorts of mechanisms, which are directly 
concerned with intracellular Ca2+ handling, are 
grouped together by Blinks and Endoh as "up­
stream" mechanisms. Second, regulation of 
cardiac contractile performance may occur 
through altering the affinity of troponin-C for 

17 
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Ca2 +, an effect that might come about through 
changes in the state of phosphorylation of 
troponin-I, which is itself regulated by a variety 
of Ca2+ and cyclic adenosine monophosphate 
(cAMP)-dependent protein kinases. Third, the 
contractile performance of the heart may be 
regulated by altering the response of the 
myofilaments to any given level of occupancy 
of the Ca2+ binding sites on troponin-C. The 
existence of this sort of regulatory mechanism in 
the heart has been demonstrated for changes in 
cyclic nucleotide concentrations and, in certain 
circumstances, with changes in intracellular 
adenosine tri phosphate (ATP) levels {6}. It is 
likely that additional, as yet undefined, "down­
stream" processes are operative in the heart 
under normal and pathophysiologic conditions. 
As noted by Blinks and Endoh, it is often 
difficult to separate mechanisms HA and HB (see 
Table 3-1) in the intact cardiac muscle ceIl; 
however, they can be conveniently considered 
together as factors that may alter the Ca2 +­
sensitivity of the contractile apparatus. 

In summary, aside from changes in the 
intrinsic rates of energy utilization within the 
cell, an intervention that alters the inotropic or 
lusitropic properties of cardiac muscle must in 
general either alter the intracellular Ca2+ level 
itself, change the response of the contractile 
apparatus toCa2+, or exert both effects. We 
will review evidence supporting the importance 
of both general types of regulatory mechanisms 
in intact cardiac muscle preparations from 
animals and human beings. 

Methods 
The effects of an intervention on intracellular 
Ca2+ levels and on the Ca2 + -sensitivity of the 
contractile apparatus can be determined by 
simultaneously measuring the intracellular cal­
cium transient and force development. The 
experiments presented in this chapter were 
performed using the bioluminescent protein 
aequorin as a calcium indicator. Aequorin emits 
light when it combines with Ca2+; the light 
emission can be used as an index of intracellu­
lar Ca2+ levels. The preparation of aequorin for 
laboratory use and the kinetics of its reaction 
with calcium have been described in detail 
elsewhere {7}. Aequorin was introduced into the 
cytoplasm of mammalian cardiac muscle pre­
parations from a variety of different species by 
microinjection or by a chemical loading techni-

TABLE 3-1. Regulation of Cardiac 
Conrractile Performance 

1. Regulation of intracellular Ca2+ handling­
Altering the amplitude or time course of the 
Ca2+ transient ("upstream mechanisms") 

11. Ca2+ -sensitivity of the contractile apparatus 
A. Altering the affinity of troponin-C for Ca2+ 
B. Altering the response of the myofilaments to 

any given level of occupancy of Ca2+ binding 
sites on troponin C ("downstream 
mechanisms") 

Modified from Blinks and Endoh [5 J. 

que {8}. After loading, the light emitted by the 
injected aequorin was recorded simultaneously 
with tension in a specially designed apparatus 
{9J. Although a large number of cells can be 
loaded with aequorin, shot noise is prominent, 
and it is usually necessary to average successive 
signals (from 16 to several hundred depending 
on light intensity) to obtain a satisfactory 
signal-to-noise ratio. Despite these limitations, 
calcium transients have been recorded with 
aequorin in a variety of cardiac tissues. These 
include ventricular strips from Amphiuma tri­
dactyium {lO} and frogs tU}, canine Purkinje 
fibers {l2}, and papillary muscles, strips of 
trabeculae carneae cordis, and atrial pectinate 
muscles from the cat, ferret, rat, dog, rabbit 
and human beings {lO, 13, 14}. 

Interpretation of aequorin signals is compli­
ca ted by the nonlinearity of the light response, 
which is directly proportional to the photopro­
tein concentration but increases logarithmically 
in proportion to the free calcium concentration, 
that is, as {Ca2+}n. Over the range of Ca2+ 
concentrations relevant to the experiments de­
scribed in this report, n is equal to 2.5; thus, a 
5.7 -fold increase in light will be produced by a 
two-fold increase in the Ca2 + concentration. An 
important consequence of this nonlinear relation 
is that if the Ca2 + concentration is not uniform 
in a given cell, the intensity of the light 
emission will be higher than it would be if the 
same amount of calcium were distributed uni­
formly. In other words, the amplitude of the 
aequorin signal will be dominated by regions of 
the cell that contain the highest Ca2+ concen­
trations (entry and release sites) and, except 
under conditions in which the intracellular 
calcium concentration reaches a steady state, 
such as during tetanus in cardiac muscle, does 
not necessarily reflect the Ca2+ concentration 
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immediately surrounding the myofilaments. 
Under most experimental conditions, the 
aequorin signal recorded during isometric 
twitches in mammalian working myocardium 
appears to predominantly reflect the release and 
uptake of Ca2+ by the SR [1O}. Although other 
methods for measuring Ca2+ are available, 
including metallochromic and fluorescent indi­
cators and Ca2+ -selective electrodes, photopro­
teins like aequorin have several advantages for 
use in physiologic systems; these have been 
reviewed in detail by Blinks and colleagues [7}. 

Results and Discussion 
Most interventions that alter the strength of 
contraction of mammalian working myocar­
dium also change the amplitude of the aequorin 
signal in the same direction [1 O}. Similarly, 
changes in the time course of the aequorin signal 
are usually qualitatively similar to changes in 
the time course of the corresponding contrac­
tion. The effects of a large number of positive 
inotropic drugs have been studied with regard 
to their actions on the amplitude and time 
course of tension development and the corres­
ponding Ca2+ transient, and the results serve to 
illustrate the general correlation between the 
configuration of the twitch and its correspond­
ing calcium transient [l5}. As shown in Table 
3-2, each positive inotropic drug appears to 
produce one of four distinct patterns of light and 
tension responses. Agents that produce pattern I 
include the beta-agonists, papaverine, cholera 
toxin, isobutylmethylxanthine, and dibutyryl 
cAMP; agents that produce pattern 11 are 
theophylline and caffeine; pattern III, digitalis, 
increased {Ca2 +}o, and vanadate; pattern IV, 
amrinone and milrinone. These patterns are 

consistent with known actions of the various 
agents on the release of Ca2+ from intracellular 
stores, rate of calcium uptake by the SR, and 
Ca2+ -sensitivity of the myofilaments (Table 
3-3). Figure 3-2 shows the effects of representa­
tive drugs producing each of the four patterns 
on the same papillary muscle. 

As shown in Table 3-2 and Figure 3-2, for 
agents producing the pattern 11 response (i.e., 
caffeine and theophylline) a discrepancy is 
apparent between the effects of these agents on 
the amplitude of the calcium transient recorded 
with aequorin and peak developed tension. As 
shown in Figure 3-2, for caffeine, although 
peak developed tension is markedly increased 
compared to control, the amplitude of the 
calcium transient is actually diminished. For­
tunately, these apparently discrepant results can 
be understood if one considers the effects of 
caffeine and theophylline on the sensitivity of 
the contractile elements to Ca2+ in "skinned" or 
hyperpermeable cardiac muscle preparations 
{6}. In these som of experiments, through 
mechanical or chemical means the sarcolemma 
is removed as a diffusion barrier; intracellular 
organelles can be destroyed by treatment with a 
mild detergent. The preparation that remains 
consists primarily of the contractile apparatus, 
wh ich can then be exposed to aseries of Ca2+ 
buffers to establish the calcium-force relation­
ship. On the basis of such experiments, it can be 
demonstrated that caffeine and theophylline 
shift the calcium-force relationship to the left, 
indicating an increase in the sensitivity of the 
contractile apparatus to Ca2 + {l6, 17}. Our re­
sults in aequorin-loaded preparations can there­
fore be explained, assuming that caffeine and 
theophylline produce a similar sensitization of 
the myofilaments to Ca2+ in the intact ceIl. 

TABLE 3-2. Four Patterns ofLight and Tension Responses Produced by Positive Inotropic Agents in the Cat 
Papillary MuscJe 

Light Tension 

Time Time 
Pattern w/Example Peak to Peak TlJ2 Peak to Peak TlJ2 

1. Isoproterenol i i i ~ ~ ~ i i i ~ ~ ~ ~ 
11. Theophylline ~ i i i i i i i i i i i i 
III. Digitalis i i ~ ~ i i ~ ~ 

IV. Amrinone i i i ~ i i ~ ~ 

T1f2 = half-time for decline from peak: t = increase; ~ = decrease; - = no change. The number of arrows indicates the relative 
maximal change or rate of change of each variable. (Prom Morgan et al. (13), with permission.) 



20 PART I. CELL BIOLOGY OF DIASTOLE 

~ONI 
~ 

.55 

Figure 3-2 also shows that caffeine markedly 
prolongs the time course of the calcium tran­
sient, and the question naturally arises whether 
or not the increased amplitude of the twitch 
may be related to prolonged interaction between 
Ca2+ and troponin-C. This does not appear to 
be the case, based on results obtained with the 
alkaloid ryanodine, an agent that blocks the 
release of Ca2+ from intracellular stores but does 
not affect the sensitivity of the contractile 
apparatus to Ca2+ {lO}. The effects of ryanodine 
on force and [Ca2+}i are shown in Figure 3-3. 
Note that although, as with caffeine, the time 
course of light and tension are prolonged, 
ryanodine has a negative inotropic effect as 

1.31/mm' 

FIGURE 3-2. Comparative effects of agents produc­
ing response patterns I through IV (see Table 3-2) in 
an isometrie cat papillary muscle preparation. The 
upper, noisy trace in each panel is the aequorin 
signal, and the lower, smooth trace is the tension 
trace. Each trace represents 64 averaged responses at 
4-second intervals of stimulation; temperature was 
38°C. Cont = control; ISO = isoproterenol; Caff = 
caffeine; AMR = amrinone. (From Morgan and 
Morgan [10], with permission.) 

expected on the basis of the change in the ampli­
tude of the Ca2+ transient, because it does not 
increase the sensitivity of the myofilaments to 
Ca2+. 

Although "skinned" and hyperpermeable car­
diac muscle preparations remain the "gold 

TABLE3-3. Subcellular Actions ofInotropic Agencs on Intracellular Cal+ Handling and Proposed Mechanisms of Action 

Release Reuptake Sensitivity of Proposed 
Pattern from Stores by Stores Myofilaments Mechanisms 

i i i i i ~ i cAMP 
11 ~ i ~ ~ i t cGMP. 

cAMP. 
"direct" 

effects 
III i i ~ ~ i Loadin~of 

Ca2 stores 
IV i t t Unknown 

cAMP = cyclic adenosine monophosphace: cGMP = cyclic guanine monophosphace. (From Morgan ec al. [13), wich permission.) 
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FIGURE 3-3. Influence of ryanodine, 1 X 10-6 M, 

on the time course of light and tension responses in 
cat and rabbit papillary muscles. Tracings recorded 
before and after (arrows) administration of the drug 
are superimposed with vertical scale adjusted to give 
the same peak amplitude. True amplitudes are indi­
cated to the right. Note that although, as with 
caffeine, the time courses of light and tension are 
prolonged, ryanodine has a negative inotropic effect 
because it does not increase the sensitivity of the 
myofilaments to Ca2+. Tension is expressed in 
milli newtons (mN); k = 1000 photon counts/ 
second. (From Morgan and Morgan [1O}, 
with permission.) 

standards" for determining the effects of inter­
ventions on the calcium sensitivity of the 
myofilaments, similar information can be ob­
tained using aequorin in intact preparations, by 
comparing the peak amplitude of the aequorin 
light signal to the peak tension response [5, 18, 
19}. Agents that do not affect the calcium sen­
sitivity of the contractile apparatus in skinned-

control 
2.4 mN 

drug 

.8mN 

control 
2.1 mN 

drug 

1.1 mN 

muscle preparations produce force-vs.-light 
relationships that lie along the same line. This is 
illustrated in Figure 3-4 for points in the 
frequency-response curve before and after vera­
pamil and for different doses of calcium. In 
contrast, agents that are known to decrease the 
sensitivity of the contractile apparatus to cal­
cium produce a downward and rightward shift 
in the force-vs.-light relationship, as shown in 
Figure 3-4 for isoproterenol. On the other 
hand, agents that are known to increase the 
calcium sensitivity of the contractile apparatus 
produce a leftward shift in this relationship as 
illustrated in Figure 3~4 for caffeine. Although 
there are obvious limitations to this sort öf 
analysis, which stern in part from the fact that 
most interventions produce significant changes 
in the time course of the calcium transient and 
twitch as weIl as in their amplitude, the results 
correlate quite weIl with those obtained in 
skinned or hyperpermeable cardiac muscle pre-
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parations and provide a useful experimental 
approach for obtaining information about the 
calcium sensitivity of the contractile apparatus 
in intact preparations. 

On the basis of force-vs.-calcium determina­
tions in skinned, hyperpermeable, and aequorin­
loaded preparations, it has been discovered that 
a variety of interventions can affect the calcium 
sensitivity of the contractile apparatus (Table 
3-4). Each intervention produces apparently 
discrepant effects on the amplitude or time 
course of the intracellular calcium transient 
recorded with aequorin and isometrie tension 
development. For example, although stretching 
an isometrically contracting muscle towards 
maximum length Lmax will produce marked 
increases in peak developed tension, the ampli­
tude of the Ca2+ transient is practically unaffec­
ted by changes in muscle length [20l In 
addition top caffeine and theophylline, differen­
tial effects on light and tension have been 
described for high concentrations of the calcium 
channel-blocking agents [21} phenylephrine 
[5}, amrinone [22}, sulmazole [23}, and the 
hydrogen ion [24}. Changes in the time courses 
of the Cä2+ transient and the corresponding 
twitch are also usually parallel; however, stretch, 
particularly to lengths greater than Lmax , pro­
longs the mechanical activity of ventricular 
muscle, although the associated Ca2+ transient 
is slightly abbreviated [20}. Changing from 
isometrie to isotonic loading conditions pro­
longs the Ca2+ transient but abbreviates the 
twitch [25l 

The interventions discussed above that have 
differential effects on the Ca2+ transient and 
twitch appear to act by changing the Ca2+ 
sensitivity of the myofilaments; this effect is 
predominant over any additional changes the 
intervention might produce in the Ca2+ tran­
sient. For example, stretch [26}, alkalosis [27}, 
and caffeine [l6} have been shown to increase 
the sensitivity of the myofilaments, an action 
that would be expected to increase the strength 
and prolong the time course of the twitch. On 
the other hand, acidosis [27} and decreases in 
muscle length [26} diminish the Ca2+ sensi­
tivity of the myofilaments and might be expec­
ted to decrease the strength and abbreviate the 
time course of the twitch. Moreover, although 
in mammalian working myocardium, changes 
in the amplitude or time course of the aequorin 
signal generally reAect changes in calcium 
handling by the SR, the calcium transient may 
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FIGURE 3-4. Plot of peak light against peak tension 
for several different inotropic agents applied to cat 
papillary muscle. The crosses represent points ob­
tained from a calcium dose-response curve; the dosed 
cirdes, points obtained from a frequel)cy-response 
curve, and theopen cirdes, a frequency-response 
curve in the presence of 1 X 10-6 M verapamil. The 
open triangles represent values obtained from a 
caffeine dose-response curve and the dosed triangles 
represent values obtained from an isoproterenol 
dose-response curve. (From Morgan (191, with 
permission. ) 

be markedly affected by an increase or decrease 
in the Ca2+ affinity of troponin-C. If affinity is 
increased, troponin-C might be expected to 
release Ca2+ more slowly and therefore prolong 
the duration of the aequorin signal; decreases in 
affinity should have the opposite effect [25l 
Such a change in the aequorin signal may be 
masked by additional effects of an intervention 
on intracellular Ca2+ handling. For example, 

TABLE 3-4. Ca2+ Sensitivity of the 
Cardiac Contractile Apparatus 

Increases Ca2+ 
Sensitivity 

Alkalosis 
Stretch 
Caffeine 

Theophylline 
Sulmazole 
Alpha-adrenergic agonists 

Decreases Ca2+ 
Sensitivity 

Acidosis 

cAMP 
Calcium channel 

blockers (High dose) 
Hypoxia 
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although drugs that increase intraceHular cAMP 
concentrations have been shown in skinned 
cardiac musele preparations to markedly de­
crease the Ca2+ affinity of the myofilaments, 
they do not prolong the aequorin signal in intact 
museles; marked abbreviation usuaHy occurs, 
reflecting an increased rate of Ca2+ uptake by 
the SR [1O}. 

Striking examples of apparent dissociation 
between [Ca2+}j and mechanical activity are 
provided by comparison of the effects of hypoxia 
and reoxygenation on the amplitude and time 
course of the aequorin signal and isometrie 
twitch. Exposing mammalian working myo­
cardium to hypoxie conditions produces a 
negative inotropic effect accompanied by an 
abbreviation of isometrie contraction. Re­
oxygenation completely reverses the negative 
inotropic effects caused by brief periods of 
hypoxia, but transiently prolongs isometrie 
contraction and relaxation [28}. Changes in the 
amplitude and time course of contraction and 
relaxation have been demonstrated in the intact 
heart after reoxygenation of an hypoxie per­
fusate [29} or the release of a coronary artery 
ligature [28}, as weH as in isolated ventricular 
musele from many mammalian species [28-31}. 
It has therefore been proposed that changes in 
mechanical activity induced by reoxygenation 
may be a major cause of systolic and diastolic 
dysfunction during recovery from transient 
ischemic episodes in animals and humans 
[28, 29}. 

The mechanisms responsible for these rever­
sible, oxygen-dependent changes in tension 
development remain poody understood. Be­
cause the calcium ion plays a key role as a second 
messenger in excitation-contraction coupling of 
cardiac musele, it is reasonable to propose that 
alterations in the subcellular handling of Ca2+ 
might be the causative factor. A large body of 
experimental data has accumulated that is 
consistent with this hypothesis, ineluding evi­
dence of reoxygenation-induced increases in 
intracellular calcium concentrations and abnor­
mal regulation of [Ca2+}j by the sarcolemma, 
SR and mitochondria [32}. On the other hand, 
Brutsaert and associates have reported a change 
in cross-bridge cyeling rates during reoxygena­
tion that cannot be fuHy explained by changes 
in the availability of activator Ca2+, suggest­
ing that reoxygenation has additional calcium­
independent effects on the contractile apparatus 
[33}. Moreover, studies in ferret papiHary 

museles loaded with the Ca2+ indicator aequorin 
have shown that changes in developed tension 
during hypoxia may occur without alteration of 
the corresponding Ca2+ transient [34}. We used 
aequorin to record intraceHular Ca2+ transients 
during reoxygenation of hypoxie ferret ventri­
cular musele to determine whether the altera­
tions in the amplitude and time course of the 
isometrie contraction are mediated by changes 
in [Ca2+}j handling [35}. 

Ferret ventricular museles (n = 5) were 
stimulated to contract at 0.3 to 1 Hz in a 
bicarbonate-buffered salt solution at 30°C. The 
perfusate was bubbled with a mixture of 95 % 
Oi5 % CO2 under control conditions and 95 % 
N2/5 % CO2 to induce hypoxia. A typical 
experiment is shown in Figure 3-5. The peak 
light (i.e., [Ca2+};) and peak tension were 
elosely correlated under all conditions. In con­
trast, reoxygenation prolonged the duration of 
the contractile response by 1.5 to 2 times, but 
did not prolong the calcium transient. This 
indicates that reoxygenation-induced prolonga­
tion of relaxation cannot be attributed to 
changes in the time courseof the [Ca2 +}j 
transient, but may be related to an increased 
affinity of the contractile elements for Ca2+ or to 
other Ca2+ -independent factors governing the 
rate of cross-bridge cyeling. Ir is unlikely that 
these results are simply an artifact due to dif­
ferential oxygenation of superficial vs. core ceHs 
because cyanide (which produces uniform inhi­
bition of oxidative phosphorylation throughout 
apreparation) and cyanide washout produced 
the same effects, respectively, as hypoxia and 
reoxygenation. 

As suggested by Allen and Orchard {24}, 
there are several mechanisms by which an in­
tervention could interact with the contractile 
apparatus and alter its responsiveness to activa­
tor Ca2 +, ineluding a competitive or noncom­
petitive interaction with Ca2+ at the level of 
troponin-C or an effect on the contractile 
proteins at some site other than troponin. A 
variety of changes in the intracellular milieu 
have been reported to occur during hypoxia and 
reoxygenation that could interact with the 
contractile apparatus at one or more sites, 
ineluding shifts in the intracellular pH [36}, 
inorganic phosphate [36}, cyelic nueleotide 
[37}, and high-energy phosphate concentrations 
{38} and the accumulation of free oxygen 
radicals [39}. Determination of which of these 
changes, if any, are responsible for the re-
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oxygenation phenomena observed in our ex­
periments must await additional study. 

Up to this point, our discussion has focused 
on changes in calcium transients and phasic 
twitches. However, some investigators have 
proposed that increases in tonic tension devel­
opment mayaiso be important in certain patho­
physiologie states such as ischemia. As shown in 
isolated papillary muscle preparations by Allen's 
group, an increase in tonic tension may or may 
not be associated with a change in intracellular 
{Ca2+}j. For example, in the presence of toxic 
doses of cardiac glycosides, increases in extra­
cellular calcium will produce an increase in 
tonic tension development in an unstimulated 
ferret papillary muscle {40}. On the other hand, 
exposure of apreparation maintained in sodium­
free medium to the metabolie inhibitor FCCP' 
can produce a marked increase in tonic tension 
with no detectable change in intracellular Ca2+ . 
These two examples serve to illustrate the point 

40mN 

OnA 

FIGURE 3-5. Intraeellular Ca2+ transients durin* 
reoxygenation. The isometrie twiteh (T) and Ca2 

transient (L) were measured in a ferret right ven­
trieular papillary muscle during a control period, 
during hypoxia, and during subsequent reoxygena­
tion (RE-02). The muscle was stimulated to eontraet 
at 0.33 Hz and the temperature was 30°C. Hypoxia 
was indueed by ehanging the gas mixture bubbling 
the bath from 95% O2 5% CO2 to 95% N 2 5% 
CO2 . Control (C), hypoxia (H), and RE-02 (R) 
responses are superimposed in the middle and right 
panels of the lower half of the figure. T is expressed 
in milliNewtons-mm2 and L is expressed in nanoamps. 

that changes in tonic tension cannot always be 
attributed to changes in intracellular Ca2+. 

An interesting parallel can be drawn between 
the experiments discussed above and similar 
work done in vascular smooth muscle. Figure 
3-6 shows the effects of two different types of 
interventions on intracellular Ca2+ and tonic 
tension development in a ferret portal-vein 
preparation. The lower panel shows the effects 
of depolarization with potassium. Note the 
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FIGURE 3-6. Effect of Phenylephrine (PE) and 
potassium (K+) depolarization on force (smooth 
traces) and the aequorin light signal (noisy traces) in 
vascular smooth muscle. Both sets of traces are from 
the same ferret portal-vein strip. Between the two 
sets of traces, the preparation was washed with drug­
free physiologic saline solution for 1 hour. (From 
Morgan and Morgan {41}, with permission.) 

parallel and sustained rise in light and tension 
that occurs under the influence of this interven­
tion. In contrast, the upper panel shows the 
effects of phenylephrine, which produces a rise 
in light and tension during the period of force 
development; but during the period of force 
maintenance, calcium falls towards resting 
levels while tension is maintained. This is a 
clear example of a situation in which force de­
velopment is primarily dependent upon down­
stream mechanisms (i.e., formation of "latch 
state" between cross-bridges) rather than eIe': 
vated levels of Ca2+ {41}. Although there are 
important differences between cardiac and 
vascular smooth muscle, it is not unreasonable 
to propose that similar downstream mechanisms 
may be playing a critical role in the regula­
tion of contraction and relaxation processes of 
the heart under normal and pathophysiologie 
conditions. 

In summary, a great deal of evidence supports 
the not ion that cardiac contractile function is 
regulated by at least two major mechanisms (see 

Table 3-1). It is clear that intracellular Ca2+ 
handling plays a central role in modulating the 
contraction-relaxation cycles of mammalian car­
diac muscle. However, it is also becoming 
increasingly clear that changes in the Ca2+­
sensitivity of the myofilaments are also impor­
tant. From both a clinical and an experimental 
standpoint, the examples discussed above illu­
strate the danger of drawing inferences about 
the amplitude and time course of the calcium 
transient from records of mechanical activity 
alone. 
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4. VARIABLE CALCIUM SENSITIVITY 
OF THE MAMMALIAN CARDIAC 

CONTRACTILE SYSTEM 

Saul Winegrad, George McClellan, Andrea Weisberg, 

Steven Weindling, and Lin Er Lin 

Activation of the contraction in cardiac muscle 
occurs as a result of a rise in the concentration 
of calcium in the immediate vicinity of the 
myofibrils. The sources of the calcium for this 
rise are the extracellular space and the sarco­
plasmic reticulum. Within a specific range of 
concentration, in the vicinity of l~ molar, the 
amount of force that is generated is dependent 
on the amplitude of the calcium concentration. 
The amplitude of the contraction, however, is 
also dependent on the affinity of the regulatory 
protein, troponin, for calcium. Developed force 
rises from zero to maximum with a change in 
concentration of calcium of approximately ten­
fold, but the specific concentration range at 
which this occurs is dependent upon the pro­
perties of troponin, in particular, the affinity of 
the calcium binding site on one of the three 
subunits of the regulatory protein. A change in 
the range of calcium concentration that initiates 
contraction as a result of modification of the 
calcium-binding characteristics of troponin can 
be considered an alteration in calcium sensi­
tivity. This can occur without any change in 
maximum calcium activity (Figure 4-1). 

A change in the calcium sensitivity of the 
contractile system can produce important chan­
ges in the amount of tension developed during 
the cardiac contraction and in the rates of rise 
and fall of tension. Alteration of the affinity of 
the calcium-binding site on troponin can result 
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FIGURE 4-1. Force record of a bundle of hyper­
permeable rat ventricular fibers . Numbers beneath 
the records indicate the pCa of the bathing solution. 
In the upper record (a), the calcium sensitivity is low; 
in the lower record (b), the calcium sensitivity is 
high as a result "of dephosphorylation of troponin-I. 

from either a change in the rate at which 
calcium binds to or is released by the binding 
si te or a combination of both. The major impact 
of a change in calcium affinity on contraction 
has two fundamental causes. The maximum 
concentration of calcium achieved during a 
cardiac contraction probably rarely if ever rises 
to a level sufficient to produce maximum force . 
This has been shown by comparing the maxi­
mum force produced in isolated cardiac tissue 
with the maximum calcium-activated force in 
the same cells after the surface membrane has 
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been removed as a diffusion barrier [1, 2}. 
Maximum calcium-activated force is at least 
twice that developed in the intact cello The 
second reason is that the contraction generally 
does not last long enough for the cytosolic 
calcium concentration and the tension at that 
concentration to come to a steady state. 

An example of the kind of effect a change in 
calcium sensitivity can have on the contrac­
tion is shown in Figure 4-2, illustrating conse­
quences of a decrease in calcium sensitivity [3}. 
Here, estimated from direct measurements of 
the on- and off-rates of calcium binding by 
troponin under conditions where it is changed 
by beta-adrenergic activation, the response of 
the time course of saturation of calcium-binding 
sites on troponin to a change in the affinity is 
shown. In this case, the change in affinity is due 
exclusively to a faster rate of release of calcium 
by troponin. The kinetics of calcium uptake are 
changed very little, but there are major changes 
in the maximum level of saturation, the dura­
tion of the per iod during which some sites 
contain calcium, and the rate at which the 
proteins lose their calcium. Based on this type of 
analysis, one would expect that a decrease in 
calcium affinity from a faster off-rate would pro­
duce a lower level of maximum force, a shorter 
contraction, and a faster rate of relaxation. 
Experimental data support these inferences. 
On the other hand, increases in maximum 
force and slower rates of rise and fall in tension 
can be produced by modification of calcium 
sensitivity due to the appropriate changes in on­
and off-rates of calcium binding by troponin. 

Five different, potentially important mechan­
isms of change in calcium sensitivity in intact 
cardiac cells have been identified so far. These 
include phosphorylation of the inhibitory sub­
unit of troponin, decrease in the concet:ltration 
of adenosine tri phosphate (ATP), increase in the 
resting length of the tissue, increase in the con­
cent ration of inorganic phosphate, and a change 
in the concentration of hydrogen ions. 

Effects 0/ Cyclic Adenosine Monophosphate 
(cAMP) on Calcium Sensitivity 0/ 
C ontractile Proteins 
When isolated myofibrils of cardiac muscle are 
exposed to cAMP and protein kin~se, several 
sites on the contractile proteins are phosphory­
lated, but the primary site is the inhibitory 
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FIGURE 4-2. Consequences of a change in calcium 
sensitivity. The upper and middle curves are plots of 
the calculated changes in calcium binding (% satura­
tion) by troponin with a change in calcium affinity 
resulting from phosphorylation of TNI. Solid curve 
depicts the change in the concentration of ionic 
calcium in the cytoplasm during a contraction. pCa 
= (From Robertson et al. [3}). 

subunit of the regulatory protein troponin 
(TNI). Associated with this phosphorylation of 
TNI is an increase in the concentration of Ca2+ 
necessary to activate the actin-dependent ATPase 
activity of myosin (4-6}. A similar phosphory­
lation of TNI occurs when isolated perfused 
hearts are exposed to beta-adrenergic agonists. 
In this case the phosphorylation occurs very 
rapidly, with a time course that is similar to 
that of the onset of the inotropic action, but 
termination of the exposure to a beta-agonist 
causes an abrupt decline in contractility without 
an associated decline in the degree of phosphory­
lation of TNI. 

The relationship of phosphorylation ofTNI to 
tension development by the contractile system 
can be more rigorously studied in hyperper­
meable cardiac cells. In this preparation, the 
surface membrane is made highly permeable to 
small molecules and ions without destroying the 
integrity of the membrane. The result is a pre­
paration in which the concentration of calcium 
ions in the cytosol can be controlled by calcium 
buffer solutions added to a superfusion medium, 
but the adrenergic and cholinergic receptors in 
the membrane as weIl as important membrane 
enzymes like adenylate cyclase, guanylate cy-
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FIGURE 4-3. Calcium sensitivity regulation. Dia­
gram of the mechanism of regulation of calcium 
sensitivity by phosphorylation of troponin-I (TNI) 
through adrenergic stimulation to produce cAMP or 
production of cGMP. 

elase, protein kinase , and phosphodiesterase 
remain functional [7}. 

Role 0/ Adrenergic Stimulation 
Exposure of hyperpermeable fibers to cAMP or 
to beta-agonists produces an increase in the con-

centration of Ca2+ required to activate tension 
[7}. The shape of the tension-calcium concentra­
tion relation is not changed, and the maximum 
force developed is not changed, but the whole 
curve is shifted to higher concentrations of 
Ca2+. Removal of cAMP or the beta-agonist 
causes areversal of the change in the calcium 
sensitivity of the contractile system. Addition of 
cyelic guanosine monophosphate (cGMP) pro­
duces an increase in Ca2 + sensitivity, again with 
no change in the maximum Ca2+ -activated 
force. These interrelationships are illustrated in 
Figure 4-3. The total range over which Ca2+ 
sensitivity can be shifted by the combined effect 
of the two cyelic nueleotides is approximately 
fivefold. The extent of the shift in calcium 
sensitivity is elosely related to the amount 
phosphorylation of TNI [6}. This can be shown 
by exposing the bundles of hyperpermeable 
fibers to radioactively labeled ATP, and, after 
inducing changes in the calcium sensitivity with 
cyelic nueleotides, measuring the amount of p32 

incorporated into TNI. The results show a very 
good correlation between the percentage of TNI 
phosphorylated and the change in Ca2 + sensi­
tivity; the greater the degree of phosphorylation 
ofTNI, the lower the Ca2+ sensitivity. In these 
experiments, care has been taken to first com­
pletely dephosphorylate TNI so that the incor­
poration of p 32 is an accurate indication of the 
amount of phosphorylation of the protein. The 
protein kinase that is involved in this control 
mechanism is located in the surface membrane. 
The conelusion is drawn from studies of prepara­
tions in which the surface membrane has been 
removed, either manually or chemically, with­
out major damage to the intracellular mem­
branes or organelles. In these preparations, 
neither beta-agonists nor cAMP is able to alter 
calcium sensitivity. Interestingly enough, cGMP 
is still able to increase Ca sensitivity, indicating 
that its target molecule is not located inthe 
surface membrane. 

Role 0/ Cholinergic Stimulation 
Under certain circumstances, cholinergic stimu­
lation can alter calcium sensitivity of hyperper­
meable fibers [8}. Fibers with highest calcium 
sensitivity, achieved in the total absence of TNI 
phosphorylation, required approximately 3 f.lM 
Ca2+ for 50% of maximum force generation. 
Cholinergic stimulation of these fibers does not 
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alter Ca2+ sensitivity. However, cholinergic sti­
mulation of fibers with lower levels of Ca2+ 
sensitivity raises sensitivity, and the lower the 
initial sensitivity, the larger the shift. These 
effects of cholinergic activity are completely 
inhibited by atropine, indicating that the 
mechanism of action is probably through 
muscarinic receptors. The effect of cholinergic 
stimulation appears to be dephosphorylation of 
already phosphorylated TNI. The extent to 
which cholinergic stimulation alters Ca2+ sen­
sitivity is directly dependent upon the degree of 
TNI phosphorylation and indirectly dependent 
on the level of beta-adrenergic activity. In its 
dependence on existing beta-adrenergic tone, 
the extent of change in calcium sensitivity re­
sembles the magnitude of the negative inotropic 
effect induced by cholinergic stimulation of 
intact hearts. In view of the dephosphorylating 
effect of cGMP and the known increase in 
cGMP produced by cholinergic stimulation, 
it is reasonable to assurne that at least some of 
the effect of cholinergic stimulation is on the 
concentration of cGMP. It also may be due in 
part to the inhibition of adenylate cyclase in 
the membrane by activation of the inhibitory 
guanosine tri phosphate (GTP)-binding subunit 
in the membrane. 

Careful studies of the conformation of tro­
ponin, using a dansylated form of the molecule, 
have shown that phosphorylated troponin has a 
lower affinity for Ca2+ entirely as a result of a 
faster rate of release of bound Ca2+ with no 
significant change in the rate at wh ich Ca2+ 
is bound by troponin {3}. Consequently, one 
would predict that the major effects of TNI 
phosphorylation would be on both the maxi­
mum force developed during a contraction and 
the rate of relaxation, with little change in the 
rate of rise of force. Calculations indicate that 
the amount of change in relaxation that should 
result from TNI phosphorylation is adequate to 
account for the increase in the rate of relaxation 
observed during beta-adrenergic stimulation of 
intact ceIls and the intact heart. It is interesting 
to note that beta-adrenergic stimulation also 
increases the slow inward Ca2+ current during 
the action potential, as weIl as the amplitude of 
the cytosolic rise in calcium concentration. 
These effects more than compensate for any 
negative effects of the decrease in Ca2+ sensi­
tivity on the maximum force developed during 
beta-adrenergic stimulation. 
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FIGURE 4-4. Effect of lowering the concentration of 
ATP on the calcium sensitivity of hyperpermeable 
cardiac fibers. 

Effects o[ ATP Concentration on the 
Calcium-Force Relation 
The calcium sensitivity of the contractile system 
can also be altered by a sufficient decrease in 
the concentration of ATP {7}, as seen in 
Figure 4-4. As the concentration of ATP is re­
duced from its normal cytosolic value of 4 to 5 
mM, maximum Ca2 + -activated force remains 
constant until ATP concentration is less than 1 
mM. At that value, maximum Ca2+ -activated 
force begins to rise, and at an A TP concentra­
tion of 200 f.tM, maximum Ca2+ activated force 
is about one-third greater than it is at normal 
ATP concentrations. At the same time, the 
Ca2+ sensitivity also shows a significant in­
crease. At a concentration of 200 f.tM A TP, 
maximum Ca2+ activation requires only about 
one-third or one-fourth of the concentration of 
Ca2+ that is necessary at 5 mM ATP. These 
effects of decreasing A TP concentration on 
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maximum Ca2+ activated force and Ca2+ sensi­
tivity reach a maximum at about 50 ~M ATP; 
with further decrease in concentration of ATP, 
force begins to decline. Direct measurements of 
phosphorylated troponin show that phosphory­
lation of TNI is not required for this effect of 
ATP. The change in Ca2+ sensitivity can occur 
in the absence of a cell membrane, and therefore 
in the absence of the protein kinase that is active 
in the phosphorylation of TNI. 

Unlike the changes in calcium sensitivity in 
response to beta-adrenergic and cholinergic 
stimulation that occur under normal, physio­
logie conditions, a change in Ca2+ sensitivity 
from low ATP concentration is unlikely to be 
seen in the normal, healthy heart because of the 
size of the decline in A TP concentration that is 
necessary. However, in metabolically stressed 
hearts, as those stressed by coronary artery 
disease, this mechanism may be active. Increases 
in resting tension during ischemia or hypoxia 
may occur from a rise in calcium sensitivity, 
leading to interaction between actin and myosin 
in the "resting" heart. 

The way in wh ich low ATP alters calcium 
sensitivity and maximum Ca-activated force is 
not entirely clear, but it seems to involve two 
components. Relaxation requires inhibition of 
the interaction of actin and myosin. Normally 
this occurs in the presence of adequate A TP by a 
steric block by tropomyosin of the sites on actin 
with which myosin interacts [9}. Binding of 
Ca2+ by troponin causes a movement of tro­
pomyosin from this obstructing position to 
one that does not block the myosin interaction 
with actin. In the presence of a low concentra­
tion of ATP, the affinity of myosin for actin is so 
high-this is the basis of rigor interaction­
that some myosin molecules bind to actin and 
shift tropomyosin out of its blocking position. 
One tropomyosin molecule blocks seven actin 
molecules. One or two rigor interactions may be 
sufficient to shift a tropomyosin moleeule and 
open all seven actin molecules to myosin and 
produce a calcium-insensitive portion of the 
contractile system [10}. A second effect of low 
ATP concentration and the formation of rigor 
interactions is on the affinity of troponin for 
calcium. Through an allosteric effect, the inter­
action of myosin with actin increases the affinity 
of troponin for calcium. The reason for the 
increase in maximum Ca2+ -activated force is 
not clear, but it seems to be related to a change 

in the force generators that results in astate of 
supercontractility. This was first observed in 
skeletal muscle by Bremel and Weber [l0}. 

Effects 0/ Resting Sarcomere Length on the 
Calcium-Force Relation 
The affinity of troponin for calcium is sensitive 
to the resting sarcomere length within the 
myofibrils [ll}. As the sarcomere length is 
increased in cardiac fibers that have been treated 
with detergent to make the cells permeable to 
calcium-buffering systems, the Ca2+ sensitivity 
of contraction increases. This effect has also been 
shown in hyperpermeable fibers in which the 
cell membrane and intracellular membrane sys­
tems are still functional. Unlike the changes 
that result from TNI phosphorylation, the Ca2 + 

concentration required for maximum activation 
is unchanged. The curve relating tension to 
Ca2+ concentration is not simply shifted; its 
shape is also changed. Because the increase in 
Ca2+ sensitivity with increase in resting length 
can occur in the absence of a surface membrane, 
it cannot be due to TNI phosphorylation. Why 
this change in Ca2 + sensitivity occurs is not 
clear as yet. 

The range of sarcomere lengths within wh ich 
Ca2+ sensitivity depends on length is within 
the physiologie range, and it includes lengths 
developed during cardiac dilatation associated 
with pathologie states. The length-dependent 
response of Ca2 + sensitivity would provide a 
mechanism to resist the enlargement of the 
heart from an elevated diastolic press ure . A 
small number of force generators might be 
activated in the "resting," dilated heart leading 
to increased stiffness and a smaller change in size 
of the heart with increases in resting pressure. 

Effect 0/ pH and Inorganic Phophate on 
the Calcium-Force Relation 

The calcium sensitivity of the contractle system 
is also sensitive to pH [1, 12}. This has been 
shown in both hyperpermeable fibers and in 
fibers from which the surface membrane has 
been manually removed. Calcium sensitivity is 
decreased by increasing acidity. A decrease in 
pH of 0.5 units will cause an increase in the 
concentration of Ca2 + required for 50% of 
maximum activation of about threefold. These 
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changes in Ca2+ sensltlvlty occur within the 
range that might exist inside ceIls during 
normal function and during metabolie stress, 
such as ischemia or hypoxia. Resting tension 
and actively developed tension could be affected. 

The response of the cardiac contractile system 
to calcium ions is sensitive to the concentration 
of inorganic phosphate in the medium {l3l 
This influence is independent of any effect of 
pH or ionic strength in as much as it can be 
readily seen when changes in these two para­
meters have been prevented. A rise in the 
amount of phosphate added to the bathing 
medium from zero to 5 mM causes a reduction in 
maximum Ca2+ -activated force of about 45 %, 
and furt her elevation of phosphate concentration 
causes a progressively larger drop in force so that 
in 20 mM phosphate, maximum Ca2 + -activated 
force has declined by almost 75%. 

The calcium sensitivity of detergent-treated 
rat ventricular fibers is also depressed by in­
creasing the concentration of phosphate. Rais­
ing the inorganic phosphate ions from zero to 
20 mM doubles the concentration of calcium 
required to produce 50% of maximum Ca2+­
activated force. It results in an approximately 
symmetrical shift of the curve relating force to 
calcium concentration to higher concentrations 
of the activating ion. 

In summary, it is now abundantly clear that 
the sensitivity of the contractile system to heart 
muscle can be altered by both physiologie and 
pathologie conditions, and that the changes 
induced can have major effects on the function 
of the heart. Both the maximum force developed 
during a contraction and the time course of the 
contraction can be influenced by the modifica­
tion of the relation between developed force and 
calcium concentration. 

References 
l. Winegrad S (1971). Studies of cardiac musele 

with a high permeability to calcium produced 
by treatment with ethylene diamine-tetraacetic 

acid. J Gen Physiol 58:71-93. 
2. Fabiato A, Fabiato F (1979). Tension developed 

and intracellular free calcium concentration 
reached during the twitch of an isolated cardiac 
cell with closed sarcolemma. J Gen Physiol 
74:6a. 

3. Robertson S, Johnson D, Holroyde M, et al 
(1982). The effect of troponin I phosphorylation 
on the Ca-binding properties of Ca-regulatory 
site of bovine cardiac troponin. J Biol Chem 
257:260-263. 

4. Holroyde MJ, Bowe E, Solaro RJ (1979). 
Modification of calcium requirements for activa­
tion of cardiac myofibrillar ATPase by cAMP 
dependent phosphorylation. Biochim Biophys 
Acta 586:63-69. 

5. Ray K, England P (1976). Phosphorylation of 
the inhibitory subunit of troponin and its effect 
on calcium dependence of cardiac myofibril 
adenosine triphosphatase, FEBS Lett 70: 11-17. 

6. Mope L, McClellan G, Winegrad S (980). 
Calcium sensitivity of the contractile system and 
phosphorylation of troponin in hyperpermeable 
cardiac cells. J Gen Physiol 75:271-282. 

7. McClellan G, Winegrad S (978). The regula­
tion of calcium sensitivity of the contractile 
system in mammalian cardiac muscle. J Gen 
Physiol 72:734-764. 

8. Horowits R, Winegrad S (1983). Cholinergic 
regulation of calcium sensitivity in cardiac 
muscle. J Mol Ce!l Cardiol 16:277-280. 

9. Huxley HE, Farugi AR, Kress M, et al (1982). 
Time resolved X-ray diffraction studies of the 
myosin layer-line reflections during muscle con­
traction. J Mol Biol 158:637-684. 

10. Breme! R, Weber A (1972). Cooperation within 
actin filament in vertebrate ske!etal muscle. 
Nature New Biology 238:97-1Ol. 

1l. Hibberd M, Jewell B (1982). Calcium and 
length dependent force production in rat ventri­
cular muscle. J Physiol (Lond) 329:527-540. 

12. Fabiato A, Fabiato F (978). Effects of pH on 
the myofilaments and the sarcoplasmic reti­
culum of skinned cells from cardiac and ske!etal 
muscles. J Physiol (Lond) 276:233-255. 

13. Kentish J (1986). The effects of inorganic 
phosphate and creatine phosphate on force 
production in skinned muscles from rat ven­
triele. J Physiol 370:585-604. 



5. IS ISCHEMIC CONTRACTURE 
PRECEDED BY A RISE IN 

FREE CALCIUM? 

William H. Barry 

Initially during myocardial hypoxia or ischemia, 
development of contractile force declines. Ulti­
mately the myocardial cell fails completely to 
develop contractile force and is usually fully 
relaxed at this stage (l}. With continued im­
pairment of adenosine triphosphate (ATP) syn­
thesis, the ischemic myocardial cell beg ins to 
develop an increase in resting tension. This 
increase in resting tension could be due to a 
rise in cytosolic free Ca2+ ion concentration, 
[Ca2+}j, or a fall in ATP concentration, which 
could produce rigor due to failure of actin­
myosin cross-bridge dissociation [2}. 

A number of studies have investigated this 
issue. Lewis and colleagues [3} concluded from 
studies of elastic and . viscous components of 
total myocardial stiffness that hypoxic contrac­
ture is not due solely to a rise in intracellular 
Ca2+, but also to a rigor-type stiffness pre­
sumably due to ATP depletion. Holubarsch and 
associates [4} have concluded from studies of 
myocardial heat production during hypoxic and 
potassium chloride contracture that hypoxic 
contracture may not be due to an elevation in 
[Ca2+}j, but instead to rigor-like actin-myosin 
bonds. This conclusion is supported by the data 
of Allen and Orchard [5}, who found no 
significant increase in aequorin luminescence in 
ferret papillary muscle during contracture in­
duced by glycogen depletion and exposure to 
cyanide. In addition, Cobbold and Boume [6} 
noted that cyanide plus 2-deoxyglucose pro­
duced contracture of isolated rat ventricular 
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myocytes within 10 minutes, before an increase 
in aequorin luminescence was noted. 

On the other hand, Dahl and Isenberg {7} 
noted that dinitrophenol produced within 2 to 6 
minutes a parallel increase in [Ca2+}j, measured 
with a Ca2+ microelectrode, and electrical un­
coupling in Purkinje fibers. Previous studies [S} 
have demonstrated that this uncoupling pheno­
menon coincides with development of contrac­
ture during hypoxia. In addition, Murphy and 
colleagues [9} reported that exposure to iodoace­
tate and an inhibitor of mitochondrial electron 
transport produced a rise in free [Ca2+} in 
cultured chick embryo ventricular cells mea­
sured with the fluorescent Ca2+ indicator 
Quin-2 within 4 to 6 minutes. Snowdowne and 
coworkers [lO} reported that hypoxia induced 
an increase in aequorin luminescence in dissocia­
ted myocytes within 4 to 5 minutes. 

These apparent discrepancies led Clusin [ll} 
to propose that perhaps the aequorin measure­
ments were unreliable in this situation, because 
the aequorin luminescence is more sensitive to 
Ca2+ released from the sarcoplasmic reticulum 
(SR) than to uniformly distributed cytosolic 
Ca2+. However, recent studies by Chapman 
[l2} have also demonstrated that during con­
tracture induced by mitochondrial inhibitors in 
ferret muscle, there was no detectable increase 
in [Ca2+}j measured with a Ca2+ -sensitive 
microelectrode. 
. Wehave approached this issue b! utilizing 
the newly developed fluorescent Ca2 indicator 
Indo-l (l3}, to measure simultaneously changes 
in [Ca2+}j and development of contracture 
during metabolic inhibition of cultured ventri­
cular cells. Our results suggest that there are 
two phases to the contracture associated with 
metabolic inhibition in these cells. An initial 
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relatively gradual phase is associated with a rise 
in {Ca2 +];; a subsequent phase of contracture 
appears to be due to adenosine tri phosphate 
(ATP) depletion. 

Methods 
Ventricles from 10-day-old chick embryos were 
trypsinized, and the resulting ceH suspension 
was cultured for 3 days as previously described 
{14]. During culturing, confluent cell layers 
developed in wh ich over 80% of the cells had 
characteristics of myocytes and contracted spon­
taneously. Contraction and relaxation of indi­
vidual cells within the cultured layers were 
quantitated by measurement of cell motion, 
using a phase-contrast microscope and video 
motion-detector as previously described {15]. 
Movement of an intracellular organelle, or a 
plastic microsphere adherent to the surface of 
the cell, was tracked in such a way so that an 
upward displacement of the motion signal cor­
responded to an increase in tension development. 

Energy deprivation was produced by exposure 
of these cells to 1 mM cyanide and 20 mM 2-
deoxyglucose (2DG) zero-glucose solution. 
Changes in {Ca2+]; were measured using the 

FIGURE 5-1. Recordings of cell motion during 
superfusion with and washout of cyanide (CN) and 2-
deoxyglucose (2DG). The times no ted at the top of 
the figute indicate the interval after exposure to 
metabolic inhibitors. The initial stage of contracture 
development began at 3 minutes (3 '), becoming 
acce!erated 6' after exposure to CN and 2DG. 
Normal contractile activity returned after 20 minutes 
of washout. (From Hasin et al. , (l7}.) 

fluorescent Ca2+ indicator Indo-l {13, 16]. 
Cells were exposed to 10-5 Indo-l AM for 15 
minutes and then were washed free of dye. After 
approximately 1 hour, contractile activity re­
turned to near control levels . Cells were placed 
subsequently in aperfusion chamber, where 
fluorescence intensity could be monitored at 410 
and 480 nm, with excitation at 360 nm. An 
epifluorescence system attached to a Nikon 
phase-contrast microscope was used, which per­
mitted simultaneous measurement of motion, 
using the video motion-detector, and changes in 
fluorescence intensity. With Indo-l, fluores­
cence intensity increases with increasing Ca2+ 
concentration at 410 nm, and decreases with 
increasing Ca2+ concentration at 480 nm. 
Therefore, the ratio of fluorescence intensities at 
410 and 480 nm was used to indicate changes in 
[Ca2+]; levels. 
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FIGURE 5-2. Effects of cyanide (CN) and 2-deoxy­
glucose (2DG) on membrane potential (mV), its first 
derivative (V/s), and cell motion (f..I.m). Note that 
depolarization of cell diastolic potential to - 40 mV 
occurred within 100 seconds of exposure to CN and 
2DG. Membrane potentials were recorded with glass 
micropipettes (From Hasin and Barry, [l8}). 

Results 
Previous experiments in our laboratory have 
demonstrated that exposure of these cells to 
cyanide and 2DG produces a contracture that 
occurs in two stages, an initial slowly devel­
oping stage followed by a more rapid contrac­
ture development [In as seen in Figure 5-l. 
This contracture is fully reversible, and con­
tractile activity returns to normal within 20 to 
30 minutes after washout of the inhibitors. The 
development of the initial contracture, and the 
onset of the final contracture, can be delayed 
by treatment after metabolic inhibition with 
LaH , which inhibits Na-Ca exchange. Contrac­
ture onset was not affected by verapamil after 
metabolic inhibition. We therefore proposed 
that perhaps Ca2+ influx via Na-Ca exchange in 
the eady phase of metabolic inhibition was con­
tributing to contracture development in these 
cells (ln 

Exposure to cyanide and 2DG results in rapid 
depolarization of the cells to approximately 
-40 mV (l8} as seen in Figure 5-2. Depolar­
ization would tend to cause an increase in Ca2+ 
influx via Na-Ca exchange, because of the 3: 1 
stoichiometry of the exchanger, which results in 
this process being electrogenic (19}. Inhibition 
of the Na pump, which occurs within 4 to 5 
minutes after cyanide and 2DG exposure (Figure 

CN + 2DG 50sec CN + 2DG IOOsec 

5-3) could also stimulate Ca2+ influx via the 
Na-Ca exchanger, because of a rise in {Na+}j. 

To test the hr.r0thesis that there is an initial 
increase in {Ca }j after metabolic inhibition, 
we performed the experiments shown in Figure 
5-4. Exposure of the cells to cyanide and 2-
DG resulted initially in failure of contraction, 
with increased relaxation. This is consistent with 
our previous findings. Shortly thereafter, there 
occurred a phase of progressive increase in 
(Ca2+}j that was associated with an increase in 
resting tension, manifested by a progressive 
upward movement of the motion signal. During 
this stage of initial contracture development, 
there was a reasonable correspondence between 
increases in {Ca2+}j, which was from 200 to 
300 nM, and tension development. When 
{Ca2+}j levels reached approximately the same 
level as is present during normal beating, or 
about 300 nm (l6} there occurred an accelerated 
rate of contracture, which was not associated 
with an increased rate of rise in (Ca2+}j. Of 
interest regarding this phase of contracture is 
that there were some coarse oscillatory move­
ments noted as the contracture developed, 
which were also unassociated with any change 
in (Ca2+}j. 

On abrupt reexposure to normal medium, 
there was an initial rapid phase of relaxation 
associated with fall in {Ca2+}j, followed by a 
slower phase of relaxation, presumably due to 
resynthesis of A TP, wh ich can occur over this 
same time period {20}. Preliminary experiments 
in our laboratory {21} suggest that the fall in 
{Ca2 +}j that occurs during washout of metabolic 
inhibitors is related to an increase in Ca2 + 
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uptake by intracellular organelles, primarily in 
the sarcoplasmic reticulum, rat her than trans­
sarcolemmal Ca2+ efflux mediated by recovery 
of the Ca2+ pump. 

Discussion 
Our findings are consistent with those of Allen 
and Orchard {5}, which indicated that during 
energy deprivation contracture, a rise in {Ca2 +}i 
alone could not account for the contracture 
tension-development observed. However, one of 
the limitations of the aequorin method is that it 
is relatively insensitive at diastolic levels of free 
Ca2 + and may be influenced by changes in 
Mg2 + concentration, which are unknown. Stu­
dies reported here using the newer fluorescent 
Ca2 + indicator Indo-l indicate that the initial 
phase of contracture in cultured ventricular cells 
during energy depletion is in fact associated 
with an increase in {Ca2+l. Ir is also apparent, 
however, that during the accelerated phase of 
contracture development, although {Ca2+l con­
tinues to increase slightly, it does not reach a 
level sufficient to account for the tension de­
velopment observed. Therefore, this accelerated 
phase of contracture probably is due to severe 
ATP depletion. 

Our previous observations indicated that 
treatment of these cultured cells with LaH after 
the onset of metabolie inhibition, could prolong 
the time required for development of the initial 
phase of contracture and the final contracture 

I I I I I r 
0 5 10 15 20 25 30 

TIME (min) 

FIGURE 5-3. Effects of exposure co cyanide (CN) 
and 2-deoxyglucose (2DG) on K+ uptake (a) and 
K+ and Na + contents (b) of cultured ventrieular 
eells. Within 5 minutes after exposure co metabolie 
inhibitors, there was a signfieant impairment of K+ 
uptake and an increase in Na+ content. (From Hasin 
and Barry, (l8}.) 

{I7}. This suggests that Ca2 + influx in these 
cells via Na-Ca exchange may well contribute 
to this initial rise in {Ca2 +}i. An increase in 
{Ca2+}i in the eariy stage of metabolie inhibi­
tion could activate Ca2+ -sensitive ATPases, 
producing a more rapid and progressive decline 
in ATP stores, and thus contribute to the 
development of the contracture. 

A role in this process for Ca2+ influx via 
Na-Ca exchange, or possibly by other pathways 
as weil, is consistent with the observations of 
Nayler and associates {I} that a delay, attenua­
tion, or even prevention of contracture, can be 
achieved when Ca2 + is removed from the extra­
cellular medium before onset of contracture. 
Conrad and colleagues {22}, observed that hy­
poxie contracture in the rat could be prevented 
by pretreatment with cobalt. In addition. Ren­
lund and co-workers {23J have reported that 
a reduction in extracellular Na + concentration, I 
and thus presumably intracellular Na + concen­
trat ion , during ischemia resulted in a reduced 
development of contracture on reperfusion. 
Thus, Ca2+ influx may influence contracture 
both during and after recovery from A TP 
depletion. 
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FIGURE 5-4. Simultaneous changes in cell motion 
(upper trace) and (Ca2+t (tower trace) during exposure 
to cyanide (CN) and 2-deoxyglucose (2DG). The 
{Ca2+t trace is the ratio of fluorescence intensities at 
410/480 nm. The corresponding approximate values 
for {Ca2+};, based on in vivo calibration data (l6}, 
are ;j.S indicated. The initial phase of contracture is 
associated with a rise in (Ca2+t, whereas the 
subsequent accelerated phase is not. On washout, 
there is an immediate partial relaxation associated 
with a fall in {Ca2+};, followed by a more gradual 
recovery towards a fuHy relaxed position. 

We eonclude that the initial phase of eontrae­
ture during metabolie inhibition of ATP syn­
thesis is assoeiated with an inerease in {Ca2 +}j. 
This Ca2+ eould derive from release from intra­
eellular stores or from transsareolemmal influx. 
Ir seems likely that this Ca2+ rise may contri­
bute to ATP loss and the eventual development 
of an ATP-depletion eontraeture. Therefore, it 
may pe possible to modulate the development of 
isehemie contraeture by either diminishing or 
preventing this initial rise in Ca2+ or by in­
ereasing ATP stores, whieh are subsequently 
depleted by aetivation of Ca2+ -ATPases. Im­
proved understanding of the meehanisms of 
isehemie eontracture may help to define better 
ways to prevent and treat it and to understand 
its role in the development of eell death in intact 
tissue. 
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6. THE EFFECT OF REGIONAL 
MYOCARDIAL HETEROGENEITY 

ON THE ECONOMY OF 
ISOMETRIC RELAXATION 

Norman R. Alpert and Louis A. Mulieri 

This chapter is directed at clarifying the rela­
tionship between regional myocardial hetero­
geneity and the economy of contraction and 
relaxation {l}. When heart muscle contracts and 
relaxes isometrically, there is considerable in­
ternal shortening and lengthening during the 
rise and fall of tension development {2}. In­
skeletal muscle, under those conditions where 
active muscle shortens and lengthens, the 
energetic cost of shortening is greater than that 
of lengthening {3-6}. Thus the economy of 
contraction is less than that of relaxation. If 
heart muscle is like skeletal muscle, one would 
expect the economy of relaxation to be greater 
than that of contraction. Inhomogeneity adds 
another dimension to this problem. Inhomo­
geneity is present in normal hearts and abounds 
under pathological conditions. In normal hearts 
there are geometrie (apex to base) {7-1O} and 
isoenzymic {1l-I6} differences. In the presence 
of regional ischemia, the stunned portion of the 
heart is much weaker than the nonstunned 
portion {l7, 18}. When an infarct occurs, the 
noninfarcted remainder of heart may hyper­
trophy with the extent of the hypertrophie 
response being different in the various areas 
{l9-22}. This heterogeneity results in a func­
tional difference in myocytes or sarcomeres, 
which are in series with each other. How these 
differences affect the predicted increase in 
economy of isometrie relaxation in contrast to 
contraction is the focus of this chapter. 

Grossman, William, and Lorel!, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

Strategy 
We planned to produce the myocardial hetero­
geneity by using hearts of varying myosin­
isoenzyme composition. In rabbit heart, the 
adenosine triphosphatase (ATPase) activity of 
the contractile protein myosin (and therefore the 
velocity of shortening of the muscle) is deter­
mined primarily by its isoenzymic content. 
There are at least three isoenzymic forms of 
ventricular myosin The V 1 form has a high 
ATPase activity and is a homodimer consisting 
of two alpha chains {lI}. The V 3 form has a low 
ATPase activity and is a homodimer consisting 
of two beta chains, whereas the V 2 form has 
intermediate ATPase activity and is a heterodi­
mer consisting of one beta and one alpha chain 
{Il}. It has previously been observed that 
myosin isoenzyme heterogeneity exists in young 
rabbits (1.5-2.0 kg) (about 90% V3) and in 
thyrotoxic rabbits (about 90% Vl) {l6, 23, 
24}. Furthermore, in pressure-overloaded rabbit 
hearts, the affected myocardium consists of only 
one isoenzyme of myosin (V3) {l6, 23, 24}. 
Accordingly, our plan was to use these three 
animal models: pressure-overloaded, control, 
and thyrotoxic rabbits to provide hearts that 
were (1) homogeneous, namely, the pressure: 
overloaded type (2) heterogeneous, i.e., the 
control and thyrotoxic types. The energy re­
quirements of contraction and relaxation were 
assessed in these hearts using rapid, sensitive 
myothermal techniques and an analysis of the 
heat records, which separates the tension-depen­
dent heat from the other components of the heat 
output {25-27}. 
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Methods 

ANIMAL MODELS 
Young (1.5 kg), male, white New Zealand 
rabbits were divided into three groups. Pressure­
overloaded hypercrophy is produced by twisting 
a spiral monel metal clip around the pulmonary 
artery and thus reducing the right ventricular 
outßow tract radius by 67%. The animal was 
allowed to recover from the surgery and the 
experiment was carried out 4 weeks after the 
operation (28, 29]. Thyrotoxicosis was pro­
duced by 14 daily intramuscular injections ofL­
thyroxine (0.2 mg/Kg) (23, 24]. The treatment 
was omitted on any day when the body weight 
Was less than 80% of the control value. 

INTRA VENTRICULAR PRESSURE AND 
HEART WEIGHT MEASUREMENTS 
Right ventricular pressures were measured in 
ea<;h of the animal models in the anesthetized 
closed-chest rabbit by means of a catheter 
attached to a Statham pressure strain gauge 
transducer. The right ventricular weight was 
obtained following sacrifice of the animal; the 
ehest was opened and the heart removed for dis­
section of the papillary muscle. After removal of 
the papillary muscle, the right ventricle was 
dissected from the whole heart, quickly blotted 
to dryness, and weighed. 

RIGHT VENTRICULAR PAPILLARY 
MUSCLE MECHANICS 
The rabbit was sacrificed by stunning and 
cervical dislocation, the ehest was opened, and 
the heart was quickly removed and placed in 
oxygenated Krebs solution {30]. The right ven­
tricle was opened and the papillary muscle ex­
posed. Long, thin papillary muscles (>3.5 mm) 
were dissected free of the wall and mounted on 
the thermopile system so that the tendinous end 
of the muscle was attached to a stationary hook 
at the bottom of the thermopile while the cut 
end of the muscle was attached to a low­
compliance, capacitance-force transducer {30, 
31]. The muscle was placed so that the ßat 
portion was in contact with the measuring junc­
tions of the thermopile located in the central 
exposed region {30]. 

PERCENT ISOMYOSIN AND CONTRACTILE 
PROTEIN ATPase ACTIVITY 
Pyrophosphate gel electrophoresis was Guried 
out using the methods described by Hoh and 

colleagues (11] on homogenized ventricular 
tissue or purified myosin {32]. The percent of 
isomyosin was assessed from densitometer traces 
of the gels as previously described (16]. Cal­
cium-stimulated myosin ATPase activity was 
assayed in 0.05 M KCl, 9 mM CaClz, 4 mM 
ATP, and 0.05 M Tris buffer (pH 7.6). The 
assays were carried out at 25°C and were stopped 
by the addition of 0.5 ml of cold 20% HC104 

{32]. 

THERMAL MEASUREMENTS AND 
THEIR INTERPRETATION 
Rapid, sensitive, thermal measurements on 
isolated papillary muscle provide a view of the 
time course of the biochemical processes taking 
place within the myocyte during the isometrie 
twitch and recovery from that twitch. The key 
to making thermal measurements that can be re­
solved within a single beat was the development 
of a planar bismuth and antimony thermopile 
{30] of low thermal capacity and high sensi­
tivity. The heat output of the muscle can be 
partitioned into resting or basal heat (HB) and 
activity-related heat (HA). The basal heat (HB) 

is a reßection of the energy requirements of all 
the processes involved in maintaining the nor­
mal integrity of the cell such as protection of ion 
gradients, organelle repair and replacement, 
cellular and intracellular restructuring, and 
general transport processes. The activity-related 
heat (HA) is liberated in two phases, an initial 
rapid phase and a secondary slower phase. As 
illustrated in Figure 6-1, the initial rapid phase 
is temporally associated with contraction and 
relaxation (eh panel A, Figure 6-1). The 
secondary slower phase is associated with re­
covery processess (panel A, Figure 6-1). The 
initial heat, I, is a reßection of ATP hydrolized 
by the myosin during the cyclic interaction of 
the myosin head with actin while producing 
force (tension-dependent heat, TDH) and the 
ATP hydrolized in pumping calcium ions from 
the cytosol (tension-independent heat, TIH). 
The recovery heat, R, is associated with the 
resynthesis by the mitochondria of ATP from 
the ADP produced during contraction and re­
laxation. The tension-independent heat (TIH) 
can be separated from the initial heat, I, by in­
cubating the muscle in hyperosmotic mannitol 
or in a hyperosmotic mannitol diacetyl mono­
xi me (BDM) Krebs solution. Under these 
conditions force is eliminated and the trigger­
able heat that remains is the tension-indepen-
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FIGURE 6-1. Isometrie force, initial heat, and the partitioning of initial heat. Panel A is arecord of heat and 
force from a papillary muscle incubated in normal Krebs solution. Records of the isometrie force, the heat 
output, and a diagram illustrating the sources of the heat are presented from tOP to bottom. Panel B is arecord 
of force (above) and heat (middle) from a papillary muscle incubated in hyperosmotic mannitol Krebs solution or 
hyperosmotic mannitol diacetyl monoxime (BDM) Krebs solution. Note that force is eliminated and trigger­
able heat remains . The diagram in Panel B (bottom) illustrates that the cross-bridge cyeling has been eliminated 
and that the heat is liberated by the calcium pump activity. The heat associated with cross-bridge cyeling 
(TDH) is obtained by subtracting the initial heat obtained in the mannitol BDM solution (8T1H , Panel B) from 
that obtained in the normal Krebs solution (8b Panel A) (right panel, A-B). S.R. = sarcoplasmic reticulum; 
TPT = time to peak tension; PTW = isometrie peak twitch force; fPdt = tension-time integral. 

dent heat (8T1H , panel B, Figure 6-1). The 
tension dependent heat ean be calculated by 
subtracting the tension independent heat from 
the initial heat (81-8TIH = 8'WH, panel A - B, 
Figure 6-1). 

THE ECONOMY OF CONTRACTION 
AND RELAXATION 
The goal of this chapter is to compare the 
energetie requirements of the eontraction and 
relaxation phases of the isometrie twiteh. This is 
possible beeause of the rapid time resolution 
of the heat-sensing elements of the vaeuum­
deposited bismuth-antimony thermopile system 
{30). The protoeol for dividing the tension­
dependent heat output into the contraction and 
relaxation eomponents is illustrated in Figure 
6-2. The initial heat is reeorded and is divided 

into its eontraetion (Ie) and relaxation (IR) 
phases (Figure 6-2). The papillary muscle is 
then ineubated in the hyperosmotie mannitol 
Krebs solution (see Figure 6-1, Panel B). The 
triggerable tension-independent heat output is 
then partitioned into its eontraetion (TI He) and 
relaxation (TIHR) phases (see Figure 6-2). The 
tension-dependent heat for contraction (TOHe) 
is obtained by subtraeting the tension-indepen­
dent heat for eontraetion (TIHe) from the initial 
heat for eontraction (Ie) (Figure 6-2). The 
tension-dependent heat for relaxation (TOHR) is 
obtained by subtraeting the tension-indepen­
dent heat for relaxation (TIHR) from the initial 
heat for relaxation (IR) (see Figure 6-2). The 
eeonomy for isometrie contraction is obtained 
by dividing the tension-time integral for eon­
traction (fPdte) by the tension-dependent heat 
for eontraetion (TOHe), while the eeonomy of 
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relaxation (fPdtR/TDHR) is obtained m a 
similar manner (see Figure 6--2). 

Results and Discussion 
The objective of these studies was to examine 
the energetics of contraction and relaxation in 
homogeneous (press ure overloaded) and hetero­
geneous (control and thyrotoxic) heart papillary 
muscles. The data from each of the preparations 
will be presented in that order. 

RIGHT VENTRICULAR HEART WEIGHT 
AND INTRA VENTRICULAR PRESSURES 
The right ventricular heart weights for the pres­
sure overloaded, control, and thyrotoxic pre­
parations were 1.70 ± 0.13,1.17 ± 0.05 and 
1.31 ± 0.05 grams, respectively. The pressure­
over-loaded and thyrotoxic hearts exhibited en­
largement of the right ventricle of 45% and 
12% relative to the control hearts. The systolic 
and diastolic press ures for the pressure over­
loaded and thyrotoxic hearts were greater than 
those for the control group (Table 6--1). No 
signs of congestion were present in any of the 
groups. 

T ABLE 6-1. Right Ventricular Systolic and 
Diastolic Pressure (R VP) in Pressure-Overloaded (P), 
Control (C), and Thyrotoxic (T) Rabbi( Hearts 

RVP (mm Hg) 

Model Systolic Diastolic 

P 31.9±3.4 2.2 ± 0.2 
C 16.5±1.2 1.2±0.1 
T 46.4±4.7 4.1 ± 1.1 

TABLE 6-2. Isomyosin Composition and Calciüm­
Activated Myosin ATPase Activity for Pressure­
Overloaded (P), Control (C), and Thyrotoxic Hearrs (T) 

Model 

P 

C 
T 

% V I Isomyosin* 

O±O 
12 ± 4 
90 ± 2 

Myosin ATPase (ftmol 
Pimg-1min- ' ) 

0.22 ± 0.02 
0.32 ± 0.01 
0.86 ± 0.03 

* There are three isoenzymes of myosin, V I, V" and V 1. From of 
densitometer traces of the polyacrylamide gel pattern, the percents 
VI, V 2 , and V 1 are ascertained. Half of [he V 2 trace is added to VI 
and V1. Accordingly, in this analysis (he % V1 = 100 - % VI' 

FIGURE 6-2. Tension-dependent heat and tension­
time integral for contraction and relaxation. (See text 
for explanation and definition of ehe symbols.) Initial 
and recovery refer to the corresponding portions of 
heat output. 

ISO MYOSIN COMPOSITION AND 
A TPase ACTIVITY 
Hearts from the pressure-overloaded animals 
consisted of lOO% V, (0% V 1) isomyosin and 
had an ATPase activity of 0.22 !lmol Pi mg- 1 

min - I. The % V 1 was greater in the control 
and thyrotoxic hearts as was the ATPase activity 
(Table 6-2). Thus animal preparations were 
available whieh were homogeneous with respeet to 
the isomyosin profile (pressure overloaded, pure 
V,,) anJ heterogeneous (control, 12 % V 1-88 % 
V3; thyrotoxic, 90% V 1-10% V3)· 

PAPILLAR Y MUSCLE MECHANICS 
The times to peak tension (TPT) (Figure 6-1, 
upper right panel) for the pressure overioaded, 
control, and thyrotoxie animals were 816 ± 2l, 
627 ± 20, and 352 ± 18 msee, respectively. 
The peak twitch-tension and tension-time in-
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FIGURE 6-3. The relation between the tension-time 
integral for contraction (fPdtC> and relaxation 
(fPdtR) for pressure-overloaded (P), control (C), 
and thyrotoxie (T) rabbit hearts. The method for 
dividing the isometrie tension-time-integral into the 
eontraetion and relaxation phases is indieated above. 
The data for the contraction and relaxation tension­
time integrals for eaeh of the preparations are 
presented below. The standard error of the mean is 
indieated by the vertieallines. The signifieanee level 
(paired t test) for the differenee between the contrae­
tion and relaxation tension-time integral is presented 
above the data. 

tegrals for the pressure-overloaded animals were 
5.11 gmlmm2 and 5.64 gseclmm2 , respeetively 
The twiteh tension and tension-time integral 
were slightly but not signifieantly larger in the 
control animals and were signifieantly lower in 
the thyrotoxie animals (Table 6-3). The tension­
time integral ean be divided into a eontraetion 
and relaxation tension-time integral (Figure 
6-2, 6-3). The tension-time integral for relaxa­
tion was greater than that for eontraetion in all 
three preparations (see Figure 6-3). 

INITIAL AND TENSION-DEPENDENT HEAT 
The initial and tension-dependent heats for 
the pressure-overloaded group were 1.20 and 
1.00 meaVgm, respeetively. These values were 

signifieantly higher in the control and thyro­
toxie groups (Table 6-4). The tension-depen­
dent heat ean be divided into a eontraetion 
(TDHc) and relaxation (TDHR) phase (Figures 
6-2, 6-4). The tension-dependent heat for 
eontraetion and relaxation is the same for the 
pressure-overloaded hearts (see Figure 6-4). For 
the eontrol and thyrotoxie hearts the tension­
dependent heat is greater for the relaxation 
phase than for the eontraetion phase (see Figure 
6-4). 

THE ECONOMY OF CONTRACTION 
AND RELAXATION 
The economy of isometrie contraction may be 
defined as the tension-time integral divided by 
the tension-dependent heat (E = fPdt/TDH). 
Aeeordingly, the economy for the eontraetion 
phase of the twiteh ean be ealculated and eom­
pared with that for the relaxation phase. The 
hypothesis guiding these experiments was that 
the eeonomy of isometrie relaxation would be 
greater than that of isometrie eontraetion. In the 
homogeneous papillary muscles (pressure-over­
loaded, 100% V 3), the economy of relaxation is 
greater than that of eontraetion (Figure 6-5). 
For the two heterogeneous groups, in the eon­
trol hearts (88% V 3, 12% VI) the economy of 
relaxation and contraetion are identieal, whereas 
in the thyrotoxie hearts 00% V"' 90% VI) re­
laxation eeonomy is greater than eontraetion 
eeonomy (see Figure 6-5). 

T ABLE 6-3. Papillary Muscle Isometrie Force (PTW) 

and Tension-time Integral (fPdt) for Pressure-Overloaded 
(P), Control (C), and Thyrotoxie (T) Rabbit Hearts 

Model PTW (gm mm - 2)* fPdt (gm see mm- 2) 

P 5.11 ± 0.47 5.64 ± 0.57 
C 5.90 ± 0.25 6.12 ± 0.57 
T 4.55 ± 0.76 4.83 ± 0.86 

* The isometrie peak twiteh force (PTW) is measured at a stimulus 
frequeney ofO.2 Hz at a length where the aetive force is maximal. 

TABLE 6-4. The Initial Heat (I) and Tension­
Dependent Heat (TDH) for Pressure-Overloaded (P), 
Control (C), and Thyrotoxic (T) Rabbit Hearts 

Model I (meal gm -I) TDH (meal gm -I) 

P 1.20 ± 0.12 1.00 ± 0.12 
C 1.66 ± 0.10 1.30 ± 0.11 
T 1.70 ± 0.20 1.40 ± 0.17 
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ANALYSIS OF THE ECONOMY OF 
CONTRACTION AND RELAXATION IN 
TERMS OF THE ACTOMYOSIN 
CROSS-BRIDGE CYCLE 
In musele, heart as weIl as skeletal, force is 
developed when a myosin cross-bridge head, 
extending from the thick filament, attaches to 
the actin thin filament, rotates from the 90-
degree to the 45-degree configuration, and thus 
stretches the compliant elements in the neck 
and tail region of the myosin moleeule em­
bedded in the thick filament. Thus, for iso­
metrie contraction or relaxation, the force 
developed is a function of the cyeling rate and 
tension':time integral for each myosin cross­
bridge head integrated over the duration of 
the twitch. An analysis of the isometrie force, 
in terms of the cross-bridge cyele, from the 
mechanical and thermal data is based on three 
assumptions: (1) the enthalpy of ATP hydrolysis 
is the same in each preparation; (2) the number 
of myosin moleeules in a unit half sarcomere 
is the same in each preparation; and (3) each 
time a myosin moleeule goes through a com­
plete cyele, developing its tension-time in­
tegral, one high-energy phosphate bond is 
hydrolized. The tension-time integral for the 
isolated papillary musele for contraction and 
relaxation (fPdtc, fPdtR) can be defined in 
terms of the cross-bridge tension-time integral 
(f sd-t) and the cyeling frequency (f) by equa­
tions 6.1a and 6.1b, where the symbols are 
defined as foIlows: fPdtc and fPdtR are the 
papillary musele contraction and relaxation 
tension time integrals per mm2 , respectively; 
f sdtc and f SdtR are the average cross-bridge 
tension-time integrals for contraction and re­
laxation, respectively; fc and fR are the average 
cross-bridge cyeling frequencies for contraction 
and relaxation, respectively; M is the number of 
myosin heads in a half sarcomere of musele with 
a 1 mm2 cross-sectional area; and TTc and TTR 
are the duration of the contraction time and 
relaxation times, respectively. 

fPdte = fsdTe X fe X M X TTe 

fPdtR = fsdTR X fR X M X TTR 

(6.1a) 

(6.1b) 

Thermal and mechanical data are used to 

calculate fand J sdt in the foIlowing manner. 
The frequency of cross-bridge cyeling is defined 
by equation 6.2, where d (TDH)/(dt gm) is the 
average tension-dependerit heat rate per gram of 

! //'}TDHR 

e TDHC 

TIME 
P<o.05 

----~1.0 -
50.8 

50.6 

T 

FIGURE 6-4. The tension-dependent heat (TDH) 
for contraction (C) and relaxation (R) for pressure­
overloaded (P), control (C), and thyrotoxic (T) rabbit 
hearts. Above is the tension-dependent heat for 
contraction (TDHc) and relaxation (TDHR ) recon­
structed as described in Figure 6-2. The data for each 
of the preparations are presented below. The signifi­
cance level for the difference between relaxation and 
contraction for each of the preparations is presented 
above the bar graph of the data (paired t test). The 
standard error of the mean is indicated by the vertical 
lines. NS = not significant. 

musele, W 1/2 sarcomere is the weight of a half 
sarcomere with a cross-sectional area of 1 mm2 , 

E - 1 is the reci procal molar enthal py of the A TP 
hydrolysis involved in the cross-bridge cyele and 
M- 1 is the moles of cross-bridge heads in a half 
sarcomere. 

f = d(TDH)(dt gm) X W!12 sarcomere 

X E- 1 X M- 1 (6.2) 

The cross-bridge tension-time integral 
(f sdt) is defined by equation 6.3 where the 
tension time integral for the cross-bridge 
(f sdt) or the musele fPdt represents that for 
the contraction or relaxation phases, the fre­
quency (f) is the average frequency for the con­
traction or relaxation phases and TT is the 
duration of the contraction or relaxation phases. 



6. REGIONAL MYOCARDIAL HETEROGENEITY 45 

p<.02 NS 

FIGURE 6-5. The economy of relaxation and con­
traction for pressure-overloaded (P), control (C), and 
thyrotoxic (T) rabbit hearts. The right panel depicts 
the method for calculating the economy of contrac­
tion and relaxation. The economy of contraction, Ec, 
is obtained by dividing the contraction tension-time 
integral (fPdtC> by the tension-dependent heat 
liberated during the contraction phase of the iso­
metrie twitch (TDHc>. A similar calculation can be 
made for the relaxation phase (fPdtR/TDH R). The 
open and cross-hatched bar graphs represent the con­
traction (C) and relaxation (R) phases, respectively. 
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FIGURE 6-6. Cross-bridge cyeling frequency (f) and 
tension-time integral (fsdt) for contraction (C, open 
bar graph) and relaxation (R, cross-hatched bar graph). 
The upper panel diagrams the time course of force 
development for a single cross-bridge. Note there is 
an "off" period where the cross-bridge head is not 
attached to the actin, and aperiod of attachment and 
cross-bridge head rotation where force is developed 
"on" each cyele. The force is analyzed in terms of the 
frequency of cyeling, 1It, where t is the time between 
cyeles and the cross-bridge tension-time integral, 
where s is the force, and t is the "on" time. The 
myosin isoenzyme composition is indicated above the 
bar graphs for each group. 

f sdt = fPdt/(f X TT) (6.3) 

In the pressure-overloaded group of museles, 
where relaxation is more economical than con­
traction, the average cross-bridge cyeling fre­
quency for relaxation is less than that for 
contraction, whereas the average cross-bridge 
tension-time integral is greater (Figure 6-6). In 
the control museles, where the economy of 
isometrie contraction and relaxation is identical, 
the frequency of cross-bridge cyeling and the 
cross-bridge tension-time integral is also identi­
cal (Figure 6-6). In the thyrotoxic preparations, 
where relaxation economy is also greater than 
contraction economy, the average cross-bridge 
cyeling frequency for relaxation is less than that 
for contraction, whereas the tension-time lO­

tegral is greater (see Figure 6-6). 

THE CONTRIBUTION OF HEART MUSCLE 
HETEROGENEITY TO THE ECONOMY OF 
CONTRACTION AND RELAXATION 
The hypo thesis that the economy of relaxation is 
greater than that of contraction is supported in 
the pressure overloaded homogeneous prepara­
tion and in the heterogeneous thyrotoxic hearts 
but is rejected for the heterogeneous control 
animals. In the pressure overloaded, pure V 3 

hearts, the increase in relaxation economy can be 
interpreted at the cross-bridge level in terms of a 
decrease in the cyeling frequency and an increase 
in the tension-time integral. These changes may 
be attributed to the effect of lengthening of the 
sarcomeres during the relaxation [2} on the 
kinetic properties of the actomyosin. In the 
same manner, similar changes in the kinetics 
during relaxation might account for the dif­
ferences observed in cross-bridge frequency and 
tension-time integral in the thyrotoxic hearts. 
However, it is not elear why in control hearts 
the economies of relaxation and contraction are 
identical. This finding is especially puzzling 
considering that the myosin isoenzyme mixture 
for the control group (88% V3, 12% VI) is not 
subtantially more heterogeneous than in the 
thyrotoxic hearts (90% VI, 10% V3). 

To explain the paradoxical behavior of the 
control animals, we would like to offer a 
speculative hypothesis: the increased economy 
during lengthening may be related to the "give" 
phenomenon described by Flitney, Hirst, and 
Jones (33] or to the fact that thyrotoxic, i.e., 
VI containing, myocytes relax more rapidly 
(note the decrease in time to peak tension). 
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Flitney and colleagues changed the cross­
bridge cyeling rate in contracting skeletal 
musele by altering the temperature at which the 
experiments were carried out. The activated 
musele was subjected to steady stretches. The 
force, Ps> during the stretch was above isometrie 
force, Po, and increased as a function of the 
velocity of stretch. The force during stretch, Ps> 
rose to a critical point (Vc) and then ceased to 
rise. A similar phenomenon has been observed 
in rabbit papillary musele {34}. In this mode of 
force development, high forces are maintained 
with litde or no cross-bridge cyeling [6}. For 
the slowly cyeling cross-bridges (low tempera­
ture), the critical velocity was lower and PJPo 
was higher than for the faster cyeling cross­
bridges (higher temperature). In our model, V 3 

represents the slower cyeling cross-bridges and 
VI the faster cyeling cross-bridges. During the 
rise of isometrie tension in a pure preparation 
(pressure-ovedoaded) the sarcomeres shorten, 
and as expected the cross-bridge cyeling rate 
increases while the tension-time integral de­
creases (Figure 6--7). From the peak of tension 
to complete relaxation, the elastic energy stored 
in the compliant elements lengthen the sar­
comeres (Figure 6--7). The stretch produces the 
expected result of reducing the cyeling rate and 
increasing the tension-time integral for the 
cross-bridges [4-6}. 

During the rise in tension of museles consis­
ting of a mixture of slow (strong) and fast (weak) 
sarcomeres, both the fast and the slow sarco­
meres shorten against the series compliant 
elements (Figure 6--8). During the relaxation 
phase, the energy stored in the series' compliant 
elements extend the sarcomeres. The fast sarco­
meres are extended preferentially over the slow 
sarcomeres because they have a lower P/Po at 
the critical velocity or they are deactivated 
sooner. For the control museles (see Figure 
6--8), which have 88% V 3 myosin (vertical 
stripes of the sarcomeres) and 12% VI myosin 
(dotted sarcomeres), during relaxation only 12% 
of the sarcomeres would undergo the economical 
"give" phenomenon. The increase in economy 
for this small fraction of V I sarcomeres would be 
outweighed by the unchanged economy of the 
88% of the sarcomeres that continue to shorten 
during the relaxation period (see Figure 6--8). In 
the thyrotoxic hearts, where the isomyosin 
composition is reversed (90% Vj, 10% V3), the 
small fraction of sarcomeres (the slow V 3) 
continues to shorten during relaxation, where~s 
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FIGURE 6-7. Papillary muscle isometrie tension and 
a diagram of the sareomere lengths in press ure­
overloaded (P) hearts. Above is the time course of the 
isometrie tension. Below is a diagram of the ehanges 
in sareomere lengths during eontraetion and relaxa­
tion. The isoenzyme pereent composition (100% V3) 

is indieated by the vertieal stripes. 

the large V I population undergoes the more 
economical give or stretch phenomenon (see 
Figure 6--8). Thus in this heterogeneous group 
the economy of relaxation is greater than that of 
contraction. 

Summary 
The economy of relaxation is greater than that of 
contraction for the pressure-ovedoaded and 
thyrotoxic rabbit hearts. The economy of relaxa­
tion is equal to that of contraction in the control 
hearrs. In the homogeneous preparations (pres­
sure overloaded, 100% V3) where the economy 
of relaxation is greater than that of contraction, 
it is believed that the internal lengthening, 
which occurs during the relaxation phase of the 
isometrie contraction, alters the acromyosin 
kinetics so as to reduce the cross-bridge cyeling 
frequency and increase the cross-bridge tension­
time integral. In the heterogeneous groups the 
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FIGURE 6-8. Papillary muscle isometrie tension 
change and sarcomere length pattern for control (C) 
and thyrotoxic (T) hearts. Above is the time course of 
the isometrie twitch. Below is the sarcomere length 
pattern during contraction and relaxation. The bars 
with the vertical stripes represent the % V 3 and the 
V 3 sarcomeres, the bars with the dots represent the 
% VI and the V I sarcomeres. 

difference between the normal and thyrotoxic 
preparations is explained in terms of the inter­
action of faster cyeling, weaker sarcomeres (VI) 
in series with slower-cyeling, stronger sarco­
meres (V 3)' The normal hearts consist of 88% 
V 3 isomyosin. During relaxation, this portion of 
the heart continues to shorten, while the V I 
portion is lengthened. The majority of the 
sarcomeres in these hearts are in the less 
economical shortening mode during relaxation, 
and thus relaxation and contraction exhibit 
identical economies. In contrast, in the thyro­
toxic heart, the majority of the sarcomeres are 
made up of the weaker V I type isoenzyme. In 
this preparation during relaxation, the minor 
portion of the musele continues to shorten while 
the major portion is lengthened and thus put in 
the more economical mode of operation. In all 
of the preparations, cross-bridges continue to 

cyele during relaxation, and there is a signifi­
cant energy cost of relaxation. Heterogeneity 
(weak vs. strong, fast vs. slow) affects the 
economy of relaxation. 
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7. FUNCTIONAL SEQUELAE OF 
DIASTOLIC SARCOPLASMIC 

RETICULUM Ca2+ RELEASE IN 
THE MYOCARDIUM 

Edward G. Lakatta, Maurizio C. Capogrossi, Arthur A. Kort, and Michael D. Stern 

Routine cardiac catherization and angiography 
in patients with cardiac disease have permitted 
the measurement of not only systolic function 
but also of ventricular filling press ure and 
volume. The advent of ultrasound and radio­
nuclide techniques has rendered the assessment 
of diastolic function, i.e. filling rates and 
volumes, and systolic function still more com­
mon. While these technological developments 
have verified the notion of variable diastolic 
compliance and the coexistence of "abnormal 
diastolic" function with normal or abnormal 
systolic "function," the nature of the former and 
its relation to the latter still remain obscure. 

Coincident with advances in technology to 
measure ventricular function was the develop­
ment of new concepts regarding mechanisms of 
excitation-contraction coupling in cardiac mus­
cle, specifically those mechanisms that govern 
the Ca2+ homeostasis of myocardial cells. 
Although earlier studies of this sort had focused 
on the role of how enhanced cell Ca2+ loading, 
e.g., that mediated by "inotropic interven­
tions," can lead to a stronger contraction during 
systole, more recent studies have been concerned 
with the role of Ca2+ in the modulation of 
diastolic function and its relationship to systolic 
function {l}. In particular, the phenomenon of 
spontaneous diastolic Ca2 + release from the 
sarcoplasmic reticulum (SR) into the myoplasm 

Grossman, William, and LorelI, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Pub/ishing. All rights merved. 

has been shown to (a) cause decreased diastolic 
compliance {2-6}, (b) initiate spontaneous 
action potentials that lead to arrhythmias 
{7-1O} , and (c) reduce the force of contraction 
during subsequent systoies (3, 11-15, 35}. 
Some aspects of these functional sequelae of 
spontaneous diastolic Ca2 + release will be re­
viewed here. 

Figure 7-1 shows the response in a represen­
tative example of an isolated perfused isovolu­
mic rat heart, stimulated regularly at a low 
frequency (20 min -[), to increasing perfusate 
{Ca2+}, Cao, and thus to increasing myocardial 
cell Ca2+ loading. Over the lower range of 
increasing Cao, i.e., up to about 2 mM, systolic 
pressure increases markedly and is accompanied 
by a modest increase in diastolic pressure; with 
further increases in Ca2+ loading (a to b in 
Figure 7-lA), systolic function increases only 
slightly and plateaus while diastolic pressure 
continues to increase. At Cao of 2 to 5 mM, 
diastolic compliance might be considered to be 
"abnormal," whereas systolic function appears 
to be unimpaired. Still further increases in Ca2+ 
loading (in Figure lA) cause diastolic pressure 
to increase further and systolic pressure to be 
reduced from its optimal level. The myocardial 
energy consumption in this instance, however, 
is greater than at lower Cao {l7, 18}. A biopsy 
of the heart at this stage would prove normal, 
and the reduced systolic and enhanced diastolic 
pressures observed at high cell Ca2 + loading are 
completely reversible upon reducing the Cao. 

The lower part of Figure 7-1A depicts actual 
tracings at points a, b, and c in the upper panel. 

49 
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FIGURE 7-1. Response of isolated rat heart to increasing CaH loading. A. The CaH dependence of systolic 
and diastolic pressures and scattered light-intensity fluctuations (SLIF), a manifestation of spontaneous diastolic 
intracellular CaH oscillations. The preparation was perfused retrograde from the aorta and rendered quiescent 
by an atrioventricular block and the addition of 1 -Ilg/ml propranolol to the perfusate. The left atrium was 
removed and a balloon was inserted into the left ventricle to maintain constant end-diastolic volume. 
Stimulation at 20 min- 1 at 37°C produced isometrie systoles. Actual records a, b, and c, are shown below. (See 
text for further details.) B. When the heart in panel A was perfused with a fCaH ) of 15 mM, the heart began to 
beat spontaneously (arrow), and the oscillation in diastolic press ure became more pronounced. (From Weiss and 
Lakatta {16).) 

Note that even in the isovolumic mode (effected 
via a left ventricular balloon at constant volume) 
in the absence of atrial contraction, an increase 
in diastolic pressure occurs: it is lowest in early 
diastole and then drifts upward (a); with further 
Ca2+ loading (b and c), the rate and extent of 
rise is more marked. Figure 7-1B shows that a 
higher Cao than that depicted in panel A, causes 
spontaneous ventricular tachycardia to occur; 
thetransient increase in diastolic pressure with 
time following the prior systole now passes 
through a maximum, decreases, and then begins 
to rise again, i.e., an "after-contraction" occurs, 
which gives rise to the next spontaneous systole. 
The variable diastolic compliance shown in this 
Figure is clearly Ca2+ -dependent. 

The third parameter in Figure 7-1A is a 
measure of scattered light intensity fluctuations 
(SLIF) produced in a laser beam reflected from 
the heart {4, 5}. SLIF increase monotonically 
with increases in Cao. SLIP are caused by 
oscillatory diastolic Ca2+ -myofilament interac­
tions resulting from spontaneous oscillations in 
intracellular [Ca2+} or "CaOs" [4, 5, 19, 20}. 
To address the potential functional implications 
of diastolic CaOs, it is first necessary to consider 
some of their specific properties, which have 
been determined from studies in isolated cardiac 
muscle and myocytes. 

Characteristics of CaOs in Single 
Cardiac Cells 
CaOs are caused by spontaneous oscillatory 
Ca2+ release from the SR {21-23}. Although 
SR Ca2+ release triggered by an action potential 
to cause systole is relatively synchronous within 
and among myocytes comprising cardiac tissue, 
spontaneous diastolic Ca2+ release, at a given 
instant, can be localized within cells (Figure 
7-2B) and occurs heterogeneously among cells 
{5, 6, 19, 20}. This phenomenon can occur in 
all mammalian cardiac muscles, but the condi­
tions required for its occurrence are species­
dependent {20, 22, 24}. In rat preparations it 
occurs in the unstimulated state or during low 
rates of stimulation even when these prepara­
tions are bathed in physiologie Cao, i.e., under 
conditions in which the resting myoplasmic 
Ca2+ is as low as 100 nM [22, 25, 26}. Experi­
mental maneuvers to increase the cell Ca2+ load 
are required for cardiac tissues from other 
mammalian species to exhibit CaOs {20, 22, 
24}. The localized Ca2+ -myofilament interac­
tion that results from spontaneous SR Ca2+ 
release causes localized sarcomere shortening 
that can be similar in magnitude to that during 
systole, but much of this myofilament displace­
ment is not associated with shortening of the 
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FIGURE 7-2 . A. The displacement of a myocyte in response co an action-potential-mediated twitch coupled co 
that which occurs during spontaneous localized sarcoplasmic reticulum Ca2 + release. (From Capogrossi and 
Lakatta [l4}.) B. Part a: phocomicrograph of a typical single. rat cardiac myocyte used in studies described 
throughout the text. Part b: computer sequence of images showing the propagation of a contractile wave 
reconstructed from the magnified video image of a single myocyte. The cell is idealized as a row of sarcomeres. 
In tracing 1, where no contractile wave is present, sarcomere .spacing is uniform. In tracings 2 co 6, a wave 
appears at the left end of the cell, propagates across the cell, and disappears at the right end. Note that the wave 
itself appears as a dark region of sarcomere shortening surrounded on both sides by light areas resulting from 
the stretching of the adjacent relaxed sarcomeres. When the wave is present, the ends of the myocyte shorten 
and correspond to the actual video analyzer output of Figure 7-2A. (From Kort et al. [l9}.) 
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myocyte (Figure 7-2A) or force production but 
rat her is dissipated in stretching other areas 
within the cell in which myofilaments are 
relaxed because spontaneous Ca2 + release has 
not occurred in that locus at that instant. Thus, 
even thou~h the localized increase in myoplas­
mic {Ca2 }, Caj, due to spontaneous Ca2+ 
release has been estimated to be at systolic levels 
{6, 23, 27-30} the resultant displacement at the 
ends of the cardiac myocyte is far less but of 
larger duration than that elicited by an action 
potential during systole (Figure 7-2A) 

Figure 7-2B shows that the localized band 
of myofilament inactivity due to spontaneous 
Ca2+ release is not constant in its location but 
propagates through the cell at a fairly slow 
speed, i.e., about 100 !!mlsecond {l9}. This 
indicates that when localized spontaneous Ca2 + 
release occurs within a myocyte it propagates as 
a wave by diffusion and initiates a furt her (re­
generative) release of Ca2+ at the wave front 
{3I}. The heterogeneity of spontaneous Ca2 + re­
lease (within and among cells in intact tissue, 
see below) is an important characteristic of CaOs 
with respect to their functional sequelae. 

Spontaneous diastolic SR Ca2+ release recurs 
in an oscillatory fashion. Although its occur­
rence is asynchronous among ceIls, its re­
currence within a given cardiac cell is not a 
random process, but is roughly periodic {l, 19, 
2I-23l The oscillation frequencies that have 
been measured vary from < 0.1 to 7-8 Hz {Il 
A major determinant of the oscillation fre­
quency is the rate at which SR can cyde Ca2+, a 
major determinant of which is the quantity of 
Ca2+ available for pumping. This has been 
referred to as the cell "Ca2+ load" {l3, I9l In 
single cardiac myocytes the frequency of CaOs 
can be measured directly by monitoring the 
occurrence of spontaneous contractile waves 
(Figure 7-3A). In intact cardiac musde, direct 
monitoring of the frequency of CaOs is not 
always possible, but other techniques, i.e., SLIF 
measurements as in Figures 7-1, 7-3B and 7-4, 
can detect their presence. As the cell Ca2+ load 
increases, the increase in SLIF in intact tissue is 
proportional to the increase in contractile wave 
frequency in single cardiac myocytes (Figure 
7-3B). Although this indirect method to sense 
CaOs in intact musde is noninvasive, and its 
units are reported in Hz, it does not measure the 
actual frequency of the microscopic mechanical 
motion due to the underlying Ca2+ oscillations, 
but rather the product of the frequency and 

amplitude of the underlying motion. Nonethe­
less, this technique is noninvasive and presently 
is the most sensitive method of detecting "low­
frequency" CaOs in intact cardiac tissue. 

CaOs Produce Diastolic Tonus 
Studies in intact isolated cardiac musde have 
shown that the process of spontaneous Ca2+ 
release illustrated in Figure 7-2A for a single 
myocyte does not occur synchronously among 
cells {6, 19, 20}. The resultant heterogeneity of 
sarcomere lengths results in a blurring or dis­
appearance of the sarcomere diffraction pattern 
as cell Ca2+ loading, resting force, and SLIF 
increase (Figure 7-4A). Thus, in multicellular 
cardiac preparations, the efficacy of the localized 
diastolic myofilament shortening to produce 
force is further dissipated because cells in which 
spontaneous Ca2+ release occurs are linked to 
completely relaxed cells in which no CaOs are 
occurring at that instant. 

The actual frequency of CaOs in the intact 
musde can be determined by a "noise" analysis 
of the fluctuations in optical density caused by 
the myofilament motion due to the underlying 
microscopic motion {l9}. Examples of these 
fluctuations of optical density and of the simul­
taneously measured resting tension are illu­
strated in Figure 7-4B. A similar noise analysis 
coupled with the use of Ca2+ -sensitive indica­
tors {27, 33} permits quantification of the spon­
taneous oscillations in myoplasmic Ca2+ {28, 
32}. Figure 7-4C illustrates that the frequency 
of oscillations in luminescence of the chemilu­
minescent protein aequorin, which had been 
injected into multiple resting cells comprising 
the bulk preparation, is also the same as that in 
resting force. 

In assessing how CaOs cause diastolic tonus, 
the concept of temporal summation of discrete 
oscillators needs to be considered. That the 
frequency of myofilament oscillation that under­
lie the increase in resting force are the same as 
those simultaneously measured in optical fluc­
tuations (Figure 7-4B) or Caj (Figure 7-4C) 
indicates that the Ca2+ -dependent diastolic 
tonus in cardiac tissue is at least, in part, linked 
to the presence of CaOs and specifically to their 
frequency. A relatively simple mathematical 
model has shown that as the oscillation fre­
quency of multiple independent oscillators (cells, 
areas within ceIls, or groups of cells) increases, 
the resultant summation effect causes an in-
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FIGURE 7-3. A. The effect of Cao on spontaneous contractile wave frequency (top panel) and amplitude (Iower 
panel) as measured in a representative single rat cardiac myocyte (at 23°C). Multiple occurrences of a given 
value are continuously added to the right of the preceding measurement. The open cirdes are the mean ± 
standard error of the mean (SEM) of aIl the values in that Cao. The solid points represent individual waves in a 
given Cao from Kort et al {l9}. B. The increase in contractile wave frequency as the ceIl Ca2+ load is increased 
in myocytes is paraIleled by an increase in frequency of scattered light-intensity fluctuations (SLIF) in intact 
musdes. Note the species differences in conditions required for CaOs to occur. C. Spontaneous wave frequency 
in myocytes and SLIF frequency in musdes measured across the range of Cao in rats and rabbits in panel B. 
(From Capogrossi et al. {24}.) 

crease in the instantaneous extent of myofila­
ment interaction in tonus (Figure 7-5). This is a 
mechanism, at least in part, for the increase in 
resting force with Cao in Figure 7-4, or the 
increase in diastolic pressure with increasing 
Ca2+ loading of the intact heart in Figure 7-1. 
Thus, the increase in Ca2+ -dependent tonus 
with increasing cardiac ceIl Ca2+ loading in 
Figures 7-1 and 7-4 cannot be solely due to 
tonic Ca2+ myofilament interaction because as 
the ceIl Ca2+ load increases, the presence of a 
normal functioning SR initiates CaOs that can 
produce force over and above any tonic Ca2+­
dependent force. Figure 7-1B shows that in the 
presence of spontaneous Ca2+ release not only is 
the end-diastolic pressure Ca2+ -dependent, but 
the recovery of resting pressure foIlowing a 
twitch is oscillatory, i. e., hyperrelaxation fol­
lowed by a gradual increase or overshoot (after-

contraction) can occur at high-ceIl Ca2+ load­
ing. This can be explained on the basis of 
variations ·in the temporal synchronization with­
in [14] and among [4] individual myocytes that 
occur with time foIlowing action-potential­
mediated SR Ca2+ release to cause systole. 

In summary, the Ca2 + -dependent diastolic 
tonus imparred to the myocardium by' spon­
taneous Ca2+ release can be explained on the 
basis of its salient characteristics: (a) its pre­
sence is temporaIly heterogeneous within and 
among ceIls, but subject to variable degree of 
summation, and (b) its occurrence within a ceIl 
is roughly periodic, and the periodicity varies 
with Ca2+, i.e., frequency of CaOs increases 
with increasing ceIl Ca2+ loading. The fre­
quency of CaOs is a determinant of the extent of 
summation within and among ceIls [4, 6] and 
thus of the magnitude of the resultant Ca2+_ 
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FIGURE 7--4 . A . A representative example of the sarcomere diffraction pattern (top panels), frequency of 
scattered light-intensity fluctuations (SLIF) (F), and resting force (RF) (tower panel), measured over a wide range 
of Cao in a rat papillary muscle. Phorographs of the diffraction pattern were made in the same area of the muscle 
at the same camera setting in each Cao. Arrow. indicates the first order of diffraction. ÖRF is the difference 
between RF in a given Cao and that in the reference Cao of 0.4 mM. (From Lakatta and Lappe (3).) B. The 
power spectrum of optical fluctuations caused by contractile wave displacement measured by a phororesisror 
placed upon the magnified image of the edge of an ultra-thin rat right ventricular papillary muscle 
unstimulated and bathed in Cao of 3.0 mM at 23°C (top panel ) and that of the simultaneously measured tension 
fluctuations (bottom panel) . The similarity in frequency for both peaks implies that a component of resting 
tension is generated by the contractile waves. (From Kort et al. [19J.) C. Spectral analysis of aequorin lumine­
scence (top panel) and tension (bottom panel) from a canine Purkinje fiber at rest (trace a) and during exposure ro a 
solution low in Na + to induce cell Ca2+ loadin:g and exacerbate CaOs (trace b). Conditions in traCe c are the 
same as in b, but the tissue had been preexposed ro 1 ftM ryanodine, which abolishes the CaOs by disabling 
normal sarcoplasmic reticular function. (From Wier et al. [271 and Wier et al. [32}.) 
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FIGURE 7-5. Model of independent cellular oscilla­
tors within intact cardiac tissue. The sum of 
independent periodic asynchronous CaOs in cells 1 
through 3 summates to' cause a fluctuating tension 
T(t), measured at the ends of the preparation. The 
curve shown as T(t) in the lower part of the panel was 
computer-simulated by adding up 100 curves similar 
to curves 1 through 3 but with arbitrary phases and 
periods normally distributed about an average value. 
Note that this average tension is nonzero and thus 
contributes to the diastolic force. (From Stern et al. 
{4}.) 

dependent tonus. Changes in the extent of 
summation during diastole can produce osciIla­
tory diastolic force, i.e., after-contraction. 

How CaOs Can Interfere with 
Systolic Function 
Following action-potential-mediated synchron­
ous Ca2+ release from the SR to cause a systole, 
restitution of various mechanisms is required for 
optimal Ca2+ release in a following systole. 
Though the precise nature of these mechanisms 

2 

3 

TIME 

remains to be elucidated, time-dependent re­
filling of an SR Ca2+ release pool and removal of 
Ca2+ inhibition of the SR release channel appear 
to be rate-limiting factors. If the SR is the same 
source for both systolic Ca2+ release and for 
spontaneous diastolic Ca2+ release, or if these 
two processes share common release mechan­
isms, the coexistence of both types of release 
ought to affect each other. 

In Figure 7-6 graded caffeine concentrations 
have been used to effect graded levels of SR 
Ca2+ depletion in order to examine the effects of 
depletion 00 the amplitude of cell displacement 
during the twitches elicited by action potentials 
and On that due to the contractile waves that 
result from spontaneous SR Ca2+ release. The 
relative reduction in both parameters with in­
cremental caffeine concentrations is very simi­
lar. This suggests that these two forms of SR 
Ca2+ release do indeed share a common Ca2+ 
pool or release mechanisms. In intact muscle, 
both twitch force and SLIF frequency also 
exhibit proportional reductions in response to 
incremental caffeine concentrations {34}. 
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Thus, the occurrence of spontaneous diastolic 
Ca2+ release might be expected to have an 
impact on twitch amplitude, and this effect 
ought to vary with time that elapses between 
the spontaneous diastolic release and the sub­
sequent action potential. This has been found to 
be the case (Figure 7-7). Panel A shows that in 
cardiac myocytes when a spontaneous contractile 
wave occurs in diastole, the amplitude of con­
traction in the subsequent systoies decreases. 
Panel B shows that the effect of spontaneous 
diastolic Ca2+ release, manifested as the occur­
rence of a contractile wave, to reduce the extent 
of systolic cell shortening depends upon the 
time elapsed between the spontaneous release 
and the onset of the next systole. Other studies 
in myocytes have shown that the inotropic 
response to enhanced Cao peaks at that Cao at 
which spontaneous diastolic Ca2+ release first 
occurs in single myocytes (Figure 7-7C). This 
appears to be a mechanism for the limitation of 
systolic pressure as Cao (and SLIF) increase in 
Figure 7-1 {35, 36}. In fact, a simple mathe­
matical model that assurnes individual cells in a 
bulk myocardial tissue differ slightly in their 
threshold for spontaneous Ca2+ release predicts 
the effect of enhanced Cao depicted in Figure 
7-1, i.e., that the excessive spontaneous Ca2 + 
release, manifest in Figure 7-1 as SLIF, will 
lead to compromised action-potential-triggered 
SR Ca2+ release and thus result in suboptimal 
force production on that basis; this will occur in 
the setting of enhanced resting force and after­
contraction due to the summation of oscillations 
in different cells as described above {37}. An 
additional mechanism limits the systolic func­
tion when CaOs are present within intact 
myocardial tissue. Cells that have experienced a 
diastolic Ca2 + release and respond with a 
decreased Ca2+ release during the next systole, 
e.g., as in Figure 7-7A, are coupled to other 
myocytes in which no CaOs occurred during the 
previous diastole and in which greater Ca2+ 
release and thus greater systolic shortening 
occurs in response to an action potential. Cells 
that have less Ca2+ release are stretched by those 
with more Ca2+ release and thus essentially 
comprise islands of stray series compliance 
within the tissue. This compromises systolic 
force development even in cells that did not 
experience spontaneous Ca2 + release in the 
previous diastole [20, 36}. 

From Figure 7-7 it can be inferred that 
insofar as spontaneous diastolic SR Ca2+ release 
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FIGURE 7-6. The effect of increasing caffeine on 
twitch (during stimulation at 72 min- 1) and con­
tractile wave amplitude (in the absence of stimula­
tion) in single rat myocytes bathed in Cao of 1 mM. 
A. Tracings from a representative myocyte. B. 
Average effect of caffeine in four cells. In control 
cells, the amplitudes of twitch and wave were 11.4 
± 1.7 and 4.2 ± o. 77 ~m, respectively eR ± 
SEM). (From Capogrossi et al. [13].) 

can affect subsequent action-potential-triggered 
release; so too ought the latter affect the former. 

. Figure 7-8A illustrates that this is indeed the 
case. CaOs do not appear in diastole when the 
rat cells bathed in physiologie (Cao) are electri­

- cally stimulated at rates greater than 24 min -1. 
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FIGURE 7-7. A. Chart recording of the extent of cell shortening during the twitch in response to electrical 
stimulation at 36 min -I prior to (upper) and in the presence of ouabain (tower) . Note that spontaneous diastolic 
contractile waves do not occur during stimulation prior to ouabain but do occur in its presence and that their 
occurrence is associated with a reduction in subsequent twitch amplitude (arrows indicate waves that are 
obvious even at the slow chart speed). (From Capogrossi et al. [13}. B. The extent of cell shortening during the 
twitch of a single rat myocyte varies with the time elapsed between the preceding spontaneous diastolic 
contractile wave and that twitch. (From Capogrossi et al. [13} .) c. Representative example of an individual 
myocyte stimulated at 0.2 Hz in varying Cao. The line is the average twitch amplitude. The shaded area in­
dicates the range of twitch amplitudes in a given Cao when spontaneous contractile waves appeared. Numbers 
above the shaded area are the average number of waves between two consecutive twitches at each Cao. (From 
Capogrossi et al. (35}.) 

Upon cessation of stimulation a delay interval 
(first arrow in figure) following the last twitch, 
i.e., the last action-potential-triggered SR CaH 

release, elapses before the first spontaneous wave 
occurs (second arrow in figure). The duration of 
this "delay interval" is the critical determinant 
of whether spontaneous Ca2 + release will occur 

in the diastolic period . When the delay interval 
is shorter than the interstimulus interval, spon­
taneous Ca2+ release will occur in diastole; 
conversely, when the interstimulus interval is 
less than the delay interval, the spontaneous SR 
CaH release will be suppressed, i.e., "over­
driven." The dLiratiön of the delay interval is 
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FIGURE 7-8. A. The effeet of regular field stimulation (48 min- 1) of a rat myoeyte bathed in Cao of 1 mM. 
Following stimulation, a delay interval elapses prior to the oeeurrenee of a spontaneous contraetile wave. At the 
lower (Cao), the duration (arrows) of the delay interval, i.e., the interval from the last stimulated twiteh to the 
first spontaneous oseillation (eontraetile wave) , is longer than the average interwave interval after several 
minutes of rest. At higher Cao, the latter is greater than the former. (From Capogrossi and Lakatta [l4}.) B. 
The average effeet (.X ± SEM) of ouabain (300 f.lM) or isoproterenol (1 f.lM) on the interwave interval at rest 
(interstimulus interval of zero) and on the delay interval following 1 minute of electrieal stimulation of four rat 
myoeytes at varying frequeneies in Cao of 2 mM. The magnitude of the varianee about the eontrol eurve is due 
to differenees among the eells in the stimulation rate at whieh the maximum delay interval oeeurred. In the 
presenee of drug, if the delay interval was less than the interstimulus interval, waves appeared between twitehes 
in the diastolie periods. (From Capogrossi et al. [13}.) c. Spontaneous Ca2+ release ean oeeur during the twiteh 
itself. Aequorin lumineseenee and tension in a ferret papillary muscle in whieh several eells were injeeted with 
aequorin. The funetional implieations, (and possibly the faetors initiating) spontaneous Ca2+ release during a 
twiteh, when the sareolemma may be partially depolarized, might be expeeted to differ from a release oeeurring 
between twitehes. (From McIvor et al. [38}.) 

not fixed, but, like the wave period at rest in 
Figure 7-3A, is affected by the ceH "Ca2+ 
load," a parameter dependent on Cao, frequency 
of stimulation, and the presence of eertain drugs 
that ean affect Ca2+ metabolism. Figure 7-8A 
shows the effeet of Cao to decrease the delay 
interval foHowing stimulation at a given fre­
queney. Figure 7-8B shows the effeets of iso­
proterenol and ouabain during stimulation 
aeross a range of frequeneies. Beta-adrenergic 
stimulation, as might be expeeted, deereases the 

delay interval due to the net ceH Ca2+ gain 
resulting from the enhaneed Ca2+ influx via the 
slow Ca2+ inward ehannel during repetitive de­
polarization. However, when electrieal stimu­
lation is terminated, this effeet dissipates; (the 
interwave interval at rest is aetuaHy inereased 
above the control level (see Figure 7-8B). In 
contrast, the inerease in eeH Ca2 + during in 
response to eardiae glycosides oecurs via the 
Na-Ca exehanger. Thus, in eontrast to isopro­
terenol, eeH Ca2+ gain ean oecur in diastole 
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FlGURE 7-9. A. The effect of 1 minute of stimula­
tion at varying frequencies on a representative rabbi! 
myocyte bathed in Cao of 3 mM in the presence of 1 
!lM isoproterenol. Arrow indicates the last stimu­
lated twitch. B. The minimum interstimulus inter­
val to suppress spontaneous waves in rat myocytes 
varies with the delay interval; Cao 3 mM (0), Cao 
5 mM (0), Cao 7 mM (e), Cao 2 mM and 100 mM 
ouabain (,0,), Cao 2 mM and 300 mM ouabain CA), 
Cao 2 mM and 1 mM isoproterenol (.)[13). 

during stimulation and in the absence of sti­
mulation as weIl. In the presence of glycosides, 
the interwave interval in the unstimulated state, 
as weIl as that during stimulation, is markedly 
reduced from control. The same holds true for 
increases in Cao (see Figure 7-8A). 

Stimulation affects spontaneous Ca2+ release 
in intact cardiac muscle just as it does in single 
cardiac ceIls [3, 34, 39J. SUF, which monitor 
the contractile waves that occur within indivi­
dual ceIls in which spontaneous Ca2+ release 
occurs, are suppressed by electrical stimulation 
in the absence of drugs or excessive Cao [34, 
39J. FoIlowing cessation of stimulation, a delay 
interval of several seconds must elapse foIlowing 
stimulation before SUF reappear. In the pre­
sence of Na-K inhibition or enhanced Cao, SUF 
both at rest and immediately foIlowing the prior 

contraction during stimulation are enhanced [3, 
34, 39], Isoproterenol, as in single cardiac cells, 
decreases or does not affect SLIF in the unstimu­
lated state, but markedly augments SUF in the 
diastolic period during stimulation [34J. Figure 
7-8C shows that spontaneous Ca2+ release in 
the intact musde monitored by aequorin lumine­
scence, can occur during the relaxation phase of 
the twitch and thus can be a determinant of 
relaxation of the twitch in Ca2+ overload states. 

Thus, in addition to increasing the inotropic 
state of cardiac musde, Cao, cardiac glycosides, 
and isoproterenol decrease the delay interval and 
thus enhance the likelihood for spontaneous 
CaOs to occur in diastole. Figure 7-9A iIlu­
strates that the interaction between electrical 
stimulation and CaOs and the effect of isopro­
terenol on them demonstrated above in rat ceIls 
occurs in rabbit ceIls as weIl. In the ceIl in 
Figure 7-9A (upper panel), which was super­
fused with buffer containing 1 !lM isopro­
terenol, the foIlowing can be observed: 

1. Waves are not present in the absence of 
stimulation because as also shown in the rat 
in Figure 7-8 (panel 13), isoproterenol, 
while increasing 'ceIl Ca2+ loading during 
stimulation, through accentuation of the 
slow inward current, and inducing a decrease 
in the delay interval does not increase the 
frequency of spontaneous contractile waves 
at rest. 

2. No spontaneous contractile waves are ob­
served during or foIlowing stimulation at 6 
min- 1 . 

3. A spontaneous wave occurs foIlowing stimu­
lation at higher rates (48 min -1), but the 
delay interval is longer than the intersti­
mulus interval-thus no waves appear in the 
diastolic period and each twitch is of con­
stant amplitude. 

4. The delay interval decreases as the frequency 
of stimulation increases. At 96 min -[ it is 
less than the interstimulus interval and, 
thus, at this frequency of stimulation, spon­
taneous contractile waves occur in between 
stimulated twitches. As shown in the rat in 
Figure 7-7 A, when a wave precedes a 
twitch, the amplitude of that stimulated 
twitch decreases, and this produces an 
"alternans" in twitch amplitude which is 
weIl evident in the seventh twitch and, at 
doser observation, also in the third and 
fourth twitch. 
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5. Ouring stimulation at 180 min -1 the inter­
stimulus interval is less than the delay 
interval for spontaneous release, the waves 
are suppressed and twitch amplitude be­
comes uniform once again. Additionally, the 
initial waves following stimulation exhibit 
varying degrees of synchronization prior to a 
time-dependent reduction in their frequency 
and subsequent abolition at rest as demon­
strated previously also in rat cells {14} 
(Figure 7-1OC). Reducing the interstimulus 
interval to less than the delay interval 
"overdrive suppresses" the diastolic spon­
taneous Ca2+ release. Figüre 7-9B shows 
that suppression of spontaneous diastolic 
Ca2+ release can be achieved across a broad 
range of delay intervals and thus a broad 
range of cell Ca2 + loading. 

How CaOs Can Initiate Arrthymias 
The spontaneous release of Ca2 + into the 
myoplasmic space not only results in a Ca2+ 
myofilament interaction but also allows Ca2+ to 

interact with sarcolemmal ion channels and 
carrier proteins. This Ca2+ modulation pro­
duces miniature inward currents in cardiac 
myocytes {40}, and, thus, the occurrence of a 
spontaneous contractile wave in a single cardiac 
myocyte is accompanied by a small membrane 
depolarization (Figure 7-10A). When the res­
ting-membrane potential is at the normal level, 
i. e., around - 80 mV, this depolarization is of 
insufficient magnitude to induce an action 
potential (because the threshold for action 
potentials is that for sufficient Na channels to 

open and this requires a depolarization to around 
-67 mV). However, certain circumstances in­
crease the magnitude of the depolarization due 
to spontaneous Ca2 + release. Myocardial cells 
that are stimulated during high Ca2+ loading 
states, e.g., in the presence of glycosides, 
enhanced bathing (Cao) or catecholamines, ex­
hibit not only a decrease in the delay interval 
for spontaneous Ca2 + release to oceur following 
prior stimulation, but also an enhanced prob­
ability for it to occur in more than a single 
focus, i.e., more than a single band of high 
Ca2+ is present within cells at a given time 
(Figures 7-10B and 7-10C). Thus, in this 
instance, compared to when spontaneous Ca2 + 
is released only at a single foeus (unifocal CaOs) 
as in Figure 7-2 or 7-lOA, a greater area of 
sarcolemma and thus more Na-Ca carrier or TI 

channel proteins will be exposed to high 
{Ca2+}. Because the myocyte length is not 
greater than 150 I-lm, the Ca2 + modulation of 
sarcolemmal conductances produced by syn­
chronized areas of spontaneous Ca2+ release 
within a myocyte summates to produce an aug­
mented depolarization compared to that which 
accompanies a unifocal release {9, 1O}. The aug­
mented depolarization that accompanies mul­
tifocal, spontaneous, SR Ca2+ release sometimes 
is sufficient to trigger an action potential, even 

,when the initial membrane potential is normal 
f9}' Similarly, the rapid application of caffeine 
to single ventricular myocytes at the normal 
membrane potential, which causes a relatively 
synchronous release of Ca2 + from the SR into 
the myoplasmic space, mimics the ability of 
multifocal, spontaneous, SR Ca2 + release to 
result in a depolarization sufficient on magni­
tude to elicit an action potential from normal 
resting-membrane potential {l0}. At more posi­
tive membrane potentials, even the smaller de­
polarization that accompanies spontaneous Ca2+ 
release at a single focus can induce action 
potentials. It is noteworthy that during the 
reßow period following ischemia or reoxygena­
tion following hypoxia {16, 41, 42} or acidosis 
in the presence of high-cell Ca2+ loading {8}, 
the contractile wave frequency and accom­
panying sarcolemmal depolarization increases 
markedly. It has been suggested that some 
arrhythmias that occur during these conditions 
may be due to exaggerated spontaneous diastolic 
Ca2+ release {43}. An example of the exacerba­
tion of spontaneous SR Ca2+ release by acidosis, 
wh ich results in spontaneous action potentials 
is illustrated in Figure 7-100. 

In summary, there are abundant experimental 
data to indicate that the characteristics of spon­
taneous SR Ca2+ release are similar in a variety 
of cardiac preparations ranging from single 
cardiac ventricular cells to the intact isolated 
heart. Additionally, abundant evidence indi­
cates that spontaneous SR Ca2+ release in 
diastole can have marked functional implica­
tions. Taken together, these studies provide 
support for the hypothesis that spontaneous 
Ca2+ release as a single mechanism (Figure 11) 
could underlie the three most common clinical 
signs of many forms of heart disease: increased 
diastolic tonus, normal or reduced systolic 
function; and an increased likelihood for the 
occurrence of ventricular extrasystoles and 
arrhythmias. Although we are not suggesting 
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FIGURE 7-10. A. The spontaneous contractile waves in a typical ventricular myocyte bathed in Cao of 2.0 mM 
(lower panel) are accompanied by a small sarcolemmal depolarization (upper panel). At arrow, the electrode was 
removed from the cell and indicates that the membrane potential at wh ich the waves occurred in this myocyte 
was -90 mV from Capogrossi et al. [24}. B. and C. Representative rat myocytes stimulated for 1 minute at 
different rates and varying Cao. The likelihood for multifocal Ca2 + release to occur increases with increasing 
Cao and changes with the rate of stimulation (panel B). Multifocal wave decay following stimulation at 
96 min -1 in 7 mM Cao and unifocal waves become predominent (panel C) from Capogrossi et al. [l4}. D. The 
upper panel shows achart recording of the membrane potential in an isolated rat myocyte (Cao = 4 mM, 37°C) 
before, during, and after acidosis produced by increasing perfusate (C02) to 20% (HC03_} = 20 mM. Within 
10 minutes of exposure to the acid solution: (1) Membrane potential had depolarized significantly from -79.3 
to -75.8 mV; (2) the frequency of contractile waves and accompanying amplitude of the membrane depolar­
izations had increased by 31 % and became large enough to frequently trigger an action potential shown in 
greater detail in the oscilloscope tracing in the left lower panel. An electrically stimulated action potential is 
shown for comparison in the right lower panel. These changes were reversible. The results suggest that the in­
creased Caj during acidosis overrides the H+ suppression of sarcoplasmic reticular function and may be impor­
tant in the genesis of acidosis-induced arrhythmias. (From Orchard et al. [43}.) 
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FlGURE 7-11. Relation between spontaneous dia­
stolic Ca2+ oscillators (CaOs), as a single mechan­
ism, and the control manifestations common to 
multiple cardiac disease states. 

that spontaneous Ca2+ release is a unique 
meehanism for eaeh of these clinieal signs, as 
eaeh ean have other eauses, no single pathophy­
siologie meehanism that has been implieated in 
heart failure, ean, in a straightforward and 
doeumented manner, explain all three of these 
eommon and eoneurrent manifestations of mul­
tiple eardiae disease states. Thus, the eoneeptual 
framework regarding the funetional impliea­
tions of Caüs, as reviewed here, merits eonsi­
deration in the interpretation of studies that 
seek to identify eellular meehanisms of eardiae 
disease. 

References 
1. Lakatta EG, Capogrossi MC, Kort AA, Stern 

MD (1985). Spontaneous myocardial Ca2+ 
oscillations: An overview with emphasis on 
ryanodine and caffeine. Fed Proc 44:2977-
2983. 

2. Lappe DL, Lakatta EG (1980). Intensity fluctua­
tion spectroscopy monitors contractile activation 
in .. resting" cardiac muscle. Science 207: 1369-
1371. 

3. Lakatta EG, Lappe DL (1981). Diastolic scat­
tered light fluctuation, resting force and twitch 
force in mammalian cardiac muscle. J Physiol 
(Lond) 315:369-394. 

4. Stern MD, Kort AA, Bhatnagar GM, Lakatta 
EG (1983). Scattered light intensity fluctuations 
in diastolic rat cardiac muscle caused by spon­
taneous Ca2 + -dependent cellular mechanical 
oscillations. J Gen Physiol 82: 119-
153. 

5. Stern MD, Weisman HF, Renlund DG, et al 
(1985). Cellular calcium oscillations in intact 
perfused hearts detected by laser light scatter­
ing: cellular mechanism for diastolic tone. Cir­
culation 72(suppl III):296 (abstract). 

6. Kort AA, Lakatta EG, Marban E, et al (1985). 
Fluctuations in intracellular calcium concentra­
tion and their effect on tonic tension in canine 
cardiac Purkinje fibres. J Physiol (Lond) 367: 
291-308. 

7. Kass RS, Tsien R W (1982). Fluctuations in 
membrane current driven by intracellular cal­
cium in cardiac Purkinje fiber. Biophys J 
38:259-269. 

8. Houser SR, Orchard CH, Capogrossi MC, et al 
(1986). Spontaneous Ca2+ oscillations during 
acidosis can produce action potentials in unsti­
mulated cardiac myocytes. Biophys J 49:455a 
(abstract). 

9. Bahinski A, Capogrossi MC, Houser SR, Lakatta 
EG (1986). Multifocal spontaneous Ca2+ release 
can trigger a spontaneous action potential in 
single cardiac myocytes. J Physiol (Lond) 371: 
196P (abstract). 

LO. Houser SR, Capogrossi MC, Bahinshi A, Lakatta 
EG (1986). Spontaneous action potentials due to 
SR Ca2+ release in unstimulated rat cardiac 
myocytes. Circulation 74(suppl II):29 (abstract). 

11. Valdeolmillos M, Eisner DA (1985). The effects 
of ryanodine on calcium-overloaded sheep car­
diac Purkinje fibers. Circ Res 56:452-456. 

12. Eisner DA, Valdeomillos M (1986). A study of 
intracellular calcium oscillations in sheep car­
diac Purkinje fibers measured at the single cell 
level. J Physiol (Lond) 372:539-556. 

13. Capogrossi MC, Suarez-Isla BA, Lakatta EG 
(1986). The interaction of electrically stimu­
lated twitches and spontaneous contractile waves 
in single cardiac myocytes. J Gen Physiol (in 
press). 

14. Capogrossi MC, Lakatta EG (1985). Frequency 
modulation and synchronization of spontaneous 
oscillations in cardiac cells. Am J Physiol 
248(Heart Circ Physiol 17):HI2-H418. 

15. Allen DG, Eisner DA, Pirolo JS, Smith GL 
(1985). The relationship between intracellular 
calcium and contraction in calcium overloaded 
ferret papillary muscle. J Physiol (Lond) 364: 
169-182. 

16. Weiss RG, Lakatta EG (1986). Temporal 
relationship of recovery of systolic contractile 
function, spontaneous diastolic calcium oscilla­
tions, and metabolism during reflow in rat 



7. DIASTOLIC SARCOPLASMIC RETICULUM CA2+ RELEASE 63 

myocardium. Circulation 74 (4), Part 2, II-67 
(abstract). 

17. Hoerter JA, Miceli MV, Renlund DG, et al 
(1986). A phosphorus_31 nuclear magnetic re­
sonance study of the metabolic, contractile, and 
ionic consequences of induced Ca2 + alterations 
in the isovolumic rat heart. Circ Res 58:539-
55l. 

18. Renlund DG, Lakatta EG, Mellits ED, Gersten­
blith G (1985). Calcium-dependent enhance­
ment of myocardial diastolic tone and energy 
utilization dissociates systolic work and oxygen 
consumption during low sodium perfusion. Circ 
Res 57:876-888. 

19. Kort AA, Capogrossi MC, Lakatta EG (1985). 
Frequency, amplitude, and propagation velocity 
of spontaneous Ca2 + -dependent contractile 
waves in intact adult rat cardiac muscle and 
isolated myocytes. Circ Res 57:844-855. 

20. Kort AA, Lakatta EG (1984). Calcium-depen­
dent mechanical oscillations occur spontaneous­
Iy in unstimulated mammalian cardiac tissues. 
Circ Res 54:396-404. 

2l. Fabiato A, Fabiato F (1972). Excitation-con­
traction coupling of isolated cardiac fibers with 
disrupted or closed sarcolemma: Calcium de­
pendent cyclic and tonic contractions. Circ Res 
31 :293-307. 

22. Chiesi M, Ho MM, Inesi G, et al (1981). 
Primary role of sarcoplasmic reticulum in phasic 
contractile activation of cardiac myocytes with 
shunted myolemma. J Cell Biol 91: 7 28-742. 

23. Fabiato A (1985). Time and calcium depen­
dence of activation and inactivation of calcium­
induced release of calcium from the sarcoplasmic 
reticulum of a skinned canine cardiac Purkinje 
cell. J Gen Physiol 85:247-289. 

24. Capogrossi MC, Kort AA, Spurgeon HA, 
Lakatta EG (1986). Single adult rabbit and rat 
cardiac myocytes retain the Ca2+ and species 
dependent systolic and diastolic contractile 
properties of intact muscle. J Gen Physiol (in 
press). 

25. Fabiato A, Fabiato A (1975). Contractions 
induced by a calcium-triggered release of cal­
cium from the sarcoplasmic reticulum of single 
skinned cardiac cells. J Physiol (Lond) 249:469-
495. 

26. Fabiato A (1985). Rapid ionic modifications 
during the aequorin-detected calcium transient 
in a skinned canine cardiac Purkinje cell. J Gen 
Physiol 85: 189-246. 

27. Wier WG, Kort AA, Stern MD, et al (1983). 
Cellular calcium fluctuations In mammalian 
heart: Direct evidence from noise analysis of 
aequorin signals in Purkinje fibers. Proc Natl 
Acad Sci USA 80:7367-737l. 

28. Orchard CH, Eisner DA, Allen DG (1983). 
Oscillations of intracellular Ca2+ in mammalian 

cardiac muscle. Nature 304:735-738. 
29. Cobbold PhH, Bourne PK (1984). Aequorin 

measurements of free calcium in single heart 
cells. Nature 312:444--446. 

30. Fabiato A (1981). Myoplasmic free calcium 
concentration reach during the twitch of a 
intact isolated cardiac cell and during calcium­
induced release of calcium from the sarcoplasmic 
reticulum of a skinned cardiac cell from the 
adult rat or rabbit ventricle. J Gen Physiol 
78:457--497. 

3l. Stern MD, Capogrossi MC, Lakatta EG (1984). 
Propagated contractile waves in single cardiac 
myocytes modeled as regenerative calcium in­
duced calcium release from the sarcoplasmic 
reticulum. Biophys J 45(2):94a (abstract). 

32. Wier WG, Yue DT, Marban E (1985). Effects 
of ryanodine on intracellular Ca2+ transients in 
mammalian cardiac muscle. Fed Proc 44:2989-
2993. 

33. Allen DG, Eisner DA, Orchard DG (1984). 
Characterisation of oscillations of intracellular 
calcium concentration in ferret ventricular mus­
cle. J Physiol (Lond) 352:ll3-128. 

34. Kort AA, Lakatta EG (1987). Bimodal effect of 
electrical stimulation on light fluctuations that 
monitor spontaneous sarcoplasmic reticulum 
Ca2+ release in rat cardiac muscle. (submitted 
for publication) 

35. Capogrossi MC, Lakatta EG, Spurgeon HA 
(1985). Spontaneous sarcoplasmic reticulum 
Ca2+ release limits the ability of Ca2+ to en­
hance twitch shortening in rat cardiac myocytes. 
J Physiol (Lond) 369:81P (abstract). 

36. Kort AA, Lakatta EG (1987). The relationship 
of spontaneous sarcoplasmic reticulum Ca2+ re­
lease to twitch tension in rat and rabbit cardiac 
muscle. (submitted for publication) 

37. Stern MD, Capogrossi MC, Lakatta EG (1987). 
A single model of spontaneous calcium release 
explains calcium- and rate-dependent saturation 
of contractility, oscillatory restitution of con­
tractility and aftercontractions in heart muscle. 
Biophys J (in press). 

38. McIvor ME, Lakatta EG, Orchard CH (1986). 
Spontaneous Ca2 + release can occur during 
isometric twitch in cardiac muscle. Biophys J 
49:463a (abstract). 

39. Kort AA, Lakatta EG (1985). Ca2+ -dependent 
oscillations in rat cardiac muscle: Transient state 
measurements following regular electrical de­
polarization. Biophys J 47:280 (abstract). 

40. Talo A, McIvor ME, Spurgeon HA, Lakatta E 
(1986). Membrane currentsduring spontaneous 
contractile waves in rat cardiac myocytes. Fed 
Proc 45(4):769 (abstract). 

4l. Stern MD, Chien AM, Capogrossi MC, et al 
(1985). Direct observation of the "oxygen 
paradox" in single rat ventricular myocytes. Circ 



64 PART I. CELL BIOLOGY OF DIASTOLE 

Res 56:899-903. 
42. Renlund DG, Weisman HF, Gerstenblith G, 

et al (1985). Exaggerated ATP-dependent Ca2 + 
cycling sensed by laser spectroscopy during re­
perfusion. Circulation 72 (4), Part 11, III-120 
(abstract). 

43. Orchard CH, Houser SR, Kort AA, et al 
(986). Acidosis facilitates spontaneous sarco­
plasmic reticulum Ca2 + release in rat myo­
caridum. J Gen Physiol (in press). 



PART 11. PHYSIOLOGIe 
MODIFIERS OF 
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EXPERIMENTAL MODELS 



8. HYPOXIA AND RELAXATION 

Winifred G. NayIer, Darren). BuckIey, andJennifer S. Eiz 

Hypoxia has a profound effect on the myocar­
dium. Early changes include a decline in peak 
developed tension {l}, depletion of the endo­
genous adenosine tri phosphate (A TP) and crea­
tine phosphate (CP) {2} reserves, an accumula­
tion of protons {3}, and a gain in Na+ and loss 
of K+ {4}. As the duration of the hypoxie 
episode progresses, other c}:langes occur, in­
cluding a gradual but sustained increase in 
end-diastolic resting tension. Many factors, 
including extracellular pH {5}, temperature {6}, 
and the glucose content of the perfusion buffer 
{7}, have been shown to affect the rate of onset 
and the magnitude of this hypoxia-induced 
increase in end-diastolic resting tension (hypoxie 
contracture). Nevertheless its precise cause is 
uncertain. Basically there are two schools of 
thought: that the contracture occurs because 
there is inadequate ATP to facilitate cross­
bridge detachment {8}; or that the contracture 
occurs because of a raised cytosolic Ca2+ {9}. 

There are at least three reasons why an 
increase in end-diastolic resting tension such as 
that which occurs during hypoxia is undesir­
able. First, it will impede left ventricular 
filling. Second, it may result in the physical 
occlusion of patent coronary blood vessels. 
Third, if, as some investigators believe {1O}, 
sustained contracture damages the sarcolemma, 
rendering it increasingly permeable, then the 
contracture that develops during hypoxia may 
contribute to the mechanisms that are respon­
sible for the massive influx of Ca2+ that occurs 
upon reoxygenation (9}. 

This chapter is concerned with aseries of ex­
periments that were undertaken to further in­
vestigate the factors that are responsible for the 
contracture that develops during hypoxia (Fi­
gure 8-1). Three different approaches have been 

Grossman, William, and LorelI, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

followed. First, by reducing extracellular Ca2+ 
during the hypoxic episode we have investigated 
the importance of extra cellular Ca2+ in this 
response. Second, by adding ryanodine--a com­
pound that inhibits Ca2+ release from the 
sarcoplasmic reticulum (SR) {l1}, we have 
determined whether Ca2+ from the SR is 
involved. Finally, by adding 2, 3-butanedione 
monoxime (BDM) we have attempted to control 
contracture development, in the hope of estab­
lishing whether this avoids excessive Ca2+ gain 
upon reoxygenation. The major site of action of 
BDM is at themyofibrils, where it inhibits 
cross-bridge formation {l2}, possibly by decrea­
sing the sensitivity of the myofibrils to Ca2+ 
{13}. BDM has a negative inotropic effect on 
both intact and skinned muscle fibers {l3}. 

The results presented here indicate that the 
development of contracture during hypoxia is 
independent of extracellular Ca2+ and of Ca2+ 
release from the SR. In addition, the results 
show that conditions that attenuate the hypoxia­
induced increase in resting tension do not neCeS­
sarily prevent Ca2+ from being accumulated 
upon reoxygenation. 

Methods 
Adult female (200-250 gm) Sprague-Dawley 
rats were used for these experiments. They were 
lightly anesthetized with a diethylether/02 
mixture and heparinized before their hearts were 
removed and placed in ice-cold Krebs-Henseleit 
buffer until contractions ceased. After any 
extraneous tissue was removed, the hearts were 
attached to a stainless steel cannula and then 
subjected to a non-recirculating Langendorff 
perfusion with a constant flow of 10 mllmin at 
37°C. The hearts were allowed to beat spon­
taneously. 

PERFUSION BUFFERS 
The perfusion buffers were prepared in distilled 
water and contained (in mM): 
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Krebs-Henseleit buffer (K-H): NaC1, 119.0; 
NaHC03 , 25.0; KCl, 4.6; KH2P04 , 1.2; 
MgS04 , 1.2; CaCh, 1.3; and glucose, 11.0. 

Glucose-free K-H: This was prepared by omit­
ting glucose from K-H and replacing it with 
22.0 mM sucrose. 

Low Ca2 +, glucose-free K-H: This was prepared 
by reducing the Ca2+ concentration from 1. 3 
to 0.1 mM. 

Glucose-free, BDM K-H: This was prepared by 
adding 30 mM BDM to glucose-free K-H 
and increasing its CaCh content to 2.6 mM. 
Preliminary experiments using a calcium 
ion-selective electrode (Model 93-20, Orion 
Research Incorporation, Cambridge, MA), in 
conjunction with an Orion 701A pH meter, 
indicate that 30 mM BDM lowers the free 
Ca2+ concentration but that increasing the 
Ca2+ content of K-H to 2.6 mM com­
pensated for this. 

The buffers were gassed with 95 % O2 + 5 % 
CO2 for aerobic conditions and with 95% N2 + 
5 % CO2 for hypoxie conditions. 

PERFUSION SEQUENCES 
Hearts were perfused with aerobic K-H for 30 
minutes prior to being made hypoxie. Hypoxie 
perfusion was for 30 or 60 minutes with 
glucose-free K-H. In some experiments 10 IlM 
ryanodine was added to the glucose-free K-H. 
In other experiments the Ca2+ concentration 
was lowered to 0.1 mM, while in others 30 mM' 
BDM was added. When required, the hypoxie 
hearts were reoxygenated by the reintroduction 
of aerobic K-H buffer. At the conclusion of each 
perfusion sequence, the hearts were analyzed for 
Ca2+ or ATP and CP as described below. 

MECHANICAL RECORDS 
Throughout the entire period of perfusion, peak 
developed and end-diastolic resting tension were 
recorded by attaching a Narco F-60 Biosystem 
myograph to the left ventricular apex, as de­
scribed elsewhere {14}. The output from the 
strain gauge was displayed on a Devices Physio­
graph Recorder (Narco Biosystems, Houston, 
TX). Hearts from which peak developed tension 
and end-diastolic tension were recorded were 
not used for the analysis of Ca2+ or ATP and 
CP. 

MEASUREMENT OF CELL Ca2+ 
After the appropriate perfusion sequence, the 

tension ('1) 

I 
10 

I 
20 

10pM Ryanodine 

_---- 30m11 &DM 

I 
30 

I i 
40 hain) 

I--hypoxia--I 

FIGURE 8-1. Factors responsible for contracture 
that develops during hypoxia. Tension records ob­
tained from hearts whieh, after 30 minutes perfusion 
with aerobic Krebs-Henseleit buffer (K-H) were 
perf';lsed with glueose-free hypoxie K-H (A), glucose­
free hypoxie K-H eontaining 100 IlM Ca2+, instead 
of 1. 3 mM (B); 10 IlM ryanodine (C); or 30 mM 2, 
3-butanedione monoxime (BDM) (D). Note that 
BDM attenuated the hypoxie-indueed rise in resting 
tension. 

coronary vasculature was Aushed with 10 ml of 
an ice-cold sucrose/histidine solution that had 
been pretreated with Dowex (50 W), as de­
scribed by Alto and DhaUa {15}. This procedure 
was performed to minimize the contribution of 
extraceUular Ca2+ to the measured ceU Ca2+. 
The hearts were blotted, and the ventricles dried 
to constant weight at 100°C. After dissolving 
the ventricles in concentrated HN03 and dilu­
ting with a KCVLaCl3 solution, the Ca2+ con­
tent was measured by atomic absorption spec­
trophotometer at 422.7 nm, as described in 
detail previously {16}. 

MEASUREMENT OF TISSUE ATP AND CP 
When tissue ATP and CP measurements were 
required, the hearts were snap-frozen between 
large stainless steel tongs precooled in liquid 
N 2. A TP and CP were determined enzymatical­
ly, as described by Lamprecht and Trautschold 
{17}, and Lamprecht and coUeagues {1B}. 
Results are expressed as IlmoVgm dry weight. 
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FIGURE 8-2. ~ffect of reoxygenation on recovery of 
developed tensIOn. Recovery of active tension gen­
eration in hearts that were reoxygenated after 30 
minutes of p.erfusion with glucose-free hypoxie 
Krebs-Henselelt buffer containing either 30 mM 
BDM or 10 f.tM ryanodine. Each point is based on 
the mean ± SEM of six separate experiments. 
Recovery is expressed as % based on tension 
developed immediately prior to making the hearts 
hypoxie. 

Results 

EFFECT OF LOW EXTRACELLULAR Ca2+ 
RYANODINE, AND BDM ON ' 
HYPOXIA-INDUCED CONTRACTURE 
Figure 8-1 shows the. effect of reducing extra­
cellular Ca2 + from 1. 3 to 0.1 mM, of adding 
10 f.tM ryanodine, and of adding 30 mM BDM 
on :he hypoxia-induced increase in resting 
tenSiOn. In each case these interventions were 
introduced coincidentally with the switch from 
aerobic to hypoxie (glucose-free) perfusion. The 
upper trace (see Figure 8-1) relates to the 
increase in resting tension normally seen when 
hypoxie, glucose-free conditions are introduced. 
These traces show that reducing the extracel­
lular Ca2 + to 0.1 mM or adding ryanodine had 
no effect on the hypoxia-induced increase in 
resting tension. BDM however, markedly re­
duced this contracture (see Figure 8-1). 

EFFECT OF LOW EXTRACELLULAR Ca2+ 
RYANODINE, AND BDM ON RECOVERYOF 
MECHANICAL FUNCTION DURING 
POSTHYPOXIC REOXYGENATION 
Figure 8-2 shows that the reoxygenation of 
hearts that had been perfused with hypoxie, 
glucose-free K-H failed to result in any recovery 
of active tension development. Figure 8-2 also 
shows that, whereas adding ryanodine to the 
hypoxie perfusion buffer failed to provide any 
benefit in terms of the recovery of function upon 
reoxygenation, hearts that had been made hy­
poxie for 30 minutes in the presence of BDM 
recovered. Thus after 15 minutes of reoxygena­
tion the "BDM-treated" hearts exhibited an 
active-tension-generating capacity approximate­
ly 80% of that of aerobically perfused hearts 
that had not been made hypoxie. The remainder 
of our experiments, therefore, were restricted to 

hearts that had been made hypoxie in the 
presence of BDM. 

EFFECT OF BDM DURING HYPOXIA ON 
THE REOXYGENATION-INDUCED GAIN 
IN Ca2+ 
Figure 8-3A shows that the presence of BDM 
during the hypoxie episode failed to prevent a 
small gain in tissue Ca2+ during the hypoxie 
episode itself. This figure (Figure 8-3A) also 
shows that whereas the control hypoxie hearts 
accumulated excess Ca2+ upon reoxygenation 
after 30 minutes of hypoxia, hearts that had 
been hypoxie for 30 minutes in the presence of 
BDM did not accumulate Ca2+ during reoxy­
genation. Hence, the data presented so far show 
that an agent such as BDM, which attenuates 
the hypoxic-induced increase in resting tension, 
leaves the muscle in a condition that favors 
recovery of mechanical function upon reoxy­
genation and prevents reoxygenation-induced 
Ca2+ overload. 

EFFECT OF BDM ON THE LOSS OF ATP 
AND CP DU RING 30 MINUTES OF HYPOXIA 
Table 8-1 confirms that hearts that are perfused 
with glucose-free hypoxie K-H for 30 minutes 
become depleted of ATP and CP. Table 8-1 also 
shows that adding BDM during the hypoxie 
episode attenuates this loss of ATP and CP. 
Considering these results, therefore, it is 
impossible to conclude whether the ability of 
BDM to protect against reoxygenation-induced 
Ca2+ overload is due to its attenuation of the 
hypoxic-induced increase in resting tension. 
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TABLE 8-1. Effect ofBDM on Hypoxia-
Induced Lass of ATP and CP' 

Experiment ATpb Cpb 

Aerobic control 17.47±1.14 32.25 ± 2.14 
30 min hypoxia 2.26 ± 1.13 9.82 ± 3.06 
30 min hypoxia + 

30 mMBDM 10.11 ± 1.24 10.42 ± 1.04 
60 min hypoxia 2.38 ± 1.06 6.54 ± 1.99 
60 min hypoxia + 

30mMBDM 3.89 ± 0.56 12.49 ± 1.21 

a Each result is mean ±. SEM of six separate experiments. The 
aerobic control values were obtained from hearts that had been 
rrfused with aerobic Krebs-Henseleit buffer for 30 minutes. 

J.tmoUgm dry weight. 
BDM = 2,3-butanedione monoxime; ATP = adenosine 
triphosphate; CP = creatine phosphate. 

The alternative is that this attenuation of Ca2+ 
overload resulted from an improved preservation 
of the ATP and CP reserves. To explore this 
problem further , we have extended the period of 
hypoxia from 30 to 60 minutes. 
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FIGURE 8-3. Effect of BDM on tissue Ca2+ during 
hypoxia and reoxygenation. Each point is mean ± 
SEM 'of six separate experiments. In series A the 
hearts were hypoxie for 30 minutes and in series B for 
60 minutes before being reoxygenated. 

EFFECT OF BDM ON RECOVERY OF 
MECHANICAL FUNCTION, Ca2+ GAIN, AND 
END-DIASTOLIC RESTING TENSION 
DURING REOXYGENATION AFTER 60 
MINUTES OF HYPOXIA 
Figure 8-4 shows that although BDM attenua­
ted the hypoxic-induced rise in resting tension 
throughout 60 minutes of hypoxia, reoxygena­
tion prompted a rapid rise in resting tension. At 
the same time there was no recovery of active 
tension generation (results not shown). AI­
though BDM reduced the gain in Ca2+ during 
hypoxia, it failed to prevent Ca2+ from being 
accumulated at a relatively rapid rate (see Figure 
8-3B) during reoxygenation. The relevant data 
in Table 8-1 show that after 60 minutes of 
hypoxia the ATP and CP content of even the 
BDM-treated hearts was now severely reduced. 
Thus, we have a condition in which BDM has 
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FIGURE 8--4. Effect of 30 mM BDM on the rise in 
resting tension caused by 60 minutes of hypoxia and 
on the response to reoxygenation. Each point repre­
sents the mean ± SEM of six experiments. 

attenuated the hypoxie-indueed rise in resting 
tension but in whieh subsequent reoxygenation 
in the absence of BDM fails to stimulate aetive­
tension ,generation but prompts a rapid inerease 
in tissue Ca2+ and a rise in resting tension. 
Presumably, therefore, simply attenuating the 
hypoxie-indueed rise in resting tension without 
simultaneously preserving the endogenous stores 
of A TP and CP does not prevent the oecurrenee 
of uncontrolled Ca2+ gain upon reoxygenation. 
Similarly, redueing the hypoxie-indueed gain in 
Ca2 + does not prevent the uneontrolled Ca2 + 

gain upon reoxygenation. Hearts that had been 
hypoxie for 60 minutes in the presenee of low 
Ca2+ K-H (0.1 mM) had a Ca2+ conte nt of 5.3 
± 0.6 ""mol/gm dry weight. However, after 5 
minutes of reoxygenation with aerobic K-H this 
had inereased to 23.9 ± 1.4 ""mol/gm dry 
weight. 
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Discussion 
These results confirm the results of our earlier 
investigations [9, 19}, whieh show that while 
isolated hearts gain only small amounts of Ca2 + 

during normothermie hypoxie perfusion, the 
reintroduetion of oxygen is aeeompanied by a 
massive and apparently uncontrolled inerease in 
eeH Ca2+. Despite this relatively smaH gain in 
eeH Ca2+ during hypoxie perfusion, resting 
tension rises. It is unlikely that this hypoxie­
indueed inerease in resting tension is due simply 
to an inerease in eytosolie Ca2+; otherwise 
we would have expeeted either administering 
ryanodine or redueing the extraeellular Ca2 + 
would have modified it. The aequorin experi­
ments of Allen and Orehard [8} support this 
eonclusion. 

One of the interventions that was made 
here-namely, introducing BDM during the 
hypoxie episode-did attenuate the hypoxie­
indueed inerease in resting tension. The BDM­
treated hearts that were hypoxie for only 30 
minutes reeovered their aetive-tension-genera­
ting eapaeity upon reoxygenation and did not 
become overloaded with Ca2+. At first glanee it 
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is tempting to eonclude that BDM, by preven­
ting the hypoxia-indueed rise in resting tension, 
proteeted the hearts so that on reoxygenation, 
Ca2 + overloading was avoided. There is, how­
ever, another plausible explanation for this 
"proteetive" role of BDM, namely, that ATP 
and CP reserves were weIl maintained in the 
BDM-treated hearts that had been hypoxie for 
only 30 minutes. 

Extending the period of hypoxia to 60 
minutes allowed us to distinguish between these 
possibilities. Thus, after 60 minutes of hypoxia, 
even in the presenee of BDM, the endogenous 
reserves of ATP and CP were depleted, as seen 
in Table 8-1, but the rise in resting tension was 
still markedly attenuated. Under these eondi­
tions, reoxygenation failed to trigger the re­
covery of aetive-tension-generating eapaeity. 
Instead it prompted a marked rise in resting 
tension and a massive gain in Ca2+. 

Presumably, therefore, although BDM pre­
vented the onset of massive eontraeture during 
hypoxia, the underlying defeet that faeilitated 
exeess Ca2+ entry upon reoxygenation must 
persist. 
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9. ISCHEMIC/HYPOXIC AND 
REPERFUSION/REOXYGENATION 
CONTRACTURES: MECHANISMS 

A.H. Henderson 

By the late 1960s it had become apparent that 
myocardial ischemia was associated with a rever­
sible rise in end-diastolic pressure [I}. Whether 
this represented a change in myocardial stiffness 
was not then clear and was to remain controver­
sial for some years: the complexities of dissocia­
ting hemodynamic from myocardial properties 
are not unique to systolic function. The observa­
tion nevertheless marked a renewal of interest in 
diastolic function whose importance had been 
rather neglected since before the days of Harvey. 

Ischemicl H ypoxic C ontracture 
Studies with isolated papillary muscle prepara­
tions allowed an experimental approach to the 
myocardial consequences of ischemia, free of 
the confounding inBuences of hemodynamic 
changes and of the vascular system and its con­
tents. Not being perfused through a coronary 
bed, these preparations do not provide a total 
model of ischemia, but oxygen deprivation is a 
major and relevant component of ischemia. 
Observations on the effects of hypoxia and re­
oxygenation are thus essentially pertinent to 
ischemia and reperfusion. Importantly, hypoxia 
reproduces the phenomenon of contracture. 

DEFINITION 
Contracture is defined as a rise in resting force at 
constant length, or a reduction in resting length 
at constant force, i.e., an increase in resting 
myocardial stiffness. Ir differs from active 
contraction (wh ich can be viewed in terms of 

Grossman, William, and Lorell, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

changing stiffness) only in that it is present at 
rest. 

IS IT DUE TO CALCIUM? 
Circumstantial evidence from a number of 
studies on the reversible contracture induced by 
hypoxia in rat papillary muscle preparations 
suggested that it was related to the severity of 
energy deprivation. Thus it was shown to be 
related to the duration and severity of oxygen 
deprivation, to be worse with free fatty acids 
than with glucose as exogenous substrate, and 
to correlate gene rally with the depression of 
systolic force development (though, interes­
tingly, glucose had a relatively greater protec­
tive effect in respect of the contracture than of 
the contraction) [2, 3}; others reported that 
hypoxie contracture in stimulated, contracting 
preparations was increased by isoproterenol and 
decreased by verapamil and acidosis, effects 
attributed likewise to the changes in energy 
balance [4}. 

The alternative view that ischemic/hypoxic 
contracture might be due to raised levels of free 
calcium was nevertheless argued by others [5}, 
in the light of evidence that calcium antagonists 
reduced hypoxie contracture in perfused hearts. 
This hypothesis was attractive because it offered 
therapeutic possibilities. Ir has become increa­
singly clear, however, that the protective effect 
of calcium antagonists in these perfused heart 
models is likely to be attributable predominant­
ly and perhaps wholly to their energy-sparing 
negative inotropic effect. 

Further experiments with rat papillary mus­
cle preparations showed that hypoxie contrac­
ture was inBuenced by pH even in quiescent 
muscles and thus independently of its inotropic 

73 
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effect: contracture was exaggerated at pH 7.8 
[6} and reduced at pH 6.8 [7}. In resting as in 
stimulated museles, hypoxie contracture was 
temperature-related, and slightly greater in 
contracting than quiescent museIes. In resting 
museIes its relationship to exogenous substrate 
persisted, it was not ameliorated by verapamil 
00-4 M), propranolol 00-4 M) or lanthan um 
(2 mM), and not altered by elevating (to 7.5 
mM) or reducing (to "zero") extracellular cal­
cium; only in contracting museles, and thus by 
implication where they altered energy consump­
tion, did these interventions alter the severity of 
hypoxie contracture (F igure 9-1) [7}. These 
experiments therefore provided no evidence that 
hypoxie contracture was due to raised resting 
levels of calcium within the cell as influenced by 
the availability of extracellular calcium. Experi­
ments were carried out to investigate whether 
calcium derived from an intracellular source 
might contribute, using caffeine as the tool to 
release calcium internally. High-dose caffeine 
(20 mM) had no effect on hypoxie contracture 
in resting rat papillary museIe preparations in 
the presence or absence of extracellular calcium 
{7}. In contracting preparations, by contrast, 
the addition even of a low dose of caffeine (2.5 
mM), despite reducing active force development 
[8}, led after a few minutes to obvious exaggera­
tion of the hypoxie contracture (see Figure 9-1). 
Caffeine has been shown likewise to increase 
diastolic tension in a dog model of pacing­
induced myocardial ischemia [9J. 

CAFFEINE 
Caffeine has a number of effects on myocardium, 
in addition to its vasodilator action on vascular 
smooth musele: 

1. inhibits phosphodiesterase, thereby increa­
sing cyelic adenosine monophosphate (cAMP) 
levels, which will (a) increase calcium influx 
through the slow channel, (b) enhance cal­
cium uptake by sarcoplasmic reticulum (SR) 
so that more is available for subsequent con­
rractions, and (c) reduce the affinity of 
troponin for calcium so that relaxation 
occurs earlier. 

2. increases the permeability of the SR [1O} so 
that calcium leak (a) can cause a transient 
contracture [ll} associated with a rise in 
cytosolic calcium following the addition of 
high-dose caffeine [l2}, (b) impairs net 
calcium uptake, converting load-dependent 

A 

Hypox,o 2'5 mmallttre' coffeine 
• 4: +' 

]20 
------------------------ 0 

·O"mmol·litrli' 
COt 

~, 

HYP~XiO 25mm~litr~offetne 

FIGURE 9-1. Slow paper-speed trace of force gen­
erated by rat papillary musele preparation at 29°C, 
stimulated to contract isometrically at 0.2 Hz during 
the period shown by the lower solid bar. Bathing 
solution was replaced by solution containing 00 

added calcium as shown. The preparation was 
subjected co 30 minutes of hypoxia. The lower trace 
shows that hypoxie contracture occurred in the 
"absence" of extracellular calcium, and io unstimu­
lated as in contracting musele. The addition of high­
dose caffeine had no effect in unstimulated musele. 
The upper trace shows that in stimulated contracting 
preparations caffeine depressed active-force develop­
ment (as in oxygenated preparations) and then 
increased resting force. 

relaxation of twitch contractions to activa­
tion-dependent relaxation [13} and slowing 
relaxation, (c) reduces the availability of 
intracellular calcium for subsequent beats, 
thus contributing a negative inotropic effect 
[8} associated with a reduction in the mea­
sured calcium transient [l4} and accoun­
ting probably for the slowed onset of acti­
vation [l5}, and (d) increases adenosine 
triphosphatase (ATPase) activity and energy 
utilization by isolated preparations of SR 
[l0}. 

3. shifts the force/calcium relationship of the 
contractile proteins thus increasing their 
calcium sensitivity [14, 16-19}. 

The resultant effects of caffeine will be species­
frequency-dose- and temperature-dependent. 
Experimental findings with caffeine are thus 
difficult to interpret with certainty. The com­
plexity of caffeine's actions means that addi­
tional measurements are needed to identify its 
resultant effects with certainty in any given 
situation. Its effects on the hypoxie contracture 
may be attributable to the additional calcium 
influx in contracting (but not resting) prepara-
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tions at a time when SR function is likely to be 
impaired already by energy lack [20} and to 
become further impaired by caffeine; this will 
favor intracellular calcium overload, which may 
slow relaxation and increase resting levels of 
calcium to contribute actively to resting force; 
in addition, the increase in energy-dependent 
uptake of calcium into the leaky SR may in­
crease energy utilization, whereas the energy­
dependent uptake of excess calcium into mito­
chondria would result in a reduction of energy 
export from these organelles. 

ACIDOSIS 
The protective effect of acidosis even in resting 
museles might in theory be attributable to an 
effect on energy production. However, acidosis 
is now known to reduce the tension response 
of the contractile proteins to calcium, acting in 
the reverse direction to caffeine. 

DOES DELA YED RELAXATION CONTRIBUTE? 
Delayed relaxation of contraction cannot contri­
bute to the rise in resting tension of ischemid 
hypoxie contracture in isolated musele prepara­
tions. The duration of depolarization and con­
traction, which is relatively long at the slow 
frequencies of contraction employed in these 
isolated preparations, is markedly reduced by 
hypoxia (in marked contrast to what occurs on 
reperfusion/reoxygenation); moreover, hypoxie 
contracture was shown to develop equally in 
resting preparations. Nevertheless, there is evi­
dence that relaxation is affected by hypoxia in 
that the normal load-dependent relaxation of 
mammalian myocardial contractions is lost [l3}. 
Load-dependency of relaxation implies that 
cytosolic free-calcium levels have already been 
reduced so that cross-bridge detachment as in­
ßuenced by mechanical loading is not followed 
by reactivation and is thus the rate-limiting step 
in mechanical relaxation. Loss of load-depen­
dency implies that free calcium levels are 
maintained so that cross-bridge bonds can re­
form and the deeline offree calcium becomes the 
rate-limiting step; this happens when calcium 
uptake by SR is impaired. Slight changes in SR 
function do not, on this analysis, inßuence the 
onset or rate of mechanical relaxation in normal 
mammalian musele preparations, whereas they 
can when SR function is impaired-by caffeine 
or low ATP levels and possibly in myocardial 
hypertrophy, where biochemical evidence indi­
cates impaired SR, function. 

At faster physiologie heart rates in vivo, the 
durations of depolarization and contraction 
are much shorter, and they are not obviously 
shortened by ischemia or hypoxia. Slowing of 
relaxation could therefore intrude importantly 
on the time that is available for diastolic filling 
(see Effects of Ischemia on Diastolic Stiffness In 
Vivo). 

CALCIUM MEASUREMENTS 
Measurements in isolated preparations showed 
no evidence of increase in net calcium inßux 
during the course of hypoxie contracture [21}; 
however, measurable net inßux probably de­
pends on gross, energy-dependent deposition in 
mitochondria, such as occurs on reperfusion/re­
oxygenation and only to a small extent duting 
ischemia [22}. Although there has been some 
conßict of data from direct measurements of in­
tracellular free calcium, with different probes 
and in different experimental preparations, and 
there are uncertainties arising from heterogene­
ity of sampling with respect to intracellular cal­
cium measurements in contrast to the lumped 
measurement of tension responses, most evi­
dence seems now to indieate that resting free 
calcium levels do not rise measurably even with 
severe hypoxie contracture {23, 24}. In some 
instances a late rise of free calcium is seen but 
this probably reßects the onset of irreversible 
cell damage. These findings would seem to in­
dicate that hypoxie contracture in these isolated 
preparations is not dependent on a rise in resting 
intracellular free calcium, and thus to confirm 
the earlier circumstantial evidence. 

RIGOR 
The alternative conelusion is that ischemid 
hypoxie contracture is due to rigor. This view is 
supported by stiffness measurements. Rigor is 
characterized by the formation of cross-bridges 
between the contractile proteins whose lack of 
ATP prevents then from detaching as in normal 
cross-bridge cyeling. It occurs at very low levels 
of ATP « 16 llM/gm dry weight) [25-27}. 
Quick-release measurements in 1969 showed 
that hypoxie contracture was associated with an 
increase in relative stiffness, interpreted at the 
time in model terms as an increase in series­
elastic-element stiffness [28}. This suggested 
that the mechanism underlying the rise in force 
is different from that which actively increases 
force during a contraction. The findings of the 
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quick-release data were confirmed and extended 
in a subsequent on-line study of myocardial 50 
stiffness in isolated papillary muscles, using 
electronic circuitry to analyze the responses to 
rapid (50--100 Hz), small-amplitude (0.1-
0.25 % Imax) sinusoidal length perturbations a 
(Figure 9-2) [29J. Stiffness increases as a linear .2 
function of tension during active force genera-
tion, according to the relationship: 

dT/dl = kT + c 

(where T is tension, I is length in lIlmax , dT/dl 
is stiffness, and k and c are constants). The 
stiffness-tension relationship is unaffected by 
changes in resting length or inotropic state. 
During hypoxic contracture, however, the rela­
tionship is shifted, predominantly by an in­
crease in the intercept c, representing stiffness at 
zero tension, the slope kaltering littIe. The 
intercept H C" was shown to be closely and 
linearly related to resting force, both as this 
increases during the course of hypoxic contrac­
ture and as it declines during reoxygenation, re­
maining unchanged unless contracture occurs­
there was no suggestion of an early or late 
departure from this relationship and thus no 
suggestion that any component of the contrac­
ture was due to anything other than the pheno­
menon reflected in this changing intercept of 
the force-stiffness relationship. We conclude 
that hypoxic contracture is characterized by an 
additional component of stiffness, present in 
resting muscles and not participating in active 
force development. Ischemic/hypoxic contrac­
ture is thus attributable to the development of 
fixed (but reversible) rigor bonds. 

BREAKING OF RIGOR BONDS 
Quick systolic stretches had been observed to 
reduce resting force and increase active force 
development in papillary muscle preparations 
whose performance had declined in long experi­
ments [30]. In the stiffness experiments, hy­
poxic contracture could be slightly but clearly 
reduced by abrief imposition of the rapid length 
perturbations during the interval between con­
tracdons, though this had no effect on resting 
force in the absence of hypoxic contracture; the 
reduction in resting force was then maintained 
and a further reduction could only be achieved 
after hypoxic contracture had further progressed; 
the slight reduction of contracture was associa­
ted with a corresponding reduction of the stiff-
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FIGURE 9--2. On-line traces of stiffness vs. force in 
three individual isometrie contractions of representa­
tive papillary muscle preparations. Left trace (rat 
papillary muscle) shows, superimposed, (1) control, 
(2) 30 minutes of hypoxia, (3) 5 minutes of re­
oxygenation. Note that with hypoxie contracture the 
stiffness-force relationship is reversibly shifted, pre­
dominantly through a shift of the intercept at zero 
force. Right trace (cat papillary muscle in the 
presence of 10-6 mM ouabain), shows superimposed 
(1) control, (2) 60 minutes of hypoxia, (3) 5 minutes 
of reoxygenation. Note that with reoxygenation 
contracture there is no change in the stiffness-force 
relationship. 

ness constant c, consistent with mechanical 
breaking of rigor bonds [29]. Appreciating that 
ischemic fibers are subject to stretch by contrac­
don of adjacent normal myocardium in the 
clinical setting, Apstein and Ogilby [31] showed 
in experiments with globally ischemic dog 
hearts that the imposition through an intraven­
tricular balloon of systolic stretches could pre­
vent the contracture that otherwise occurred. 
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Rigor thus appears to account for ischemic as 
weIl as for hypoxic contracture, but its conse­
quences may be modified in vivo. 

ADDITIONAL CONTRIBUTION OF CALCIUM 
TO ISCHEMIC/HYPOXIC CONTRACTURE 
The demonstration that contracture is due pri­
marily to rigor does not of course exclude an 
additional component wh ich can be attributed 
to increased calcium levels in some circum­
stances. Such circumstances include severe ische­
mia with possibly irreversible damage of some 
cells in these heterogeneous preparations or 
experimental treatment with high-dose caffeine, 
or reperfusion, which is likely to occur in 
clinical situations with intermittent ischemia. 
Hearse and colleagues {26} were able in a 
perfused rat heart model to reduce the magni­
tude of ischemic contracture (though not delay 
its onset) at the same low level of high energy 
phosphates by reducing extracellular calcium or 
by D600, suggesting the possibility of an addi­
tional contribution of calcium to resting force, 
though a vascular effect cannot be excluded. 
Jarmakani and colleagues {27} studying anoxic 
perfused rabbit septa found that contracture was 
related primarily to low levels of high energy 
phosphates; however, they also found that it was 
slighdy less at the same low energy levels when 
the preparations were not contracting or when 
extracellular calcium was absent, suggesting an 
additional contribution of calcium in this model 
too, perhaps by favoring the formation of rigor 
bonds at any given inadequate level of ATP. 
The data in this respect are inconclusive. 

Reperfusionl Reoxygenation C ontracture 
It is now weIl known that reperfusion and 
reoxygenation paradoxically make things worse. 
They precipitate arrhythmias, ultrastructural 
cell damage, the release of cytoplasmic enzymes, 
massive influx of calcium and sodium, deposi­
tion of calcium within mitochondria, and con­
traction band necrosis. The question has been 
whether this reperfusion injury represents sim­
ply an accelerated manifestation of predestined 
damage from ischemia or whether it is actually 
caused by reperfusion and is thus potentially 
amenable to therapeutic prevention. This ques­
tion is re la ted to the mechanism of reperfusion 
injury and to the causal chain of events that 
reperfusion initiates. 

There are of course important differences 

between reperfusion and reoxygenation, related 
largely to the greater accumulation of metaboli­
tes and osmotic load with ischemia and the con­
sequential transmembrane gradients and cell 
swelling on reperfusion. This is visibly qbvious 
as explosive swelling on reperfusion of an 
isolated ischemic heart. The important erectile 
contribution of changes in coronary flow to 
overall left ventricle stiffness has been weIl 
documented {32}. Changes in vascular tone, the 
contribution of vascular contents, and the 
delivery of possible sources of free radicals from 
activated leukocytes or catecholamines all have 
to be considered. Nevertheless, reoxygenation 
and the generation of energy comprise an 
essential component of reperfusion. This can be 
studied in isolated preparations independently 
of complicating variables. Under appropriate 
conditions, reoxygenation causes contracture as 
an entity quite distinct from hypoxic contrac­
ture and thus separately amenable to experi­
mental investigation. A comparison of hypoxic 
and reoxygenation contractures has been useful. 

RE PERFUSION REOXYGENATION 
CONTRACTURE IS CALCIUM-MEDIATED 
There can be litde doubt that reoxygenation 
contracture, as distinct from hypoxic contrac­
ture, is mediated primarily by raised resting­
calcium levels within the cello It can be more 
readily elicited in papillary muscle preparations 
if these are "primed" with cardiac glycosides. 
Reoxygenation of cat or rabbit papillary muscle 
preparations then causes an immediate severe 
rise in resting force associated with the subse­
quent decline and cessation of active contractile 
activity, from which the muscle cannot be re­
covered and which must be regarded as leading 
irreversibly to cell death (Figure 9-3) {6, 33, 
34}. Reduction of extracellular calcium at the 
time of reoxygenation prevents reoxygenation 
contracture, whether the muscles are contrac­
ting or resting {6}. Verapamil 10-4 M and 
lidoflazine (2.10- 5 M) introduced at the time of 
reoxygenation had no effect; diltiazem (10-4 

M), Mg2+ (30 mM), Mn2 + (8 mM), or acidosis­
reduced reoxygenation contracture without pre­
venting its subsequent development {34}. These 
findings indicate that the contracture is media­
ted by calcium influx. They indicate also that 
it does not occur through the slow calcium 
channel, while suggesting that diltiazem may 
possess properties additional to those of a 
"calcium antagonist." The effects of Mg2+, 
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Mn2+, and H+ are attributable to nonspecific 
interference with calcium influx, possibly by 
interfering with Na/Ca exchange. None of these 
agents allowed recovery of contractile function 
in these experiments. 

REOXYGENATION DAMAGE 
IS PREVENT ABLE 
Importantly, it was possible to prevent re­
oxygenation contracture and allow recovery of 
contractile function by protecting the muscle 
from calcium overload while allowing metabolic 
recovery: this could be achieved by lowering 
extracellular calcium at the time of reoxygena­
tion (though not to a level that would damage 
the sarcolemma and lead to the "calcium 
paradox") and then gradually reintroducing it 
(see Figure 9-3) {33, 34}. This confirms 
findings that reperfusion damage could be 
reduced by similar temporary reduction of 
extracellular calcium {35} or exposure to EDTA 
{36} in perfused preparations, from which ex­
periments it was not possible absolutely to 
exclude a vascular effect, and is consistent with 
observations that recovery of contractile func­
tion on reperfusion can be influenced by the 
Ca2+, K+, and Mg2+ concentrations in the 
buffer used for reperfusion {37}. 

OOES DELA YED 
RELAXATION CONTRIBUTE? 
In contrast with hypoxia, reoxygenation pro­
longs relaxation to a bizarre degree in isolated 
preparations (4, 38, 39}. Nevertheless, it is 
clear that reoxygenation contracture in these 
preparations cannot be directly attributed to 
inadequate relaxation because of the slow fre­
quencies of contraction employed and because it 
occurs equally in resting preparations. Delayed 
relaxation and reoxygenation contracture may, 
however, both be manifestations of the same 
underlying problem of calcium overload within 
the cello Reoxygenation contracrure beg ins to 
develop at a time when active contraction is 
maintained, unlike hypoxie contracture when 
loss of active contraction precedes the develop­
me nt of contracture. Experimentally, relaxation 
on reoxygenation was furt her prolonged by 
ouabain (to increase intracellular sodium) and 
reduced by high-dose insulin in the absence of 
glucose (to promote sodium extrusion); the 
phenomenon is much less obvious in frog myo­
cardium (unpublished observations), which 
possesses only sparse SR so that intracellular 
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FIGURE 9-3 . Slow paper-speed trace of cat papillary 
muscle preparacion in the presence of ouabain added 
during a 60-minutes period of hypoxia. Reoxygena­
tion induces contraccure with loss of contractile 
activity. This can be prevented wich recovery öf 
contractile activicy by temporary reduction of excra­
cellular calcium. 

calcium control is presumably dependent more 
on other mechanisms, or in skeletal muscle, 
which shares with frog myocardium a poorer 
provision of mitochondria, suggesting the pos­
sibility of a mitochondrial role in the phe­
nomenon (40}. 

STIFFNESS 
Figure 9-2 shows that the stiffness-force re­
lationship during reoxygenation contracture 
remained the same as during active force · de­
velopment, in direct contrast to the shift that 
characterizes hypoxie contracture {29}. This 
implies that the mechanism of the rise in resting 
force is similar to that of active force generation, 
i.e. it represents calcium-activated normal 
contraction, albeit tonic. Prolonged calcium­
mediated contracture, as induced by high K+, 
shows a gradual upward shift of the stiffness­
force relationship after some minutes, as main­
tained calcium-mediated normal force genera­
tion leads to energy deficit and thus secondarily 
to rigor. 
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CAUSES AND ROUTE OF CALCIUM INFLUX 
Among possible mechanisms of the damaging 
influx of calcium that occurs on reperfusionlre­
oxygenation, Ganote and coHeagues have argued 
that it is the force of contracture that causes 
mechanical rupture of sarcolemmal membranes, 
leading to massive calcium influx, leakage of 
large-molecular-weight enzymes and adenine 
nucleotides, and ceH death [41}. This seems 
unlikely to be the whole story, however, because 
enzyme leakage occurs under conditions where 
reperfusion contracture does not occur, and 
extraceHular markers show no loss of sarcolem­
mal integrity in some preparations exhibiting 
reperfusionlreoxygenation contracture [21, 42}; 
a study of the transmural ceH damage showed 
moreover that contraction bands occurred pre­
dominandy in the mid-portion, whereas the 
sarcolemmal damage was diffuse [43l Jennings 
and coHeagues have recendy shown that a com­
bination of energy deprivation and osmotic 
sweHing can cause sarcolemmal rupture, which 
does not occur with either insult alone, and they 
suggest that energy deprivation weakens the 
cytoskeleton [44, 451-somewhat analogously 
to the mechanism proposed for the calcium 
paradox where lack of calcium weakens inter­
calated discs, and the reintroduction of calcium, 
either from extraceHular or intraceHular sources 
[46}, leads to force generation sufficient to rup­
ture the sarcolemma. Jennings and coHeagues 
suggest that the osmotic load incurred during 
ischemia primes the ceH for an explosive sweH­
ing with resultant mechanical stress once it is 
reperfused, although these effects are likely to 
be less marked on reoxygenation than on re­
perfusion. This is an attractive hypothesis to 
account for events with more severe ischemia 
but it is unlikely to account for the calcium 
influx that occurs during reoxygenationlreper­
fusion while sarcolemmal integrity is preserved 
(with respect to large molecules) and whose con­
sequence in the form of contracture can be 
shown to be reversible. This influx of calcium 
cannot be due to gross loss of sarcolemmal 
integrity. 

FREE RADICALS 
The role of oxygen-based free radicals is a 
subject of intense investigation at present. 
There are a number of possible sources, evi­
dence that they can cause changes in sarcolem­
mal permeability to cations, and supportive 
circumstantial evidence, wi th species differences, 

that prevention of radical formation or radical 
scavengers can reduce reperfusion damage. 

EXAGGERATED CALCIUM ENTRY 
THROUGH NORMAL CHANNELS 
Loss of sarcolemmal structural or functional 
integrity may not in fact be aprerequisite for 
the increased calcium influx of reperfusionlre­
oxygenation. The pharmacologic evidence shows 
that it does not occur through the slow chan­
nels. It could, however, occur through Ca2+f 
Na + exchange which the gain of intraceHular 
sodium during ischemia would favor. However, 
reperfusion causes the ceH to gain sodium as 

. weIl as calcium. Moreover, recent measurements 
have shown no evidence of sodium efflux asso­
ciated with calcium influx (P. A. Poole-Wilson, 
personal communication). This is not neces­
sarily incompatible with the hypothesis. Laz­
dunski and colleagues have proposed that the 
gain in intracellular sodium on reperfusion can 
be explained by the outward H+ gradient which 
then exists, with consequent activation of the 
Na + fH+ anti porter; this would mean, at a time 
of depressed Na-K-ATPase activity, that so­
dium homeostasis is achieved by the Na + fCa2 + 
exchange system, leading to calcium influx but 
litde net movement of sodium [47l 

Effects ofIschemia on Diastolic Stiffness 
In Vivo 
The isolated muscle data show that (1) reversible 
rigor can account for the rise in resting stiffness 
that follows severe energy depletion; (2) the 
massive calcium entry which could cause tonic 
active tension is likely to reflect (a) the later 
development of irreversible cell damage, or (b) 
the ionic consequence of reperfusion; and (3) 
delayed relaxation does not contribute to the rise 
in resting tension in these models though it 
could in vivo. These models' thus identify 
potential contributory mechanisms for a rise in 
diastolic stiffness of ischemic myocardium in 
vivo. The net effect of the changes induced by 
ischemia will obviously differ with the model 
and with circumstance. Isolated muscle prepara­
tions that are quiescent or contracting at low 
rates will clearly differ from perfused hearts 
contracting at physiologic rates; prolonged ische­
mia, from brief ischemic insult; global ische­
mia, from regional ischemia in which muscle is 
subject to stretching by the contractions of 
normal myocardium; paced global ischemia, 
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from ischemia that involves the natural pace­
maker and leads to bradycardia. Whether the 
insult is ischemia or hypoxia, the severity of 
energy deprivation, frequency of contraction, 
temperature, interfiber creep, and breaking of 
rigor bonds must all be taken into consideration. 
In the intact heart, moreover, it is much more 
difficult to identify real changes in myocardial 
stiffness (active or passive). Effects of coronary 
turgor are important, chamber compliance that 
is influenced by the volume of other chambers 
within the pericardium must be distinguished 
from myocardial compliance, and acute changes 
in force must be related to the muscle length at 
which they are generated. 

Brief periods of ischemia, such as occur clini­
cally with angina or during angioplasty, have 
been studied experimentally in intact hearts and 
shown to cause a rise in end-diastolic stiffness 
within minutes [48, 49}. In this situation, 
endocardial ATP levels are only slightly de­
pressed and are certainly not low enough to 
account for rigor without postulating a remark­
able degree of compartmentalization within the 
cells. Moreover, interesting differences emerge 
between the effects of experimental coronary 
artery occlusion and of hypoxia or pacing­
induced ischemia in regions of limited coronary 
perfusion reserve. Thus, coronary artery occlu­
sion caused little or no rise in diastolic stiffness 
compared to a marked rise with hypoxia or 
pacing-induced ischemia. With coronary artery 
occlusion there was also a greater decline in 
systolic contraction such that the ischemic fibers 
were subject to stretch, a loss of coronary turgor 
wh ich contributed to but did not appear wholly 
to account for the difference, and a greater loss 
of creatine phosphate and accumulation of meta­
bolites such as phosphate and hydrogen ions­
raising the possibility that acidosis and/or phos­
phate were depressing active tension through 
their known effect on the contractile protein 
response to calcium, with phosphate also acting 
as a buffer for calcium and thereby lowering free 
calcium levels. 

The reason for the rise in diastolic stiffness 
with these brief (e.g., 3 minutes) periods of 
ischemia, at least when the ischemia is pacing­
induced, is not entirely clear. There is circum­
stantial evidence that it may be related to 
calcium overload within the cell. The in vivo 
studies with ischemic models appear to show a 
general correlation between slowing of relaxa­
tion and a rise in diastolic stiffness. Activation-

dependent slowing of relaxation is thought to 
reflect impairment (at low ATP levels) and/or 
overloading of SR capacity to take up calcium. 
An extreme experimental example of this is pro­
vided by reoxygenation where the rise in resting 
tension is clearly calcium-mediated. Less ex­
treme examples of calcium overloading in the 
cell are known to favour oscillatory, generally 
asynchronous, contractile activity in resting 
muscle, which can generate measurable tension. 
More sophisticated measurements of myocardial 
stiffness, by phase-plane analysis of velocity­
length relationships on abrupt removal of load 
in isolated muscles, shows that it is related to 
the contractile state of the previous contraction 
and declines only very slowly over many minutes 
of rest (D.L. Brutsaert and A.H. Henderson, 
unpublished observations). Ir is a familiar 
experimental observation that pacing isolated 
buffer-perfused hearts to high frequency causes a 
rise in resting pressure (at constant volume), 
which is generally attributed to inadequate 
relaxation and which persists for a time when 
pacing is stopped. Contraction frequency will 
clearly influence net calcium influx into the cell 
and thus increase the calcium load on intraceIlu­
lar homeostatic control mechanisms. Calcium 
overload leading to raised free-calcium levels at 
rest and increased intracellular cycling of cal­
cium cannot of course be considered in isolation 
from its consequences on the energy status of the 
ceIl, for calcium pumping will consume energy, 
and excess calcium can "steal" the potential 
export of mitochondrial energy to the cell. The 
observation that caffeine exaggerates the pacing­
induced upward shift in the pressure-volume 
relationship in dogs with experimental coronary 
artery stenosis [9} provides circumstantial sup­
port for this view of events without rigorously 
testing it. 

There is no clean demarcation between active 
tension development and resting diastolic ten­
sion, between active and resting stiffness, be­
tween contraction and contracture: the transition 
from peak levels of activation during systole to 
the resting state, wh ich represents predomin­
antly passive viscoelastic properties but some 
potential contribution of residual activity, is not 
an abrupt step. A delay in the decline of acti­
vation will intrude on diastolic filling relatively 
more at higher frequencies of contraction, 
damping the momenturn of recoil, slowing 
early filling, and to a lesser extent reducing the 
adequacy of inactivation by the time of end-
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diastole. The functionally important diastolic 
filling volumes will in turn reßect the interac­
tion of changing load on this changing tension­
length relationship. 
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10. LOAD DEPENDENCE 
OF RELAXATION 
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The mechanieal performance of the heart as a 
muscular pump during systole depends on the 
contractile properties of the contraction phase 
and on the time of onset, speed, and extent of 
the relaxation phase. Relaxation of the heart is 
defined by the events during systole by which 
the heart, as a muscle and as a pump, returns 
to a precontractile configuration. Relaxation of 
cardiac muscle includes isometric force decline 
and isotonic lengthening. Relaxation of the 
ventricle as a pump encompasses the second part 
of ejection, isovolumic relaxation, and rapid 
filling (Figure lO-1). Similarly, as for the con­
traction phase, a tripie control mechanism also 
operates during the relaxation phase [l}. Re­
laxation of cardiac muscle and of the ventricular 
pump is thus governed by the dynamic interac­
tion of the sensitivity of the contractile ap­
paratus to the prevailing load (load dependence) 
and the dissipating activation (inactivation). 
This interaction is modulated by the regional 
and temporal nonuniform distribution of load 
and inactivation. 

The concept of a tri pie control of relaxation 
has been well described in the rigorously 
controlled experimental setting of isolated car­
diac muscle [2}. Yet, although there is evidence 
for the presence of a similar tripie control in the 
intact ventricle [3-6} the exact mechanical 
manifestation of it is not always clear from the 
analysis of isovolumic pressure decline and 
rapid filling. This is partly due to the additional 
feedback regulation in the intact heart on load 
and inactivation of such extrinsic mechanisms as 
the neurohumoral control and the coronary 
circulation, and, as recently shown, the endo-

Grossman, Wi/liam, and Lorell, Bever/y H. (eds.), Diastolic 
Relaxation 01 the Heart. Copyright © 1987. Martinus Nijhoff 
Pub/ishing. All rights reserved. 

cardial endothelium [7}. A second problem in 
dealing with relaxation in the intact ventricle 
relates to the fact that most of our studies on 
isolated muscle were done with the isotonic­
isometrie relaxation sequence instead of the 
more physiologie isometrie-isotonic relaxation 
sequence. This latter sequence is more analog­
ous to relaxation in the ventricle where pressure 
decline precedes rapid filling. A third problem 
in the intact heart derives from the typical 
auxotonic, rather than the strict isometric­
isotonic, loading conditions throughout con­
traction and relaxation of systole. Although 
force decline predominates in the muscle fibers 
in the ventricular wall during press ure fall and 
lengthening during rapid filling, some length 
changes of the fibers already occur during 
pressure fall and some further force decline 
occurs during rapid filling. Because of these 
"auxotonic" conditions in the ventricle, velocity 
measurements, such as (-)dP/dt, (-)dVldt, 
etc., cannot be interpreted simply. 

In this chapter, we will describe first how the 
concept of load dependence becomes mechani­
cally manifest in isolated cardiac muscle, even in 
the presence of the more physiologic isometric­
isotonic relaxation mode. Second, we will sum­
marize our present insights into the cellular 
mechanisms of load dependence. Third, we will 

. discuss some practical aspects of load depen­
dence in the intact ventricle, (i.e., with respect 
to the interpretation of altered systolic loading 
profiles). 

Load Dependence in Isolated 
Cardiac Muscle 
AFTERLOADED TWITCHES 
Figure 10-2 depicts the superimposed force and 
length traces of three twitches, i.e., aq. isotonie 

83 
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twiteh with preload only (twiteh 1), an after­
loaded isotonic twiteh (twitehes 2a and 2b), and 
an isometrie twiteh at eonstant length (twiteh 
3). As soon as the muscle starts lengthening at 
the onset of relaxation in the isotonic preloaded 
and afterloaded twitehes with the isotonic­
isometrie relaxation mode (twiteh 2a), leng­
thening proeeeds at an inereasingly faster rate 
with the result that isotonic twitehes are always 
mueh shorter than the isometrie twiteh. Iso­
tonic lengthening is always followed by an 
abrupt drop in force during subsequent isome­
trie relaxation. When the muscle is allowed to 
first relax isometrieally, such as in the isometrie­
isotonic relaxation mode (twiteh 2b), isotonic 
lengthening is still very rapid eompared to the 
eontraction rate, but the rate of force decline is 
mueh slower than that in the twiteh with the 
isotonie-isometrie relaxation mode and closely 
parallels force decline in the isometrie twiteh 
(twiteh 3). Henee, the abrupt drop in force in 
the twiteh with isotonie-isometrie relaxation 
sequenee is the direet meehanieal manifestation 
of force potential being lost during the preee­
ding fast lengthening of the muscle. Fast 
lengthening and subsequent drop in force are, 
therefore, inherent properties of relaxation, and 
not, as previously thought [8-11}, the mere 
eonsequenee of some "shortening inaetivation" 
during the eontraetion phase. 

LOAD-CLAMPED TWITCHE5 
The separation in time during relaxation be­
tween isotonic lengthening of isotonic preloaded 
and afterloaded twitehes and the isometrie 
eontrol twiteh is more striking still when a 
sudden inerement of load (load clamp) is 
imposed on the muscle. Figure 10-3A illu­
strates the effeet of a small inerement of load late 
in eontraction on the lengthening and force 
decline of an afterloaded twiteh. In the isotonic­
isometrie relaxation mode (Figure 10-3A, left), 
lengthening starts sooner, i.e., the muscle is not 
eapable of sustaining this additional load any 
longer. The subsequent time course of relaxa­
tion depends on the amplitude and timing of 
the load clamp. For smaller load clamps, as in 
the example of Figure 10-3A, lengthening 
speed is deereased, and the time of onset as weIl 
as the speed of subsequent force decline are 
hardly affeeted. For somewhat larger or slightly 
later load clamps (see Figure 10-1 in ref [l}), 
lengthening speed strikingly inereases with, as a 
liinit, an almosi: instantaneous reextension of 
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FIGURE 10-l. Tripie control of systole of isolated 
cardiac muscle and of the ventricular pump of the 
heart. The time traces of force (f) and length (I) of 
an afterloaded twitch, obtained in isolated 
cardiac muscle with physiologically sequenced, i.e., 
isometric-isotonic relaxation, were photographically 
synchronized with the press ure (P) and volume (V) 
curves of the ventricle of the heart. This simplified 
diagram traces the analogy of the mechanics of con­
tracrion and relaxation between muscle and ventri­
cular pump. Despite some evident shorrcomings, 
such as the consideration of press ure instead of wall 
tension and the absence of auxotonic behavior "in the 
muscle, it should be clear from the similar time 
courses that many concepts derived from experiments 
on isolated cardiac muscle must, by extrapolation, be 
taken into account in the evaluation of ventricular 
function. 

Given the analogy between muscle and pump, the 
words systole (5) and diastole (D) of the heart as a 
muscular pump have been reinterpreted here in a 
conceptual rather than a phenomenologic sense (l}. 
Rapid filling phase (RFP) and isovolumic relaxation 
(IR) are, similarly as force decline and lengthening of 
the muscle, an integral part of relaxation of the 
muscular pump. Contraction and relaxation of the 
ventricle must be regarded as the two phases of 
systole in the same way as these constitute the two 
essential phases of an active twitch. The word 
diastole, from the Greek word meaning expansion in 
space, division, noteh , separation in time should 
thus be reserved to mean the separation in time 
of two active contraction-relaxation (i.e., systolic) 
cycles. 
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FIGURE 10-2. Force and length traces of an isotonic 
twitch at preload (twitch 1), an afterloaded twitch 
(twitches 2a and 2b), and an isometrie twitch (twitch 
3). The left side depicts afterloaded twitch 2a with 
familiar isotonic-isometric relaxation sequence, and 
the right, twitch 2b with same afterload, but with 
the more physiologie isometric-isotonic relaxation 
sequence. f = traces of force, df/dt = rate of force 
development; 1 = length; d1/dt = rate of length 
change. Muscle characteristics (29°C and 0.2 Hz): 
length at lmax = 10 mm; mean. cross-sectional area = 
0.65 mm2 , ratio of resting to total force at lmax = 
6.5%. 

the muscle, followed by premature and faster 
force decline. In the isometric-isotonic relaxa­
tion mode (Figure 10-3A, right) , force decline 
sets in sooner after the load clamp than in the 
two control afterloaded twitches; rate of force 
decline is slightly slower, and subsequent leng­
thening starts later and proceeds at a slower 
rate. For somewhat larger or slightly later load 
clamps (not shown), force decline remains slow, 
but subsequent lengthening may start sooner 
and progress at an increasingly faster rate. 

Accordingly, after an increment in load late 

, 

Ir 
--+-, ---lI 

during a twitch, load dependence of relaxation 
may become manifest as an early onset of re­
laxation regardless of the relaxation mode. Rate 
of lengthening and rate of force decline will 
depend on the amplitude and timing of the load 
clamp and may often be affected in an opposite 
sense (see a}sÖFigure 10-12). 

CONTRACTION LOAD VS. 
RELAXATION LOAD 
The concept of load dependence of relaxation 
was derived from experiments in which effects of 
load (see Figure 10-2) or of changes in load 
(Figure 10-3A) occurred during the relaxation 
phase (relaxation load). However, when these 
changes in load were already established before 
or during the first two-thirds of the contraction 
phase (contraction load), the effects on relaxa­
tion were different and often opposite to those of 
late load increments (Figure 10-3B, lower). The 
onset of relaxation was always delayed at the 
higher load regardless of the relaxation mode, 
and therefore the net separation in time between 
the force decline in the afterloaded twitch and in 
the isometrie twitch became smaller. 
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The transition from the effects on relaxation 
induced by contraction load to the opposite 
effects on relaxation induced by relaxation load 
occurs over a rat her narrow time span which 
starts after approximately the first two-thirds of 
the contraction phase of the twi tch [1}. Ir is 
important to be cognizant of such a transition 
zone when evaluating systolic performance, i.e., 
contraction and relaxation, of the intact heart 
(see also Figure 10-9). 

Mechanisms 01 Load Dependence 
Relaxation is the return of the museIe to a pre­
contractile configuration. At a cellular level this 
event can be seen as the consequence of inacti­
vation. Inactivation is determined mainly by the 
life cyeIe of the cross-bridges between the actin 
and myosin filaments and by the efficient re­
moval of Ca2+ by the sarcoplasmic reticulum 
(SR). These two processes are always operative 
and act in concert. Their respective contribution 
differs depending upon length and loading con­
ditions. In isotonic twitches, in the presence of 
an efficient SR {12, 13}, the prevailing load may 
become important in prematurely interrupting 
the cross-bridge life cyeIe, with subsequent 
rapid lengthening of the museIe ad concomitant 
abbreviation of the twi tch {14-16}. In isometric 
twitches, changes in sensitivity of the con­
tractile proteins (CP), induced either by force 
development through cooperative activity [17} 
or by changes in initial museIe length [18}, will 
predominate, thereby markedly affecting the 
duration of the CB life cyeIe and therefore force 
decline during relaxation. 

We have seen that load dependence of relaxa­
tion of isolated cardiac muscle is manifested by 
the separation in time between rapid leng­
thening of isotonic (preloaded or afterloaded) 
twitches and the slower force decline of an 

FIGURE 10-3. Effect of load clamps on relaxation. 
A. Effect of a small increment in load (twitch 3) late 
in the twitch (relaxation load), on the time course of 
relaxation of an afterloaded twitch in the isotonic­
isometrie (left) and isometric-isotonic (right) relaxa­
tion mode. The two corresponding afterloaded 
control twitches are also shown (twitches 1 and 2). B. 
Effect of an increment in load early in the twitch 
(contraction load) (twitch 4). Muscle characteristics, 
abbreviations, and figure format (except for the 
scaling factors) are the same as in Figure 10-2. For 
clarity, only relaxation rates are depicted. 

isometric twitch (Figure 10--4, left). Early 
iso tonic lengthening of isotonic twitches and 
late isometric force decline of isometric twit­
ches, together, determine the degree of their 
mutual separation in time, and thus constitute 
the two major aspects of load dependence of 
relaxation. Although, as we have said, the dif­
ferent processes that underlie these two aspects 
are eIosely linked and strikingly overlap, we 
have preferred, for didactic purposes, to discuss 
lengthening and force decline separately (Figure 
10-4, right). 

LENGTHENING DURING RELAXATION 
Rapid lengthening of muscle during isotonic 
relaxation is due to load-induced forcible de­
tachment of the cross-bridges between actin and 
myosin filaments with subsequent sliding of 
these filaments back to their precontractile 
posi tion {14-16}. The presence of an efficient 
SR is aprerequisite for this load-induced 
lengthening to become manifest {12, 13J. 

Rote 0/ Load. The effect of increased load on 
relaxation has been illustrated in Figure 10-3. 
Based on experimental data {14-16}, load­
induced lengthening has been conceived as a 
load-induced back-rotation and forcible detach­
ment of still-attached cross-bridges when the 
relaxation load on the muscle exceeds the 
summed force level of these cross-bridges. This 
hypothetical importance of load can be tested 
further in experiments where the muscle is 
unloaded at an appropriate time, i.e., just prior 
to the onset of lengthening, and with an appro­
priate amount, i.e., sufficient to correct for the 
impending imbalance between load and force 
potential of the attached cross-bridge (Figure 
10-5) {14-16}. Appropriate unloading delays 
the onset of lengthening, which now closely 
follows the time course of force decline in an 
isometrie twitch. 

Rote 0/ SR. The importance of the presence of a 
functional SR has been derived from a variety of 
experimental conditions where the SR was 
either scarcely developed {2}, destroyed {12}, or 
functionally inhibited {19} (Figure 10-6). In 
all these conditions, museIe lengthening is 
markedly delayed and closely follows the time 
course of force decline of an isometrie twitch, 
thereby abolishing load dependence of relaxa­
tion. 
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1: isotonle - Isometrie relaxation 

2: isometrie· Isotonie relaxation 

( physiologleal sequenee ) 

FIGURE 1(1-5. Effect of appropriate unloading 
clamp at peak shortening. A. Single unloading 
clamp from a high to a lower afterload (twitch c). 
The initial elastic shortening at the instant of the 
clamp is followed by some additional accive shor­
tening, thereby postponing the onset of lengthening 
and of subsequent force decline. The afterloaded 
control twitch (twitch b) is also displayed along with 
the isometrie twitch (twitch a). B. Multiple unload­
ing clamps. Two additional clamped twitches, i.e., 
with a double (twitch d) and with a tripie (twitch e) 
clamp, are added to the twitches depicted in the 
upper panel. Note that lengthening and force decline 
are further postponed by additional shortening after 
each appropriate unloading clamp. After an initial 
abrupt fall in force, due to disruption of some force 
potential during the preceding lengthening, subse­
quent force decline closely approximates the force 
decline in the isometrie twitch. Muscle characteris­
tics (29°C and 0.2 Hz): length at lmax = 7.0 mm; 
mean cross-sectional area = 1.0 mm2 ; ratio of resting 
to total force at, lmax = 10.4% (modified after {l4} 
and [l5}). 
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FIGURE l~. Mechanisms of load dependence of 
relaxation in isolated cardiac muscle. On the left, 
four twitches similar to the twitches in Figure 10-2 
are superimposed and displayed as a reference for the 
panels to the right. A. Control of isometrie relaxa­
tion or force decline (see text). B. Control of isotonic 
relaxation or lengthening (see text). ATP-ase = 
adenosine triphosphatase; TN-C = troponin - C; 
TN-I = troponin - I. 
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FiGURE 10-6. Importance of a functional sarco­
plasmic reticulum (SR). Load dependence is dimin­
ished or absent in the absence of a functional, as in 
the frog where the SR is scarcely developed, in single 
cardiac cells where the SR had been destroyed by 
detergent treatment, in hypoxia where the SR is 
metabolically blocked and in the presence of caffeine 
and during tetanization where the SR had been in­
hibited. Load during afterloaded twitches A (panels) , 
and load changes near peak shortening B (panels) 
illustrate that in all these conditions relaxation load 
has virtually no influence on twitch duration . I = 
length; f = force. 

FORCE DECLINE DURING RELAXATION 
The cross-bridge life cycle and modulation of its 
duration by changes in the sensitivity of the 
contractile proteins play a major role in deter­
mining force decline during relaxation. The 
number of cross-bridges and the duration of 
their cycle can be altered by various mechan­
isms, among which cooperative activity of the 
cross-bridges [17} or phosphorylation of myosin 
light chains or of troponin-I {20-22]. These 
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mechanisms will induce either so-called "sensit­
ization of the CP" with delayed and slower force 
decline, or "desensitization of the CP" with 
eadier and faster decline {22}. 

Pharmacologic studies have shown that ino­
tropic agents may act through such mechanisms 
{23}. Some new inotropic agents such as ARL-
115 and UDCG-115 may sensitize the CP {24}, 
while other agents, e.g., isoproterenol, may de­
sensitize the CP by phosphorylation of troponin­
I {22, 25}. In addition, some physiologie con­
trol mechanisms also act through changes in 
the sensitivity of the CP. For example, the 
process of force development itself may induce 
further force development through cooperative 
activity of the cross-bridges {l7}. Decreasing 
length, by contrast, will desensitize the CP {l8, 
26, 27}. Moreover, the presence of an intact 
endocardium has recently been shown to en­
hance sensitization of the CP {7}. 

Rote o[ Cooperative Activity. Experiments with 
the calcium-sensitive, bioluminescent protein 
aequorin {28} showed that , when active shorten­
ing was allowed at any time during a twitch, the 
free {Ca2+}; was higher than at comparable 
times in isometrie twitches (Figure 10-7). At­
tachment of force-generating cross-bridges may 
indeed increase the affinity of troponin-C for 
calcium {29, 30} through cooperative activity of 
the cross-bridges {l7}. By contrast, shortening 
of the muscle will decrease the affinity of 
troponin-C for calcium {29J, so that the myo­
filaments will have less calcium bound at the 
end of aperiod of shortening than at a compar­
able time under isometrie conditions . Since by 
that time the calcium transient is over, calcium 
cannot be regained by troponin-C, and the 
terminal phase of relaxation must take place 
with a reduced degree of activation {28J. 

Accordingly, in an isometrie twitch, coopera­
tive activity will, by a process of force develop­
ment-induced increased affinity of troponin-C 
for calcium, tune up the development and main­
tenance of force throughout contraction and 
relaxation. On the other hand, in the isotonic 
twitch, cooperative aetivity will be reduced, 
thereby enhaneing load-induced rapid lengthen­
ing in the presence of a functional SR. Simi­
lady, deereasing initial muscle length (Figure 
10-8) decreases peak isometrie twitch force 
mainly through decreased sensitivity of CP [18, 
26, 27} . 
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FIGURE 10-7 . Aequorin signals of cat papillary 
muscle contracting against various loads. The 
tracings (from the top downward) show force, shor­
tening, velocity of shortening, differential aequorin 
signal obtained by substraction of the two averaged 
aequorin signals (b-a) , and aequorin signals and 
stimulus. Tracings show two superimposed twitches, 
an isometrie (a), and a preloaded isotonic twitch in 
which shortening occurred (b). The aequorin signals 
reach the same peak, but the decline of the aequorin 
signal (Ca2+ transient) is initially faster during force 
development (a) than during shortening (b) . The 
total duration of the light signal is essentially the 
same in the two twitches. The light of shortening 
(the difference of the two light signals) becomes 
apparent some 35 ms after the onset of shortening. 
Muscle characteristics (30°C and 0.25 Hz): length at 
lmax = 5.25 mm; mean cross-sectional area = 0.33 
mm2 ; ratio of resting to total tension at lmax = 7.9% 
(from Housmans et al [28J, with permission). 

Rote o[ Endocardium. We have recently shown 
{7} that the removal of a funetional endocar­
dium resulted in an immediate and irreversible 
abbreviation of isometrie twitehes with, except 
at the highest {Ca2 +}o, a decrease in peak 
isometrie force (see Figure 10-8). The pattern of 
changes, i.e. , modulation of the onset of eady 
force decline, induced by decreasing initial 
muscle length at each {Ca2 +}o and by the 
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FIGURE 10-8. Effect of endocardium removal on 
relaxation. Removal of a functional endocardium 
(dotted fines, lower panel) induces an earlier relaxation, 
thereby reducing peak isometrie twitch tension (TT). 
The control traces (Jull fines, upper panel) compare 
this effecr of the effeet of ehanges in external [Ca2 +} 
and of different initial muscle lengths on isometrie 
twitehes. Note that regardless of length and (Ca2 +}o, 
removing a functional endoeardium (lower panel) 
induees ehanges that resemble ehanging to shorter 
initial muscle length (upper right), but not ehanging 
to different (Ca2+}o (upper left). Muscle eharacteris­
ties (29°C and 0.2 Hz): length at Imax = 8 mm; mean 
cross-seetional area = 0.82 mm2 , ratio of resting to 
total force at Imax and 2.5 mM Ca = 10%. 

removal of a funetional endoeardium are very 
similar. This similarity might suggest that the 
endoeardium-mediated ehain of events mayaiso 
be media ted by ehanges in the sensitivity of the 
CP to Ca2+. This hypothesis was supported 
further by the asymmetrieal shift of the foree­
[Ca1+}o relationship indueed by the removal of a 
funetional endoeardium. 

Load Dependence in the Intact Ventriele 

MECHANICAL EXPRESSION OF 
LOAD DEPENDENCE 
The existenee of load dependenee in the intact 
ventricle' has been well established {3-6, 31}. 
Some relevant experimental data from the 
literature are illustrated in Figure 10-9. As in 
isolated muscle (see Figure 10-3), sudden 
inerements in load, either as press ure or as 
volume clamps, may delay the onset of pressure 
decline when applied early in the eardiae eycle 
(eontraetion load), but will induee premature 
press ure decline when applied late in ejeetion 
(relaxation load). Subsequent rate of pressure 
decline is faster after eontraetion load and slower 
after relaxation load, again analogous to the 
effeet of ehanges in contraetion load and relaxa­
tion load on the rate of force decline in after­
loaded twitehes of isolated muscle in the 
isometrie -isotonic relaxation mode. 
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FIGURE 10-9. Mechanical expression of load de­
pendence. Effects of pressure clamps (abrupt occlu­
sion of the ascending aorta) and volume clamps 
(abrupt inflation of intracavitary balloon) on the time 
course of the pressure curve of the left ventricle in the 
intact heart. Data were retraced from literature 
(panel A, Brutsaert et al (3); panel B, modified from 
Noble {4); panel C, Gaasch et al {5); panel 0, Kil 
and Schiereck {6). 
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FIGURE 10-10. Tripie control of relaxation of the 
ventricle as a muscular pump by loading, inactiva­
tion, and nonuniformity. CL = contraction load; RL 
= relaxation load; MVO = mitral valve opening. 

FIGURE 10-11. Loading profiles in mitral (MI) and 
aortic (AI) valvular insufficiency are compared to 
isolated muscle length and force traces of afterloaded 
twitches with an early unloading (as in MI) or a late 
loading (as in AI) clamp. Tension (T) and volume (V) 
data for MI and AI were adapted from actual traces in 
literature. df/dt = rate of force development; dl/dt = 
rate of length change. 

Hence, similar to the tripie control in iso­
lated cardiac muscle, relaxation of the ventricle 
as a muscular pump is governed by the dynamic 
interplay of the sensitivity of the contractile 
system to the loading conditions (load depen­
dence) and the dissipation of activation (inacti­
vation) , both modulated by some degree of 
nonuniformity (Figure 10-10). 

IMPLICATIONS FOR INTERPRETATION OF 
RELAXATION INDICES 
From the foregoing, it cannot be emphasized 
enough that the principles underlying force 
decline and rapid lengthening of isolated mus­
cle, despite some unavoidable simplifications as 
stated before, ought to be taken into account 
when evaluating pressure fall or rapid filling in 
the whole ventricle. Moreover, one should not 
be surprised that in some conditions pressure 
fall and rapid filling may vary in an opposite 
sense with respect to timing of onset and to 
speed. These apparently contradictory findings 
are sometimes difficult to interpret in certain 
cardiac diseases, in particular in the presence of 
valvular lesions, where changes in the loading 
profile may dominate ventricular performance. 

In Figure 10-1, we have emphasized the 
striking analogy between the time courses of 
force and pressure (tension) traces and of length 
and volume traces. In an attempt to demon­
strate further how useful the study of isolated 
cardiac muscle can be in predicting ventricular 
function as a whole, in Figure 10-11 tension 
and volume traces obtained from published 
studies of mitral (MI) and aortic valvular in­
sufficiency (AI) have been photographically 
synchronized with force and length traces of an 
afterloaded twitch from isolated muscle. The 
muscle was either unloaded early (Figure 10-
11, left panel) or loaded late in the twitch 
(Figure 10-11, right panel). To help the reader 
understand how complex alterations of relaxa­
tion in the intact ventricle may be, depending 
on the type and complexity of the changed 
loading profile, similar abrupt unloading and 
loading clamps were imposed at three different 
times (early, medium, late) during an after­
loaded twitch (Figure 10-12). Note that the 
early unloading (Figure 10-12, upper panel) 
and the late loading (Figure 10-12 lower panel) 
are analogous to MI and AI in Figure 10-1l. 
Early and medium unloading of the muscle (see 
Figure 10-12, upper panel) are followed by a 
slower decline in forceand faster lengthening, 
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analogous to the slower tension fail and faster 
rapid filling typical for MI (see Figure 10-11). 
Late unloading of the muscle gene rally induces 
faster force decline and lengthening. Although 
early . and medium loading of the muscle (see 
Figure 10-12, lower panel) are followed by 
faster force decline and slower lengthening, late 
loading may induce both slower force decline 
and slower lengthening, analogous to the de­
layed tension decline and slower filling typical 
for AI (see Figure 10-11). Yet, interpretation of 

FIGURE 10-12. Spectrum of the inßuence on relaxa­
tion of unloading and loading clamps (thick lines) at 
various times during an afterloaded twitch <fine fines) 
with isometric-isotonic relaxation sequence. For 
clarity, emphasis is placed on relaxation. dlldt = rate 
of length change; dT/dt = rate of tension change; 
TI = total tension. 

relaxation indices in AI is not simple. First, 
transmitral Bow during rapid filling-e.g., as 
measured by doppler or using mitral electro­
magnetic Bowmeters-cannot be used as a 
measure of relaxation of the ventricle because 
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FIGURE 10-13. Two afterloaded isotonic twitches 
were made to relax auxotonically (twitches 2 and 3) 
andwere superimposed on the baseline isotonic­
isometric relaxation sequence (twitch 1), illustrating 
the analogy with different degrees of aortic insuffi­
ciency. Musele characteristics (29°C and 0.1 Hz, rat 
papillary musele): length at I mx = 7 mm; mean 
cross-sectional area = 1.16 mm2 , ratio of resting to 
force at lmax = 8.9%. df/dt = rate of force change. 

filling of the ventricle in AI will be the sum of 
transmitral flow plus the regurgitant fraction 
through the aortic valve. Second, an analysis of 
relaxation in AI may be further hampered by the 
marked "auxotonic" loading profile throughout 
pressure fall and filling. Some of this potential 
complexity is illustrated in Figure 10-13 show­
ing traces of force and length with the respective 
first derivatives of three afterloaded twitches 
obtained in papillary muscle at 37°C. Twitch 1 
is a control afterloaded twitch with isotonic­
isometrie relaxation sequence. Twitches 2 and 3 
were equally afterloaded during contraction and 
the initial part or isotonic relengthening and 
were then made auxotonic. This situation would 
be analogous to two hemodynamic degrees of 
AI. With the higher load, and hence the higher 

degree of AI (twitch 2), force decline is slower, 
but lengthening is more rapid. Alternatively, 
twitch 3 would be analogous to a lower regurgi­
tant load, resulting in faster force decline and 
slower lengthening. Therefore, given the auxo­
tonic conditions in the intact ventricle, rate of 
pressure decline and of filling cannot easily be 
interpreted in terms of muscle relaxation with­
out taking into account concomitant dynamic 
changes in ventricular dimensions, as long as 
the loading on the myofilaments-thus the 
length of any elastic structure in series-is 
changing. 
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11. THE EFFECTS OF CARDIAC 
HYPERTROPHY ON INTRACELLULAR 

CA2+ HANDLING 

James P. Morgan, Roderiek MaeKinnon, Mare Feldman, 

William Grossman, and Judith Gwathmey 

The development of cardiac hypertrophy is asso­
ciated with marked changes in contractile func­
tion in many mammalian species {l}. In isolated 
ventricular muscle, these changes usually mani­
fest themselves as alterations in force generation 
and in the rate of relaxation [2}. The studies 
described in this chapter were designed to 
answer the question of whether the mechanical 
abnormalities of hypertrophied muscle are 
related to changes in intracellular Ca2+ han­
dling. Four models of hypertrophy will be con­
sidered, including (1) pressure-overload right 
ventricular hypertrophy in ferrets, (2) alteration 
of the thyroid state in ferrets, (3) the compensa­
tory hypertrophy that occurs in patients with 
heart failure, and (4) hypertrophie cardiomyo­
pathy in humans. 

Model I: Pressure-Overload Right 
Ventricular Hypertrophy in the Ferret 
One of the most extensively studied models of 
hypertrophy is produced by banding of the 
pulmonary artery in the cat to induce right 
ventricular pressure-overload {3, 4}. Mild de­
grees of banding produce a mild form of hyper­
trophy that is associated with normal contractile 
function; tighter banding produces more severe 
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hypertrophy in which contractile function is 
depressed; the most severe degrees of hyper­
trophy and contractile dysfunction are produced 
by banding of the pulmonary artery so that the 
percent remaining patent is 10% or less [5, 6}. 
We developed an alternative model of right ven­
tricular pressure-overload hypertrophy in the 
ferret, a relatively less-expensive experimental 
animal that possesses several distinct advantages 
for cardiovascular studies, including the usual 
availability of multiple small papillary muscles 
from each heart. After successfully producing 
pressure-overload hypertrophy, we used aequorin 
to study the relationship of changes in intra­
cellular Ca2+ handling to the alterations in 
contractile function that occur in isolated papil­
lary muscles from this ferret model [l}. 

The banding procedure that we adapted to 
the ferret was initially developed for cats by 
Spann and colleagues {3, 4}. Young male ferrets 
(n = 9) with a mean weight ofO.60 ± 0.04 kg, 
and a mean age of 70 ± 10.5 days were banded 
for use in these experiments. Under sterile con­
ditions, the heart and pulmonary artery were 
exposed through an intercostal incision. To 
reduce the lumen of the pulmonary artery by 60 
to 70%, a 2-mm (internal diameter) band was 
placed around the pulmonary artery and tied in 
place; greater degrees of constriction developed 
as the animals continued to grow and increase in 
body weight. 

The banded animals were followed serially 
with radiographs to look for enlargement of the 
cardiac silhouette as evidence of hypertrophy. 
Animals that developed signs of congestive 
heart failure were excluded from the study. 
When enlargement of the cardiac silhouette 
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developed, 1 to 5 months after the banding 
procedure, the hearts of the banded animals and 
their age-matched controls were excised for 
study. An appropriate right ventricular papil­
lary muscle was removed and placed into a bath 
designed for aequorin experiments. Care was 
taken to select muscles with relatively cylindri­
cal uniformity (diameters less than 1 mm) to 
ensure adequate oxygenation of central fibers. 
The muscles were suspended between two 
hooks-one stationary and the other attached to 
aStatharn force transducer-for recording ten­
sion development. Muscles were stimulated to 
contract at 3-second intervals at 30°C, allowed 
to equilibrate for 1 hour, and then loaded with 
the bioluminescent Ca2+ indicator aequorin. 
Light and tension responses were recorded 
simultaneously, as described previously [8}. 
Because the light levels were very low and 
photomultiplier shot noise was prominent, it 
was necessary to average successive signals (from 
16 to several hundred, depending on light in­
tensity) to obtain a. satisfactory signal-to-noise 
ratio. Comparison of the aequorin light signals 
from different muscles was performed by the 
method of fractionalluminescence developed by 
Allen and Blinks [9}. The preparations were 
examined histologically for documentation of 
the degree of hyperrrophy present. 

Table 11-1 lists the heart weights and histo­
logie features of the control and banded animals 
and shows that a significant degree of right ven­
tricular hypertrophy developed in the banded 
animals. Figure 11-1 shows the aequorin light 
signals (i.e., intracellular calcium transients) 
and isometrie tension tracings recorded in 
papillary muscles from a control and a hyper­
trophied ferret at three different concentrations 
of [Ca2+}o. Note that, in both muscles, the 

aequorin signal consists of a single component 
that rises to a peak and declines towards baseline 
before the corresponding tension response. 

To assess the effects of hypertrophy on the 
time course of isometrie tension development 
and the aequorin light signal, we compared the 
time to peak light and tension, time to 50% 
decline from peak light and tension, and time to 
80% decline from peak light and tension in 
papillary muscles from control and hyper­
trophied animals. As shown in Figure 11-2, 
hypertrophy was associated with a significant 
prolongation of each of these variables as 
compared to the control animals, except for 
time to peak light. 

The time course of the aequorin light signal 
in mammalian working myocardium appears to 
predominantly reBect the release and uptake of 
calcium by the sarcoplasmic reticulum (SR) 
[l0}. In general, drugs and interventions that 
inhibit the uptake (i.e., caffeine) or release (i.e., 
ryanodine) of Ca2+ by the SR prolong the 
duration of the aequorin light signal; converse­
ly, those that increase the rate of uptake (i. e. , 
isoproterenol) abbreviate the aequorin light 
signal [8, 10}. Our results indicate, therefore, 
that hypertrophy decreases the rate of Ca2+ 
uptake and perhaps also the rate of Ca2+ release 
by intracellular stores. This interpretation is 
consistent with reports of studies performed on 
isolated preparations of SR, wh ich indicate that 
SR function, and Ca2+ accumulation, may be 
enhanced by the development of mild hyper­
trophy, but that more severe degrees of hyper­
trophy are associated with depression of function 
[11-14}. Attempts have been made to relate 
changes in Ca2+ uptake rates to alterations in 
the activity of Ca2+ -adenosinetriphosphatase 
(ATPase) isolated from SR vesicles, but the 

TABLE 11-1. Weights and Histological Features ofCardiac Musc1e from Conrrol and Pulmonary-Artery-Banded Ferrets 

Heart Weight! RVWeightl Fiber Nuclear Nuclear 
Body Weight Body Weight Diameter (!!) Area (!!)2 Width (!!) 

Control 0.369 ± 0.014 0.075 ± 0.004 15.1 ± 0.94 59.7 ± 3.4 5.7 ± 0.2 
(n = 7)b (n = 7) (n = 50) (n = 50) (n = 50) 

Banded 0.448 ± 0.036 0.145 ± 0.016 22.8 ± 1.0 84.2 ± 3.7 6.7 ± 0.2 
(hypertrophied) (n = 9) (n = 9) (n = 70) (n = 70) (n = 70) 
P valuesc <0.05 < 0.001 < 0.001 < 0.002 < 0.002 

a Resufts are expressed as mean ± SE. 
b n = number of preparations measured. 
, p values were determined by Student's t test. 
RV = right ventricle. (From Gwathmey and Morgan [71, with permission.) 
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FIGURE 11-1. Aequorin Light Signals (upper noisy 
traces) and Tension Responses (middie smooth trace) in 
Control (A) and Hypertrophied (B) ferret papillary 
Muscles. The figure shows the responses to three 
different millimolar concentrations of Ca2+ in the 
perfusate, as indicated in the upper right corner of 
each panel. The lower trace in each panel is the 
stimulus artifact. The aequorin signal is expressed in 
nanoamperes (nA) of anode current recorded from the 
photomultiplier; tension is expressed in milliNew­
tons (mN/mm2) of cross-sectional area. Note the 
"afterglimmer" (arrow) in the light tracing and the 
aftercontraction (arrowhead) in the tension tracing 
that develop at 16 mM [Ca2+)o in the control. (From 
Gwathmey and Morgan (7), with permission.) 

results are not yet conelusive (15). Although it 
is not definitive proof of a cause-and-effect 
relationship (i.e., these results could be ex­
plained by a change in myosin isoenzymes or 
cross-bridge cyeling rates), the prolonged time 
course of the calcium transient measured with 
aequorin correlates weIl with the prolonged 
relaxation of tension observed in the hyper­
trophied animals. Similar time-course changes 
and relaxation abnormalities have been reported 
in other animal models of hypertrophy as weIl as 
in cardiac hypertrophy in humans [l6}. More­
over, preliminary electrophoretic measurements 
have indicated that hypertrophy in the ferret 
does not change the pattern of myosin iso­
enzymes; only a single isoenzyme (V 3) has been 
identified (7}. 

As shown in Figure 11-3, isometrie tension 
development in the hypertrophied muscIes was 
significantly less than in the controls, and we 
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hypothesized that this might be due to a 
decreased availability of activator Ca2+ [7}. 
However, we tested this hypothesis by compar­
ing the amplitudes of the aequorin light signals 
in papillary muscIes from control and hyper­
trophied animals, using the method of fractional 
luminescence. We found that the results of this 
analysis in the two groups of ferrets were not 
significantly different, indicating that the avail­
ability of intraceIlular Ca2+ for activation of the 
myofilaments was not decreased in the hyper­
trophied animals. Moreover, as shown in Figure 
11~ the Ca2+ -tension and Ca2+ -peak light 
relationships at varying extraceIlular Ca2 + con­
centrations in the hypertrophied fibers were not 
shifted from the control curves, indicating that 
the potency of calcium as an agonist (wh ich 
reflects in part the Ca2+ sensitivity of the 
myofilaments) was similar in the two groups of 
animals. The marked difference in the efficacy of 
Ca2+ in the two groups (as reflected by the 
maximum isometrie tension response to Ca2+) 
appears to be due to a lesser ability of the hyper­
trophied papillary muscIes to generate force at 
any given [Ca2+}o. This difference may be 
caused by factors not directly studied in our 
experiments, such as a decreased ability of the 
hypertrophied fibers to form cross-bridges or to 
changes in the morphometry or energetics of the 
cell. They do not appear to be due to changes in 
availability of intraceIlular Ca2+ for activation 
of the myofilaments or in the sensitivity of the 
myofilaments to Ca2+. Our aequorin data also 
argue against an increase in the Ca2+ affinity 
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FIGURE 11-2. Time Course of the Aequorin Light 
Signals (upper panels) and Tension Responses (lower 
panels) in Control (open circles) and Hypertrophied 
(filled circles) Ferret Papillary Muscles. Concentration­
effect curves for calcium are shown with regard to 
time to peak light (TPL), time to peak tension 
(TPT), time to 50% decline from peak light 
(T50%L), time to 50% decline from peak tension 
(T50% T), time to 80% decline from peak light 
(T80%L), and time to 80% decline from peak ten­
sion (T80%T). (From Gwathmey and Morgan [7], 
with permission.) 

FIGURE 11-3. Coneentration-Response Curve for 
Ca2+ in Control (open eircles) and Hypertrophied 
(filled eircles) Ferret Papillary Muscles. The peak 
isometrie tension developed at 3-seeond intervals of 
stimulation is plotted on the ordinate in mN/mm2 of 
cross-seetional area. The millimolar calcium eoncen­
tration in the perfusate is plotted in the abseissa. 
(From Gwathmey and Morgan [7], with permission.) 
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FIGURE 11-4. Coneentration-response eurve to 
Ca2+ in papillary musdes from eontrol (open eirdes) 
and hypertrophied (filled eirdes) ferrets. The left 
panel shows the isometrie tension response at 3-
seeond· intervals of stimulation displayed as a pereent 
of the maximum tension response. The right panel 
shows the peak light response at 3-second intervals of 
stimulation represented as a pereent of the maximum 
light response. (From Gwathmey and Morgan [7}, 
wich permission.) 

of troponin-C as a potential cause of slowed 
relaxation in the hypertrophied preparations. 
Interventions that would be expected to decrease 
the off-rate of Ca2+ from its binding sites on 
troponin-C have been reported to abbreviate the 
duration of the aequorin signal {17, 18}, in 
contrast to our hypertrophied preparations in 
which the duration of the aequorin signal was 
prolonged. On the other hand, it is possible that 
a prolongation of the Ca2+ transient resulting 
from abnormal calcium handling by intracellu­
lar stores could be of large enough relative 
magnitude to override and mask the effects of a 
change in the Ca2+ affinity of troponin-C. 
However, at the very least, our data indicate 
that a change in the Ca2 + affinity of troponin-C, 
if it occurs, is a less important determinant of 
the dura ti on of isometrie contraction in this 
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model of hypertrophy than changes in SR han­
dling of calcium. 

To summarize our studies with this model, 
our results indicate that the decreased amplitude 
of the peak isometrie tension response recorded 
in the hypertrophied muscles is not due to a 
decreased availability of intracellular Ca2+ for 
activation of the myofilaments or to a decrease in 
the sensitivity of the myofilaments to Ca2+. On 
the other hand, the prolonged time course of 
contraction and relaxation in the hypertrophied 
muscle correlates weIl with a similar prolonga­
tion of the calcium transient. We conclude, 
therefore, that changes in intracellular calcium 
handling can account for some but not all of the 
contractile changes seen in this ferret model of 
pressure-overload hypertrophy. 

Model II: Changes in the Thyroid State 
Thyroid hormone induces the development of 
cardiac hypertrophy and alters the contractile 
state of cardiac muscle; the change in the con­
tractile state is characterized by an increase in 
the velocities of contraction and relaxation [l9}' 
It has been suggested that thyroid hormone may 
affect contractility by altering the cellular 
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control of Ca2 +, an important second messenger 
in excitation-contraction coupling {20}. The 
thyroid state has been shown to influence the 
function of isolated cardiac SR. An increase in 
the rate of calcium uptake and adenosine tri­
phosphate (ATP) hydrolysis by isolated cardiac 
SR has been demonstrated in the hyperthyroid 
state {21, 22}; in contrast, other investigators 
have described a diminished rate of calcium 
uptake by isolated cardiac SR foIlowing thyro­
xine treatment {23, 24}. Using the photo­
protein aequorin, intracellular calcium levels 
during contraction and relaxation of cardiac 
muscle from hyperthyroid and euthyroid animals 
have been measured {25}. The results indicate 
that calcium handling in intact cardiac muscle is 
altered by the hyperthyroid state. 

Nine 12-week-old male ferrets were injected 
subcutaneously with L-thyroxine, 0.3 mg/kg, 
daily for aperiod of 2 to 3 weeks. Eight age­
matched control animals were either injected 
with vehicle for the same period of time or were 
not injected. There were no differences between 
the injected and noninjected controls. Hyper­
thyroid animals stopped gaining weight, where­
as control animals continued to grow. Pre- and 
post treatment weights in grams (±SD) were, 
respectively, 983 ± 184 and 1159 ± 145 for 
the controls and 983 ± 88 and 954 ± 103 for 
the hyperthyroid animals. The mean heart 
weight in grams (±SD) and mean heart weightl 
body weight ratio (±SD) were 4.10 ± 0.19 
and 0.0038 ± 0.0002 for the controls and 5.04 
± 0.53 and 0.0053 ± 0.0006 for the hyper­
thyroid group, wh ich is consistent with cardiac 
muscle hypertrophy as has been previously 
described during the development of the hyper­
thyroid state {26}. Right ventricular papillary 
muscle from control and hyperthyroid animals 
were prepared for aequorin studies exactly as de­
scribed for the animals with pressure-overload. 

The maximum tension achieved during iso­
metrie contraction was not altered by the hyper­
thyroid state (Table 11-2). The duration of 
contraction was abbreviated in muscles from 
hyperthyroid animals as indicated by a dirn in­
ished time-to-peak tension and time to 80% 
relaxation from peak tension (Figure 11-5, 
Table 11-2). The time course of the calcium 
transient was also briefer in the thyroxine­
treated ferrets. The relatively slow rate of 
aequorin's response to a change in calcium 
concentration means that during the rapid rise 
phase of the Ca2+ transient the signal does not 

follow the true calcium concentration with 
fidelity {25}. Nevertheless, the rise phase of the 
calcium transient was detectably steeper in the 
hyperthyroid animals than in the controls. The 
decay phase of the calcium transient was 
markedly steeper in muscle from the hyper­
thyroid animals. The fractional luminescence 
{9}, LI Lmax> where L is the aequorin lumine­
scence at the peak of the calcium transient and 
Lmax is the maximum luminescence, was the 
same for the control and hyperthyroid animals 
(see Table 11-2). If cytoplasmic calcium con­
centration gradients at the peak of the calcium 
transient are similar in magnitude in both 
groups of animals, the equal LlLmax values 
indicate that the peak average cytoplasmic 
calcium concentration during contraction in 
cardiac muscle is not changed by the hyper­
thyroid state. 

It is weIl established that the maximum rates 
of isometrie tension development and relaxation 
in cardiac muscle are increased in the hyper­
thyroid state {27}. In a cross-species study of 
skeletal muscle, Barany showed that the myosin 
ATPase activity correlated with the speed of 
muscle shortening {28}. It has been shown in 
several species that thyroid-hormone treatment 
results in stimulation of cardiac muscle myosin 
ATPase {26}. In the rabbit heart, thyroxine 

TABLE 11-2. Charaeeeriseies of ehe Isometrie 
Contraeeion and ehe Calcium Transient in Cardiae Muscle 
from Contral and Hyperehyroid Ferrees" 

Hyperthyroid 
Control (n = 8) (n = 9) 

T(mN/mm2) 15.4 ± 7.2 16.2 ± 7.9 
TPT (msee) 196 ± 23 153 ± 17* 
RToH (msee) 171±21 123 ± 16* 
TPL (msee) 56 ± 6 47 ± 5* 
RLo.H (msee) 93 ± 7 66 ± 6* 
Log ULmax -3.3±0.1 -3.4 ± 0.3 

(n = 4) (n = 3) 

# All values are expressed as mean ± standard deviation ("P ± 
0.002). T is the peak isometrie tension in mN/mm 2 of muscle 
cross sectional area. Time ro T (TPT) and time to an 80% relaxa­
tion from T (RTo.H) are measured in milliseconds. The time from 
stimulation to the peak of the calcium transient (TPL) and time ro 
an 80% decay of the calcium transient (RLoH) are also measured 
in milliseconds. LI Lm ", represents the ratio of the aequorin 
luminescence at the peak of the calcium transient over the Lm " for 
the muscle that was calculated as described in the methods. 
Experiments were performed at 30°C, except for the measurement 
of ULm ", which was performed at 22°C (From MacKinnon and 
Morgan (25), with permission.) 



11. CARDIAC HYPERTROPHY 103 

A.CONTROL 

20~~2 

T----f 
L""",,,_ 

~--------------------

c. 

______ J~~ ________________ __ 

100ms 

5nA 

FIGURE 11-5. Isometrie tension (T) and calcium 
transient (L) in the ferret papillary muscle. Tension is 
reported in units of mN/mm2 . The calcium transient 
is reported as nA. Signal averaging was used ro 
increase the signal-ro-noise ratio. The time from the 
start of the trace to the stimulus artifact is 100 ms. 
The muscle was from a control ferret (A) and from a 
thyroxine-treated ferret (B). In C, the calcium 
transients from A and B have been scaled ro an equal 
amplitude and superimposed. Note the different 
time scale in C. (From MacKinnon and Morgan (25}, 
with permission.) 

induced the VI myosin isozyme, and the relative 
amount of this myosin correlated with the speed 
of muscle shortening {29}. However, in the rat, 
thyroid hormone does not stimulate myosin 
ATPase, yet it does produce a velocity-related 
contractile change [30}. This suggests that there 
are other mechanisms that determine the rate of 
contraction ano relaxation in cardiac muscle. 

The experiments in aequorin-Ioaded muscles 
show that the cellular control of cytoplasmic 
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calcium concentration is altered by thyroid 
hormone. These results are consistent with the 
previous demonstration that the function of 
cardiac SR is influenced by the thyroid state. 
The faster rate of rise of the calcium transient 
in hyperthyroid animals could result from a 
thyroid hormone--induced increase in either the 
quantity of SR membrane, the calcium-con­
ductance during the release phase, or the trans­
membrane calcium concentration gradient prior 
to release. Ir is likely that several factors con­
tribute to the decline phase of the calcium 
transient, including the buffering of calcium by 
intracellular binding sites, removal by sar­
colemmal mechanisms, and sequestration by the 
SR. The most important of these is probably the 
uptake of calcium by the SR [31}; The aequorin 
studies have clearly demonstrated that the 
decline phase of the calcium transient is acceler­
ated by the hyperthyroid state. Because the 
removal of calcium from troponin-C is felt to 
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be a necessary condition for the relaxation 
of cardiac muscle, it follows that the calcium 
transient in the hyperthyroid state favors a more 
rapid relaxation. Our present description can 
only be qualitative, however, because a quanti­
tative description of the relationship between 
the time course of the calcium transient and the 
tension response awaits more detailed knowl­
edge of the events that translate a change in 
cytoplasmic calcium concentration into a change 
in force generation. 

To summarize our studies with this model of 
hypertrophy, the hyperthyroid state results in a 
more rapid rise phase and decay phase of the 
calcium transient without apparently altering 
the peak level of free myoplasmic Ca2+ reached 
during contraction. The alteration of the control 
of intracellular calcium may represent an impor­
tant mechanism by wh ich thyroid hormone 
alters the mechanical properties of cardiac 
muscle, although other "downstream" mechan­
isms (such as a change in myosin isoenzymes) 
{32} may be important as weIl. 

Models III and IV: Hypertrophy 0/ 
Human Heart Muscle 
Specimens consisting predominantly of left and 
right ventricles without atria were obtained 
from 15 patients with end-stage biventricular 
failure undergoing cardiac transplantation for 
dilated cardiomyopathy (idiopathic, n = 6; 
ischemic heart disease, n = 6; myocardial 
deterioriation after mitral valve replacement, n 
= 1). Dilated hypertrophie hearts (weight 
387-750 gm) were removed from 12 men and 
one woman, aged 33 to 58 years. To serve as 
controls, hearts free of gross pathology were 
obtained from six male and three female organ 
donors, aged 15 to 58 years, who died from 
noncardiac causes. Informed consent was ob­
tained from all recipients and from the families 
of all prospective brain-dead organ donors, 
before transplantation or excision [33}. 

After the heart was removed from the thoracic 
cavity, the left and right ventricles were opened 
and experimental tissue was excised and placed 
into a container of oxygenated physiologie salt 
solution at room temperature . Thin trabeculae 
carneae of less than 1.2 mm in diameter were 
sel~cted for study. The muscles were subse­
quently handled exactly as described for ferret 
papillary muscles in the previous sections. 

Histologie examination of trabeculae carneae 
from the two groups documented that a sub­
stantial degree of compensatory hypertrophy 
was present in the hearts of patients with end­
stage failure. 

Figure 11-6 shows the light signal (i.e., 
intracellular Ca2+ transient), isometrie twitch, 
and action potential recorded with an aequorin­
loaded muscle from a control patient without 
heart failure; Figure 11-7 shows similar trac­
ings from a patient with dilated cardiomyo­
pathy. Compared co the controls, the myopathie 
muscles showed a prolongation of isometrie 
tension development with a marked delay in re­
laxation and a corresponding prolongation of the 
Ca2+ transient. The light signal recorded from 
the control muscle in Figure 11-6 consisted of a 
single component that rose co a peak and then 
declined towards baseline before peak tension 
was reached. Similar aequorin signals have been 
recorded from nonfailing atrial and ventricular 
muscle {34} and appear to be typical of mam­
malian working myocardium [lO}. In contrast, 
the light signals recorded from the myopathie 
muscles were not only prolonged compared to 
the controls but consisted of two temporally 
distinct components (LI and L2 , Figure 11-7). 
L2 was minimal or absent in control preparations 

CONTROL 

k"" ......... . . ....,., 82.2 nA 

1\_ I 24mN/mm2 
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FIGURE 11-6. The aequorin signal (lIpper panel) and 
the isometrie twiteh (middIe panel) reeorded in a 
trabeeula from a patient withour eardiae disease. The 
action potential (fower panel) was reeorded in a 
different trabeeula from the same heart under the 
same experimental conditions. 
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FIGURE 11-7. The aequorin signal (upper panel) 
isometrie tension (middie panel), and action potential 
(lower panel) recorded in a trabecula from a patient 
with end-stage heart failure. LI and L2 indicate the 
two components of the aequorin signal. 

FIGURE 11-8. A. Aequorin signal and tension re­
sponse in a small septal-based papillary muscle from 
a patient who underwent partial septectomy for 
idiopathic hypertrophie subaortic stenosis (35 gm of 
tissue removed). Stimulus interval = 4 seconds; 64 
signals were averaged. B. Same muscle after addition 
of verapamil. Note that verapamil decreases the 
amplitude of the Ca2+ transient but does not change 
its prolonged time course, suggesting that the 
underlying abnormality in Ca2+ handling persists. 
However, the time course of the contractile response 
is returned towards normal. (From Morgan and 
Morgan (lO}, with permission.) 

A 

CONTROL 

0.55 

B 

but was prominent in all of the myopathie 
muscles. These data indicate that the prolonged 
contraction of myopathie muscle in vitro as weIl 
as the myoeardial relaxation abnormalities ob­
served in patients with dilated eardiomyopathy 
{35] appear to eorrelate with ehanges in intra­
eellular Ca2+ handling. Similar abnormalities 
oeeur in the duration of the isometrie twiteh, 
action potential, and Ca2+ transient reeorded 
from trabeeulae earneae of patients with hyper­
trophie eardiomyopathy {lü] (Figure 11-8). 
These findings were present whether {36] or not 
{lü] clinieal signs of heart failure were present. 

Although the mechanisms responsible for the 
generation of LI and L2 are eurrendy being 
investigated in our laboratory, the funetional 
signifieanee of the prolonged twiteh is clearly 
shown in Figure 11-9. Note that at longer 
intervals of stimulation, eomplete relaxation 
oecurs between twitehes of this hypertrophied 
trabeeula from a patient with dilated eardio­
myopathy. However, at faster rates of stimula­
tion, fusion oeeurs in the hrrertrophied muscle, 
and both end-diastolic [Ca ]i and tension rise. 
This effeet is not observed in nonhypertrophied 
eontrol preparations. The fusion phenomenon is 
exacerbated br interventions that inerease in­
traeellular Ca +, such as elevated [Ca2+]o or 
digitalis; it is diminished by agents that inerease 
the rate of uptake of Ca2+ by the SR, includfng 
beta-adrenergie agonists and the adenylate ey­
clase aetivator forskolin. Note also that, not 
only does end-diastolie tension rise at the faster 
rates of stimulation, but peak aetive tension 
declines as the frequency approaches more 
physiologie rates. Assuming that a similar phe-
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nomenon occurs in vivo, these data indicate that 
failure of the hypertrophied human heart may 
be largely due to impaired diastolic function. 

Summary 
In summary, these studies show that hyper­
trophy in four different disease states may be 
associated with a variety of alterations in the 
intracellular Ca2 + transient. In general, hyper­
trophy-induced changes in the amplitude and 
time courses of the Ca2+ transient correlate with 
similar changes in the mechanical twitch. 
However, additional factors altering the Ca2+ 
sensitivity of the contractile apparatus and 
cardiac and extracellular structural changes also 
appear to be important. 
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Over the past 15 years, the primary goal oE our 
physiology laboratory has been to improve the 
understanding of basic myocardial function in 
both normal and diseased hearts. Very early in 
our studies, it became evident that existing 
descriptors of myocardial performance were 
deficient, and initial efforts were expended to 
develop basic models of ventricular geometry, 
diastolic properties, and systolic function. Later 
work has been directed toward applying these 
models to the study of pathophysiology in 
ischemic heart disease and chronic volume 
overload. Although this investigation is still in 
progress, enough information is currently avail­
able to provide insight into basic aspects of 
diastolic myocardial function, to propose several 
hypotheses on how the heart adapts to clinical 
heart disease, and to provide direction for future 
clinical investigation of myocardial mechanics 
in humans. This chapter will review these topics 
primarily through publications from our labora­
tory, each of wh ich contains full references. 

Proper Measurement 0/ 
Diastolic Properties 
A detailed review of diastolic mechanics in the 
intact left ventricle has been published else­
where [l} . For the purposes of this chapter, 

Supported by NlH Grants HL09315, HL29436, and 
HL17670. 
Grossman, William, and LorelI, Bever/y H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Pub/ishing. All rights reserved. 

diastole will be defined as that portion of the 
cardiac cycle in which all mechanical influences 
of systolic contraction are absent. In effect, this 
definition excludes relaxation characteristics, 
which are covered in other seetions of this book. 
In the normal dog heart relaxation is essentially 
complete by the first diastolic minimum of left 
ventricular pressure, and half of rapid filling is 
accomplished during late relaxation before this 
pressure minimum {2, 3}' There is now evi­
dence that active restorative forces associated 
with relaxation assist rapid filling during this 
period {4}, and it is also clear that under patho­
logie conditions such as "demand ischemia," 
severely prolonged relaxation can limit ventricu­
laI "distensibility" throughout the filling period 
{5}. From our definition, however, this phenom­
enon would represent continuous systole, with 
the myocardium never reaching the completely 
relaxed state. Because the physiology of relaxa­
tion is reviewed in detail elsewhere, this chapter 
will concentrate instead on the mechanics of the 
fully relaxed phase, wh ich we define as diastole. 

Most would agree that diastolic properties are 
difficult to quantify in the closed-chest subject; 
it requires very precise measurement techniques 
as weIl as valid analytical models. Commonly 
overlooked factors necessary for acquiring mean­
ingful data include: (1) assessment of intra­
thoraeie press ure and calculation of transmural 
pressure in the closed ehest state, (2) acquiring 
data over the full physiologie range of ventri­
cular . volumes, (3) employing an exponential 
elastic model in calculating compliance coeffi­
cients, (4) including only diastatic data to 
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minimize viscous effects during rapid filling, (5) 
accounting for ventricular interaction and peri­
cardial inffuences, and (6) properly normalizing 
forces and dimensions to account for differences 
in ventricular geometry. 

The importance of intrathoracic pressure or 
the force external to the heart is illustrated in 
Figure 12-1, which depicts data recorded from 
a closed chest conscious dog during deep in­
spiration. Although all intrathoracic pressures 
fall markedly with inspiration, the decline in 
intracavitary left ventricular pressure is always 
inappropriate for ventricular dimensional alter-

FIGURE 12-1. Multiple cardiac dimension and pres­
sure measurements from a conscious dog during deep 
inspiration. While intracavitary ventricular pressures 
fall during inspiration, transmural end-diastolic 
ventricular pressures increase, consistent with the 
changes in end-diastolic volumes [6]. 

ations; this apparent inconsistency is negated by 
subtracting intrapleural pressure from intracevi­
tary values to calculate transmural left ventri­
cular press ure [3, 6-8}. Measuring external 
press ure in humans poses a substantial problem 
but is just as important, because the absolute 
magnitude of diastolic ventricular pressure is on 
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FIGURE 12-2. Diastolic left-ventricular transmural 
pressure-volume measurements from a conscious 
dog during vena caval occlusion. Diastatic points 
(open eire/es) were fitted with equation 12.1 to gen­
erate the static pressure-volume curve (dashed fine). 
Pressure-volume data during rapid filling and atrial 
systole lie above the static relationship because of 
viscous effects [l, 3}. 

the same order as fluctuations in intrathoracic 
pressure with varying patterns of respiration. 
Under usual conditions, pericardial restraint 
probably is minimal, and simply measuring 
intrathoracic pressure will suffice (9}. Perhaps in 
future studies, the left pleural space could be 
cannulated anteriorly with a small introducer, 
and a 3F micromanometer could be passed to lie 
external to the left ventricular region of pericar­
dium. Such a procedure should have negligible 
morbidity in humans and would provide the 
precision of transmural press ure measurements 
that is so critical for valid assessment of diastolic 
properties. 

The next factor of importance is acquiring 
pressure and volume data over the full physio­
logic range. Figure 12-2 shows diastolic pres­
sure-volume measurements over several dynamic 
diastoies during a transient vena caval ocdusion 
in the conscious dog. With ocdusion of the 
venae cavae, the heart rapidly empties over 15 to 
20 seconds to an unstressed volume (Vo), at 
which the diastolic transmural filling press ure is 
very dose to zero mm Hg. From inspection of 
the data, it is obvious that simply fitting a 
single diastole with any sort of model would 

yield an estimate of elastic properties very dif­
ferent from that obtained from the entire range 
of data. Thus, a wide range of measurements is 
critical. Transient vena caval ocdusion may be 
the ideal method for varying ventricular volume 
in humans, because it produces negligible myo­
cardial ischemia (Figure 12-3) and correlates 
weIl with steady-state information as seen in 
Figure 12-4 (9, 1O}. A transient vena caval 
ocdusion 05-20 seconds) is potentially safer 
than drug interventions for human application 
because of the very brief nature of the hemo­
dynamic perturbation. FinaIly, the technique is 
more effective in generating a wide range of 
pressure and volume data which is so essential. 
Vena caval ocdusion as a catheterization labora­
tory procedure should be investigated as a rou­
tine adjunct to diagnostic cardiac catheteriza­
tion (11}. 

As with most biologic tissues, the relation­
ship between diastolic ventricular pressure (P) 
and volume (V) or between myocardial force 
and length in the intact heart is exponential 
(Figures 12-2, 12-5). As such, some sort of ex­
ponential model must be used to describe the 
relationship numericaIly, and a modification of 
the equation formulated by Glantz has been 
ideal for this purpose: 

{ v- V,,} 
P = a(e ~v;;- - 1), 

where a and ß are elastic coefficients. This equa­
tion is appropriate for the intact heart because 
measured ventricular diastolic transmural pres­
sure consistently has been found to be zero at a 
finite Vo, and the formula predicts this physiol­
ogy. Diastolic properties can be quantified by 
the exponential elastic coefficients, a and ß, and, 
using standard nonlinear statistical routines {I, 
3, 14}, differences can be assessed objectively. 

During rapid diastolic filling or atrial systole, 
measured ventricular press ure is always higher 
than predicted by the simple exponentially 
elastic relationship (Figure 12-2). This finding 
probably relates to viscous effects, where addi­
tional increments in press ure are required to 
stretch the musde and to overcome internal 
frictional forces (1, 3, 15}. These viscous forces 
in the intact ventride are approximately propor­
tional to the myocardial lengthening rate and 
are most prominent during periods of dynamic 
filling. From a practical viewpoint, these effects 
are relevant to the measurement of diastolic 
properties and need to be considered in some 
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way. The simplest technique involves omitting 
dynamic data from the analysis and fitting only 
diastatic measurements (dLidt <5 %/second) 
with the Glantz equation as shown in Figure 
12-2. 

To a certain extent, the cardiac ventricles 
function as a single unit during both systole and 
diastole [14}. Increasing right ventricular dia­
stolic pressure and volume relative to the left 
ventricle shifts the interventricular septum left­
ward and alters left ventricular geometry (see 
Figure 12-1). The end result is a higher left 
ventricular diastolic transmural pressure at a 
given volume, or an apparent upward shift of 
the diastolic compliance curve (Figure 12-6). 
Thus, it is essential to minimize differential 
changes in right and left ventricular volumes 
(such as during inspiration) as data are recorded, 
and again the best method for accomplishing 
this goal is transient vena caval occlusion. 
Because the right ventricle empties rapidly at 
initiation of the occlusion, subsequent changes 
in left ventricular pressure and volume represent 
almost pure left ventricular physiology, devoid 
of interactive effects. Pericardial influences on 
ventricular filling under stable physiologie con­
ditions probably are minimal and need not be 
considered f9}. However, the physiology in 
pathologie or acutely stressed situations is less 
clear. 

The final factor to be considered is proper 
normalization of force and dimension data [1, 
3, 16}. When dealing with different hearts or 

FIGURE 12-3 . Ventricular dimensions, pressure, 
and coronary flow data from a conscious dog during a 
20-second vena caval occlusion and during a 5-second 
coronary occlusion. Induced ischemia (as assessed by 
reactive hyperemia) from the vena caval occlusion is 
approximately equivalent to a 5-second coronary 
occlusion (1). 
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FIGURE 12--4. Left ventricular preload-recruitable 
stroke work relationships obtained in the isolated­
perfused heart during steady-state decrements in 
end-diastolic volume (e/osed eire/es) and during simu­
lated dynamic vena caval occlusion (open circles). The 
ventricle was emptied over 20 seconds during the 
simulated vena caval occlusion. Left-ventricular func­
tion data derived from dynamic decrements were not 
different from steady-state data (10) . 
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FIGURE 12-5. A. Dynamic left-ventricular pressure­
volume loops obtained in the conscious dog during 
vena caval occlusion with data digitized at 200 Hz. 
B. Preload recruitable stroke work and diastolic 
pressure-volume curves [l7}. 
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(12.2) 
with ventricles that are ehanging geometrie 
eharaeteristies with time, pressure and dimen­
sion measurements must be eonverted to wall 
stress (0) and strain (E). Our group generally 
uses the ellipsoidal modifieation of Laplaee' s law 
to calculate stress: 

where rb is minor axis midwall radius, ra is 
major axis radius, and h is wall thiekness. The 
Lagrangian strain formula is used to normalize 
dimensions: 
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C-Co 
E=--

CO ' 
(12.3) 

where ( is the instantaneous minor axis mid­
wall circumference and (0 is the unstressed 
circumference at 0 mm Hg diastolic transmural 
pressure. After conversion of pressures and 
dimensions to stress and strain, normalized 
myocardial elasticity can be calculated from 
equation 12.1, and myocardial properties of 
hearts with differing ventricular geometry can 
be compared. 

An example of this principle is given by 
chronic volume overload [16}. After 1 week of 
a large aortocaval shunt in the conscious dog, 
significant ventricular dilatation and hyper­
trophy are evident (Figure 12-7). Inspection of 
the diastolic pressure-volume curve (Figure 
12-8A) reveals a rightward shift of the relation­
ship or an apparent increase in ventricular 
chamber compliance. To assess alterations in 
myocardial properties, however, measurements 
must be normalized for differences in chamber 
geometry. In fact, when diastolic stress-strain 
relationships are computed, the opposite result 
is evident (Figure 12-8B), and the diastolic 
curve is shifted to the left, suggesting a decrease 
in myocardial compliance. This simple example 
illustrates how important geometrie normaliza­
tion would be to proper interpretation of human 
pathophysiology. 

A U nified Approach to Quanti/ication 0/ 
Ventricular Function 
In many respects, focusing exclusively on dia­
stolic properties is misleading, because diastolic 
physiology is inextricably dependent on systolic 
function and vice versa. In fact, diastolic and 
systolic characteristics probably have a common 
basis at the level of the sacromere as outlined 
in the next section. To discuss diastolic and 
systolic function simultaneously, our group has 
devised the analysis shown in Figure 12-5. Raw 
digital pressure-volume loops from a conscious 
dog are shown in panel A for cardiac cycles 
during a vena caval occlusion. In panel B, the 
area of each pressure-volume loop is computed 
as net stroke work, and graphie analyses of 
systolic and diastolic function are illustrated on 
the same volume scale. The diastolic pressure­
volume curve defines the chamber compliance 
chara.tteristics, while the stroke worklend-
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FIGURE 12--{j. Diastolic left ventricular (LV) pres­
sure-volume relationships obtained in a conscious 
dog during expiration (e/osed eircles) and deep inspira­
tion (open eire/es). Inspiration and leftward septa! 
shifting (see Figure 12-1) were associated with an 
upward shift of the relationship {6}. 

diastolic volume or preload-recruitable stroke 
work (PRSW) relationship quantifies systolic 
function [17}. Specifically, the diastolic com­
pliance curve determines the end-diastolic 
volume that is achievable with a given filling 
pressure, and the PRSW relationship defines the 
systolic external energy expenditure that is 
possible from a given end-diastolic volume. The 
slope of the PRSW curve is afterload-insensitive 
and responsive to changes in myocardial inotro­
pism, while the x-intercept is approximately 
equivalent to diastolic Vo 'or the unstressed 
volume [17, 18}. From the pathophysiologie 
viewpoint, Vo is in many respects the most 
relevant diastolic parameter, so that the PRSW 
curve alone provides a relatively complete and 
simultaneous assessment of diastolic and systolic 
function. 

Pathophysiology 0/ Myocardial Ischemia 
Myocardial compliance seems to be relatively 
passive and unaffected by acute pharmacologic 
interventions under normal conditions [1, 3, 
19}. During acute ischemia, however, very 
rapid and pi'ofound chariges occur in diastolic 
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occlusion during control conditions (left set o/loops) 
and after an acute coronary occlusion (right loops). 
Collapse of the work loops and shifting co the right of 
the diastolic press ure-segment length relation are 
evident during ischemia [22}. 

properties, characterized by an increase in f o 
and a shift to the right of the diastolic com­
pliance curve (Figure 12-9). This phenomenon 
has been termed ischemic-induced diastolic creep 
{20}. Normalizing dimensions for the increase 
in Co produces an upward shift of the diastolic 
pressure-strain relationship or a diminished 
compliance. Ischemic diastolic physiology can 
be described either by change in f o or by 
alterations in the compliance coefficients, be­
cause the two parameters seem to be propor­
tional. For practical purposes, simply assessing 
the changes in f o provides a reasonably quanti­
tative index of functional ischemic injury {21, 
22}. 

Ischemic myocardial creep is characterized 
ultrastructurally by an overstretching of the 
sarcomere and the appearance of prominent 1-
bands (21}. Interestingly, reversal or recovery 
of the diastolic creep abnormality seems to be 
directly associated with recovery of systolic 
function (Figure 12-10), again suggesting a 
common ultrastructural basis. As opposed to 
normal conditions, pharmacologic interventions 
after ischemic injury acutely alter diastolic pro-
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FIGURE 12-lO. Myocardial function data obtained 
from eight dogs before and for 24 hours after a 15-
minute coronary occlusion {21}. Depression and 
recovery of syscolic function (change in segment 
shortening and stroke work) seemed co be directly 
related co the degree of diascolic creep (change in 
Co). 

perties (23}, while simultaneously producing 
a directionally similar and proportional effect 
on recovery of systolic function. This finding 
further substantiates the integral association 
of ischemic diastolic and systolic performance, 
with alterations in both perhaps reflecting a 
common ultrastructural factor such as sarco­
mere overstretching or abnormalities in actin­
myosin cross-bridge registration (21}. 

A convenient method of simultaneously 
quantifying diastolic and systolic ischemic dys­
function is illustrated in Figure 12-11A. Ische-
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mia alters the PRSW relationship both by 
increasing f o (diastolic effects) and by decrea­
sing the slope (systolic effects). Both alterations 
are associated with reduced work capacity and 
can be described simultaneously by changes in 
the area under the PRSW curve. A typical plot 
of myocardial functional recovery (PRSW area) 
after reversible ischemic injury is shown in 
Figure 12-1IB. This model has been useftil in 
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FIGURE 12-11. A. Regionalleft-ventricularpreload­
recruitable stroke work (PRSW) data obtained in the 
control state, during a 15-minute coronary occlu­
sion, and at various times (0-24 hours) after 
complete reperfusion (panel A). Ischemia produced 
a rightward shift in the x-intercept and a decrease 
in PRSW slope (evident in line 0 at the start of 
reperfusion) which required 24 hours to recover. B. 
PRSW area data from eight dogs obtained during ehe 
same protocol, illuserating ehe time course of func­
tional recovery after reversible ischemic injury [22}. 

assessing the precise effects of hemodynamic 
interventions designed to alter recovery of myo­
cardial function after ischemic injury (24}. In 
summary, alterations in diastolic mechanical 
properties and changes in f o play a significant 
role in the pathophysiology of myocardial dys­
function during acute ischemia and reperfusion. 

Chronic Volume Overload 
As described elsewhere [16, 25}, volume over­
load acutely increases diastolic ventricular pres­
sure and stroke volume. Cardiac output is 
maintained by a combination of Frank-Starling 
reserves (increasing end-diastolic volume) and 
inotropic reserves induced by sympathetic 
reflexes. The chronically elevated diastolic pres­
sure, however, produces a time-dependent in­
crease in diastolic ventricular dimensions at ° m Hg transmural pressure, which also can be 
defined as creep. As opposed to ischemic creep, 
however, dimensional lengthening in volume 
overload is associated with an increased number 
of sarcomeres in se ries and parallel along with 
more normal sarcomere morphology {26}. The 
mechanism of this phenomenon is unclear but 
two hypotheses are possible. First, myocardial 
and sarcomere overstretching may occur at a 
very early stage, increasing systolic wall stress 
at a given press ure by altering ventricular geo­
metry. Then, the elevated wall stress may 
stimulate sarcomere replication and the hyper­
trophy process (27-29}. Alternatively, elevated 
diastolic pressure may be a direct stimulus to 
hypertrophy without ever producing an "over­
stretched" state. Whichever mechanism is opera­
ative, hypertrophy in volume overload tends to 
produce wall thickening proportional to cir­
cumferential lengthening and to maintain a 
normal relationship between ventricular pres­
sure and mural stress (Figure 12-12). This 
finding is characteristic of the "compensated" 
phase of adaptation, and several authors have 
postulated that inadequate hypertrophy, ex­
treme geometric alterations, or both may be 
operative during the end-stage or decompen­
sated phase {30, 31}. Thus, changes in diastolic 
geometry and mechanics playamajor role in the 
adaptation of the heart to volume overload. 

Mechanistic understanding of pathophysiol­
ogy is important, but our final goal is to develop 
measures of myocardial performance that will be 
clinically useful in timing therapeutic inter­
ventions. The physiologic problem in volume 
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overload and valvular heart disease in general is 
differentiating myocardial dysfunction from 
hemodynamic derangements induced by loading 
abnormalities. Clinical symptoms in volume 
overload correlate poorly with prognosis {32], 
and current indices of ventricular function, such 
as ejection fraction, are highly load-dependent. 
Thus, a load-insensitive method of quantifying 
myocardial performance would be desirable. 

FIGURE 12-12. Left-ventricular minor axis midwall 
circumference and wall thickness relationships ob­
tained by vena caval occlusion during control (dosed 
eirdes) and after 1 week of a large aortocaval shunt 
(open eircles). Hypertrophy and dilatation produced a 
shift in the relationship upward and to the right 
(panel A). In panel B, the wall thickening seemed to 
exactly compensate for the increased circumference, 
maintaining the relationship between left ventricular 
press ure and stress constant [1}. 
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FIGURE 12-13. Left ventricular pressure-volume 
loops (panel A), and preload-recruitable stroke work 
and diastolic compliance curves (panel B) during 
control (c/osed symbols) and after 9 weeks of aortic 
valvular regurgitation (open symbols). Data were 
obtained during vena caval occlusion in a conscious 
dog. For clarity, only pre-occlusion pressure-volume 
loops are illustrated for the 9-week study (33). 

To approach this problem, OUf group is CUf­

rently employing a closed-chest chronically 
instrumented dog model of aortic valvular in­
competence, which represents pure left-ven­
tricular volume overload [33}. In Figure 12-13, 
control hemodynamic data are compared with 
those observed after 9 weeks of aortic regurgita­
tion. Raw pressure-volume loops are illustrated 
in panel A, and derived PRSWand compliance 
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curves are shown in panel B. As discussed 
previously, chronic volume overload is asso­
ciated with an increase in Vo and a rightward 
shift of the diastolic pressure-volume relation­
ship. The slope of the PRSW curve, however, is 
well-maintained, signifying a well-compensated 
adaptation. This change would be analogous to 
a reduced ejection fraction from ventricular 
dilatation but with preserved systolic perfor-

FIGURE 12-14. Left ventricular pressure-volume 
loops (panel A) and preload-recruitable strake work 
relationships (panel B) obtained by digital subtrac­
tion ventriculography during a vena caval occlusion 
in man. See text for details . 

mance. Conversely, one might hypothesize that 
decompensation would reduce the slope of the 
relationship and that this parameter would be 
a useful index of intrinsic myocardial perfor­
mance. Normalization of the analysis for chan-
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ges in ventricular geometry and heart rate might 
be necessary and is easily accomplished [l7}. It 
is hoped that either the magnitude of change 
in Vo normalized for body surface area, or the 
slope of the PRSW curve will have prognostic 
significance and c1inical utility. 

It is now possible to make detailed measure­
ments of human myocardial function. Left ven­
tricular pressure-volume loops obtained during 
transient inferior vena caval occ1usion in a 
patient with normalleft ventricular function are 
shown in Figure 12-14A. By pulsing small 
volumes of contrast into the left ventric1e during 
each diastole, 30 seconds of continuous ven­
triculographic data were recorded on a digital 
disc during the course of a balloon occ1usion of 
the inferior vena cava. Left ventricular volume 
was calculated with the digital-subtraction ven­
triculographic technique at 30-msec intervals 
[34}, and intracavitary left ventricular pressure 
was obtained with a high-fidelity micromano­
meter. The data were smoothed with a poly­
orthogonal transformation and expanded to 
5-msec intervals by interpolation techniques. As 
shown in the dog, the human PRSW relation­
ship (Figure 12-14B) seems highly linear, 
although only 40 to 50% of the curve is obtain­
able with isolated inferior vena caval occ1usion. 
This range probably is sufficient to obtain 
meaningful data, whereas the range of end­
systolic pressure-volume points (Figure 12-14A) 
seems inadequate [35}. Moreover, significant 
shifting of both diastolic and end-systolic in­
tracavitary ventricular pressures was observed 
because of minor fluctuations in intrathoraeie 
pressure. Such minor shifting of intracavitary 
pressure occurs despite attempts at stable breath­
holding and c1early limits analysis of diastolic or 
end-systolic properties without intrapleural pres­
sure measurements. Because the stroke work 
calculation is an integrated area of the press ure­
volume loop, however, the PRSW relationship 
is relatively insensitive to minor alterations in 
intrapleural pressure. Therefore, the PRSW 
analysis may prove to be valid in humans from 
assessment of intracavitary press ure measure­
ments alone. Although manual ventriculo­
graphie data reduction is still relatively tedious, 
the future development of automated edge 
detection programs, along with simultaneously 
digitized left ventricular pressure, may simplify 
the analysis complexity and facilitate calculation 
of human pressure-volume and PRSW relation­
ships on a routine basis. Given the physiologie 

advantages of this model {I 7}, application of 
these techniques to future studies of c1inical 
pathophysiology should provide important new 
insights. 

In summary, diastolic myocardial mechanics 
are difficult to measure, but quantitative assess­
me nt is highly plausible with current technol­
ogy. Alterations in diastolic properties play a 
major role in pathophysiology and adaptation of 
the heart to ischemic and valvular disorders. 
With several minor modifications in current 
diagnostic techniques and new approaches to 
functional modeling, quantification of intrinsic 
myocardial properties in humans now is possi­
ble. Such advances could significantly improve 
the care of patients with c1inical heart disease. 
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13. EVALUATION OF TIME COURSE OF 
LEFT VENTRICULAR ISOVOLUMIC 

RELAXATION IN HUMANS 

William E. Craig, )oseph P. Murgo, and Ares Pasipoularides 

Weiss and eoworkers [l} first determined, in an 
open-ehest, right-heart-bypass animal model, 
that left-ventrieular-pressure deeay during iso­
volumie relaxation ean be approximated by a 
monoexponential funetion. Their teehnique re­
quired that the derived or best-fit monoex­
ponential eurve for the press ure data deeay 
asymptotieally toward zero pressure. [l, 2}. 
Subsequent evaluation of the time course of 
pressure fall during isovolumie relaxation has 
questioned whether the monoexponential deeay 
of isovolumie pressure decline should proeeed to 
a zero or nonzero asymptote {3-5}. Inherent in 
this ealculation is the assumption that pressure 
decline during isovolumic relaxation is mono­
exponential. This postulate is empirie and is 
not neeessarily predieated by any physiologie 
meehanism (6}. However, in those eases where a 
monoexponential model applies, ealculation of 
the time eonstant provides a single index wh ich 
eharaeterizes the shape of the press ure eurve 
during isovolumie relaxation. Such an index is 
important if the effeets of relaxation on diastolie 
performance and overall eardiae funetion are to 
be evaluated in diseases such as hypertrophie 
eardiomyopathy and exereise-indueed myoear­
dial isehemia. 

The goal of this ehapter is to deseribe the 
most appropriate ealculation of the time eon­
stant in those instanees where isovolumie pres­
sure deeay ean be fit by a monoexponential 

The views expressed herein are those of the authors and do 
not necessarily reßect the views of the V.S. Department of 
the Army or the V.S. Department of Defense. 
Grossman, William, and LorelI, Beverly H. (eds.J, Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

model. In those instanees, the value of the time 
eonstant should be dependent only upon the 
shape of the isovolumie pressure decline during 
isovolumie relaxation. Additionally, suitable 
methods to assess whether a monoexponential 
model is applieable to the isovolumie press ure 
decline in any given ventricle will be eonsidered. 

Some insight into the diffieulties eneoun­
tered in ealculation of the time eonstant are illus­
trated in Figure 13-1. This figure illustrates­
the problem generated in ealculating the time 
eonstant using a teehnique that apriori requires 
pressure to deeay toward a zero asymptote. 
Panel A displays a data set simulating a mono­
exponential pressure deeay during isovolumie 
relaxation. Panel B illustrates the eurve derived 
from the zero asymptote model that best fits the 
original data points. In Panel C, eaeh point in 
the original data set has been shifted downward 
by a eonstant value, as might oeeur by a change 
in intrathoraeie pressure assoeiated with respira­
tion. It is important to emphasize that the 
shapes of both data sets are identieal and, there­
fore, have identieal deeay rates. However, as 
shown in Panel D, when the time eonstant is 
now ealculated with the same zero asymptote 
model, the best-fit eurve for the new data set 
yields a different value than that obtained in 
Panel B. Therefore, when using the zero asymp­
tote model, a serious problem is eneountered. 
Apparent ehanges in the value of the time 
eonstant may aetually be due only to ehanges of 
intrathoraeie pressure or be the result of other 
interventions that shift the entire left ventrieu­
lar pressure eurve without aetually changing the 
shape of the eurve during isovolumie relaxation. 

Ir is thus imperative that any ealculation of 
the time eonstant depend solely upon the shape 
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or actual rate of press ure decay of the pressure 
curve during isovolumic relaxation. 

Methods 
A monoexponential model that accounts for 
shifts of the entire pressure curve is shown in 
Figure 13-2. This figure iBustrates that any 
given monoexponential decay may proceed to­
ward an asymptote other than zero. In this 
figure, that asymptote is labeled PB and is the 
theoretical baseline pressure toward which the 
monoexponential function decays. This model 
eliminates the apriori assumption that the 
isovolumic portion of left ventricular pressure 
decays toward zero. The equation that now 
describes press ure decay during isovolumic re­
laxation is {3}: 

P(t) = Poe- kr + PB (13.1) 

Po represents the initial value of pressure with 
respect to PB. 

Given this equation to describe isovolumic 
pressure decline, Figure 13-3 illusrrates one 
method of calculating the time constant from 
equation 12-1. As shown, if one takes the first 
derivative of this equation, it is apparent that 
the resulting equation for dp/dt has the same 
exponential decay rate as the original pressure 
equation: 

dp/dt = -kPoe-kr (13.2) 

A semilog plot of the dp/dt equation yields a 
straight line, the slope of which yields the time 
constant (TC). In practice these data are ob­
tained by digitizing the first derivative signal, 
rather than left ventricular press ure itself, and 
then submitting the resultant semilog plot of 
first derivative data with respect to time to a 
least-squares linear regression analysis. It should 
be no ted that aB values for dp/dt must first be 
multiplied by a .. -1," since it is impossible to 
take the naturallogarithm of a negative number. 

The variables Po and PB for a given left 
ventricular pressure curve can be calculated once 
the value of the time constant is obtained. Since 
the press ure curve is given by equation 13.1 and 
k is known, for any given value of t, e- kt can be 
calculated. Left ventricular pressure is read from 
the recorded pressure curve at any t. Thus, for a 
linear relationship between P(t) and the calcula-
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FIGURE 13-1. Schematic illustrating problems with 
zero asymptote model. (A) Simulated pressure data 
points with monoexponential decay. (B) Best-fit 
curve and time constant (TC) obtained from zero 
asymptote model. (C) Each point from panel A 
shifted down by constant value to yield a new data set 
with same monoexponential decay. (D) New best-fit 
curve and time constant when the same zero 
asymptote model is applied as in B. 

---
PB ... 

TIME (t) 

F1GURE 13-2. Monoexponential model accounting 
for possible shifts of entire pressure curve. P(t) 
represents actual pressure at any time (t). PB = 
theoretical baseline toward which monoexponential 
function decays; Po = initial value of pressure 
measured relative to PB; k = variable defining rate of 
decay. 



13. LEFT VENTRICULAR ISOVOLUMIC RELAXATION 127 

-"C -c.. 
"C 

.5 

1 
SLOPE =k=-;V TC 

TIME (t) 

P (t) = Poe -kt +Ps 
dP Idt = -kPoe-kt 

In dP/dt= -kt +In kPo 
(y =-kx+b) 

FIGURE 13-3. Illustration of variable asymptote 
technique to calculate the time constant (TC) from 
equation 13.1. First derivative of equation 13.1 
(dp/dt) yields on equation with the same decay rate, 
but eliminates the constant PB, the theoretical 
non zero asymptote. Thus, the dp/dt curve will 
always decay toward zero but will have the same 
decay rate as the pressure curve. Least-squares linear 
regression analysis from a semilog plot of dtldt vs. 
time yields slope k. Note that all values of dp/dt have 
been first multiplied by "-1". 
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FIGURE 13-4. Representative cardiac catheteriza­
ti on data used to calculate time constant. Aortic 
(AO) and left ventricular (LV) pressures obtained by 
micromanometric techniques. First derivative of LV 
press ure (dp/dt) obtained by electronic differentiation 
at 160 Hz. ECG = electrocardiogram. Paper speed 
was set at 1000 mmlsec. 

ted values of e-kr, Po and PB can be obtained by 
linear regression techniques. 

Once the values of all variables have been 
obtained, how weIl the exponential model fits 
the actual left ventricular press ure data can be 
determined. At any t, the predicted pressure can 
be compared to the actual pressure. lf such a 
comparison is performed for multiple data 

points, then a standard deviation of the actual 
data from the predicted curve can be obtained 
by standard statistical techniques. Ir is impor­
tant to note that the value of this standard 
deviation helps quantify how weIl the exponen­
tial model fits the actual data. 

Figure 13-4 is a representative beat from 
which data were obtained to calculate the time 
constant. Simultaneous left ventricular and 
aortic press ures were obtained by retrograde 
catheterization of the left ventride using micro­
rnanometer techniques. Pressure signals were 
amplified by Honeywell Accudata 143 ampli­
fiers and left ventricular pressure was electroni­
cally differentiated with a Honeywell Accudata 
132 differentiator at a frequency response of 160 
Hz. At this frequency response, the differentia­
tor has a calculated time constant of less than 
1 msec. All data were recorded on a Honeywell 
1858 fiberoptic strip chart recorder at a paper 
speed of 1,000 mmlsecond. Ten consecutive 
beats were analyzed using a Hewlett-Packard 
9864 digitizer. As illustrated in Figure 13-4, it 
is important to note that the onset of isovolumic 
relaxation used for the calculation of the time 
constant was chosen after aortic valve dos ure 
and peak negative dp/dt to avoid transients in 
the signals occurring at the time of valve do­
sure. (7, 8}. The termination of the isovolumic 
relaxation period was defined as that point when 
mitral valve opening occurs, as estimated from a 
simultaneously recorded pulmonary capillary 
wedge pressure (not illustrated in the figure). 
The value of the time constant was then ob­
tained from the least-squares linear regression 
analysis using the semilog plot of dp/dt vs. 
time, as described above. For comparison, some 
time-constant values were also calculated util­
izing the technique described by Weiss and 
coworkers, which assurnes a zero asymptote 
(1, 2}. 

Results 
Figure 13-5 demonstrates that in normal hu­
man ventrides, the monoexponential model is 
suitable for characterizing left ventricular pres­
sure dedine during isovolumic relaxation, and 
that the monoexponential model which does not 
assurne a zero asymptote more accurately fits the 
actual data. Beats analyzed from normal ventri­
des consistently demonstrated a better fit to the 
nonzero asymptote model. 
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Figure 13-6 shows the results of applying the 
time constant calculation to normal ventricles 
using both the zero and nonzero asymptote 
methods {3}. Ten patients with no evidence of 
cardiovascular disease were studied during rest 
and supine submaximal bicycle exercise. Addi­
tionaIly five of the patients were studied during 
isoproterenol infusion. Results were obtained 
using the calculation technique that forces decay 
toward a zero asymptote and by the technique 
that does not assume a zero asymptote. Signifi­
cantly different values of the isovolumic relaxa­
tion time constant were obtained by the two 
techniques in aIl cases, and it is no ted worthy 
that the nonzero asymptote model yields higher 
values. 

Figure 13-7 represents the results obtained in 
a specific subset of patients with coronary artery 
disease (9}. The patients included in this study 
had no prior evidence of myocardial infarction, 
but demonstrated more than 70% obstruction 
of aIl three major coronary arteries on angio­
graphy. They were on no medications at the 
time of catheterization, demonstrated normal 
hemodynamics at rest, and developed abnormal 
diastolic function with exercise, while maintain­
ing normal indices of systolic function. The 
upper panel of Figure 13-7 compares the re­
sponse of left ventricular end-diastolic pressure 
to supine submaximal exercise both in the 
normal and subjects in those with coronary 
artery disease. The bot tom panel of the figure 
compares the corresponding values of the time 
constant, which was calculated using the non­
zero asymptote model. In the normal subjects, 
left ventricular end-diastolic pressure (LVEDP) 
remained normal with exercise, whereas it 
became significantly elevated in the coronary 
artery disease group. The time constant data 
reveal that, although the coronary artery disease 
group had normal time constants at rest, values 
of the time constant failed to show a reduction 
with exercise, as was seen in normal subjects. 

Application of the nonzero asymptote model 
for calculation of the time constant in patients 
with hypertrophic cardiomyopathy (HCM) is 
shown in Figure 13-8 [lO}. The bar graphs in 
this figure show the time constants obtained 
both in normal subjects and in patients with 
HCM as weIl as corresponding values for peak 
positive and peak negative dp/dt. The data in­
dicate that patients with HCM have computed 
time constants that are significantly elevated 
compared to normal subjects at rest and during 
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FIGURE 13-5. Representative example of ventri­
cular pressure during isovolumic relaxation given by 
solid cirdes in upper portion of figure. The left panel 
illustrates the fit of the curve derived from the zero 
asymptote model to actual data points. The right 
panel gives the curve derived from nonzero asymp­
tote model. The lower panels show the residuals 
representing the difference between predicted curves 
and actual data. SD = standard deviation. 
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FIGURE 13-6. Time constants obtained from nor­
mal subjects studied at rest, during supine bicyde 
exercise, and during isoproterenol infusion (lsuprel). 
Hatched bars represent time constants from nonzero 
asymptote model and dear bars the time constants 
from the zero asymptote model. Brackets denote 
standard deviations. 

exercise. These abnormalities do correlate with 
abnormal levels of peak negative dp/dt in 
patients with HCM, although levels for peak 
positive dp/dt are similar to normal. 

Table 13-1 shows the values for the asymp­
tote, PB, as weIl as the time constants obtained 
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FIGURE 13-7. Results of left ventricular end­
diastolic pressure (LVEDP) and time constant (TAU) 
obtained in normal subjeets and a seleet group of 
patients with coronary artery disease (CAD). Subjeets 
were studied at rest (R) and during supine submaxi­
mal bicycle exercise (E). 

when the nonzero asymptote model is applied to 
normal subjeets and patients with HCM. AI­
though the values of PB at rest and exerCise for 
normal subjeets are within the physiologie range 
expeeted for extramural forees, the values of PB 
in HCM are implausible. 

Analysis of the suitability of the monoex­
ponential model for patients with HCM is 
examined in Figure 13-9. This figure is a phase­
plane plot of dp/dt vs. left ventrieular pressure 

T ABLE 13-1. Calculated Time Constants (TC) and 
Values' for the Nonzero Asymptote (PB) Obtained from 
Normal Subjects and from Patients with HCM· 

Normal rest 
HCM rest 
Normal exercise 
HCM exercise 

TC (msec) 

47 ± 2 
81 ± 10b 

28 ± 3 
54 ± 8b 

• ± standard error of ehe mean. 

PB(mm Hg) 

-7.9 ± 0.8 
-28.1 ± 4.2b 

-5.9 ± 1.8 
-24.4 ± 2.8b 

b p < 0.005, compared co normal subjeees. 
HCM = hypererophie eardiomyopathy 
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for an entire cardiac cyde in both anormal 
subject and a patient with HCM. The nonlinear 
relationship during isovolumic relaxation dearly 
indicates the absence of monoexponential decay 
in the patient with HCM as opposed to the 
linear relationship shown in the normal subject. 

Discussion 
Generally , the monoexponential model that 
does not ass urne a zero asymptote more accu­
rately describes the left ventricular press ure 
dedine during isovolumic relaxation. As shown 
in Figure 13-7, the derived best-fit curves, both 
from the zero and the nonzero asymptote 
models, appear to fit the data relatively well. 
However, it is apparent from the residuals and 
standard deviation data shown in the bottom 
portion of that figure that the best fit is obtained 
with the equation that allows press ure to decay 
toward a nonzero baseline. As assessment of the 
residuals, representing the difference between 
actual data points and points on the derived 
curves, provides a direct and sensitive way to 

FIGURE 13-8. Time eonstants and levels of peak 
positive and peak negative dp/dt obtained in normal 
subjects and patients with hypertrophie eardiomyo­
pathy (HCM) studied at rest and during supine 
exereise. Braekets denote standard deviations. 

(dp/dI) -
-.... '"""'"-~~~~ .......... _ -10 tIO 

LVP _11 

FIGURE 13-9. Phaseplane plots of left ventrieular 
pressure (L VP) vs. its eorresponding first derivative 
dp/dt shown from anormal subject and a patient 
with hypertrophie eardiomyopathy (HCM). Data 
from one cardiac eyde are shown for each plot. 
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determine the appropriateness of the mono­
exponential model to the data. Such residual 
plots complement statistical tests of goodness of 
fit that employ correlation coefficients and their 
level of significance. These correlation coeffi­
cients may be very near unity because of the 
limited data available, even when there are 
significant deviations of the actual press ure 
curve from a monoexponential decay. In the case 
of a truly monoexponential decay of left ven­
tricular pressure during isovolumic relaxation, 
the residuals will show only random, minimum 
deviation attributable to experimental noise. 

It is apparent from the data obtained in nor­
mal subjects that the time constants with 
the nonzero asymptote model are significantly 
higher than with the zero asymptote model. 
These higher time constants accrue from the 
negative values of PB. A model that assurnes a 
zero asymptote forces the derived curve to 
decline faster to achieve a zero asymptote, rat her 
than decay at a slower rate to reach a negative 
nonzero asymptote. 

The negative value for PB obtained in normal 
ventricles is within the physiologic range ex­
pected to account for extramural forces on the 
heart. Because these forces are not routinely 
obtained during human cardiac catheterization, 
transmural pressure is not available for cal­
culation of the time constant as it is in the 
open-chest animal model used by Weiss and 
coworkers to calculate the time constant of 
isovolumic relaxation. Thus, utilization of the 
nonzero asymptote model for calculation of the 
time constant is necessary when using clinical 
cardiac catheterization data, and results in a true 
characterization of isovolumic pressure decline 
when this decline is monoexponential. This 
non zero asymptote model will not be affected by 
intrathoracic press ures that may shift the entire 
left ventricular press ure curve without actually 
altering the shape of the isovolumic pressure 
decline. 

The application of the non zero asymptote 
model to a select subset of patients with 
coronary artery disease [9, 14] illustrates that 
the model can be applied to disease states in 
which there is no evidence of gross asynchrony 
[11, 13] or abnormal myocardium. In these 
patients, the monoexponential model is suitable 
for the decay of left ventricular press ure during 
isovolumic relaxation and permits appropriate 
calculation of the time constant. The results 
show that during exercise the elevated LVEDP 

in patients with coronary artery disease correla­
ted with a time constant that was significantly 
elevated, compared to the findings for normal 
subjects exercised to the same workload, heart 
rate, and systolic blood pressure. In this setting, 
the time constant is a useful tool in identifying 
and quantitating an abnormality of isovolumic 
relaxation that correlates with conventional 
indices of abnormal diastolic performance. At­
tempts to apply the time constant of relaxation 
to the abnormal diastolic function present in 
patients with HCM are not as sucessful [11-13J. 

Although the abnormal time constants cal­
culated in HCM patients correlate with other 
manifestations of abnormal diastolic perfor­
mance [15-18], such as peak negative dp/dt and 
LVEDP, theapplication of the monoexponential 
model to isovolumic pressure decline in these 
patients is often inappropriate. The phase-plane 
plots of left ventricular pressure vs. its first 
derivative indicate that there is no linear 
relationship between these two variables during 
isovolumic relaxation, as would have to apply if 
press ure decline during this interval were mono­
exponential. Attempts to determine the time 
constant in this case may reveal gross abnormal i­
ties during isovolumic relaxation, but have 
limited value in characterizing abnormal re­
laxation. In spite of relatively high correlation 
coefficients obtained from linear regression tech­
niques, examination of the residuals, phase­
plane plots, and values obtained for PB will 
indicate that the monoexponential model is 
inappropriate. Unlike normal ventricles, the 
values for PB obtained in these patients with 
HCM are often in an extremely unphysiologic 
range. These unphysiologic values are the 
mathematical result of forcing data that are not 
monoexponential in their decay to a mono­
exponential model. 

In summary, it has been shown empirically 
that isovolumic press ure decline in normal 
ventricles is monoexponential. As a result of 
intrathoracic forces, and perhaps other unchar­
acterized factors, this monoexponential decline 
in pressure is best described by a model with a 
nonzero asymptote. Such a model accounts for 
shifts in the left ventricular pressure curve that 
do not alter the shape, i.e., the rate, of pressure 
decline in the left ventricle during isovolumic 
relaxation. This model may be appropriate for 
the calculation of the time constant of relaxation 
in certain subsets of patients with abnormal 
ventricular function, thereby serving as a useful 
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tool in determining the contribution of slow or 
incomplete relaxation to impaired diastolic 
performance. However, in other patients with 
abnormal ventricular function, such as those 
with HCM, application of the monoexponential 
model for calculation of the time constant is 
inappropriate. Suitability of the monoexponen­
tial model must be obtained from examination 
of phase-plane plots and the residuals around the 
best-fit curve. 
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14. LOADING CONDITIONS AND LEFT 
VENTRICULAR RELAXATION 

William H. Gaasch, Michael R. Zile, Alvin S. Blaustein, Oscar H.L. Bing 

Relaxation refers to the process by which the 
myocardium returns to its initial or resting 
length and tension; in the intact heart the term 
refers to the process by wh ich the left ventride 
returns to its presystolic or end diastolic pres­
sure and volume. Relaxation is controlled by a 
complex interaction between deactivation (the 
time-dependent decay of active-force-generation 
capacity) and loading conditions (forces affecting 
myocardial length and tension). These forces 
may be subdivided into loads that are applied 
early in the cardiac cyde (contraction loads) and 
those that are abruptly applied late in the cyde 
(relaxation loads) (Table 14-1). Our rationale 
for separating early and late loads rests in the 
experimental observation that the application of 
an early or contraction load results in a more 
prolonged relaxation, whereas the application of 
a late or relaxation load results in apremature 
and more rapid relaxation; this latter pheno­
menon has been called "load dependent relaxa­
tion" [l}. 

Attempts to evaluate relaxation in the intact 
left ventride have evolved along two lines that 
use data from two periods of the cardiac cyde: 
the period between aortic valve dos ure and 
mitral valve opening (the isovolumic relaxation 
period); and the period immediately after mitral 
valve opening (the early diastolic filling period). 
The isovolumic and filling indices of relaxation 
indude the isovolumic relaxation time, maxi­
mum negative dp/dt, relaxation time constant, 
peak filling rate, time to peak filling, wall 
thinning rate, and others (2}. It should be 
recognized, however, that all of these indices are 
influenced by complex interactions between 
deactivation and load, both of which are 

Grossman, William, and Lorell, BeverlyH. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijho// 
Publishing. All rights reserved. 

modulated by neurohumoral, metabolie, and 
pharmacologic influences. Thus, these indices 
reflect the intensity of the "intrinsic" myocar­
dial relaxing system only if the loading and 
other conditions are constant or at least consi­
dered in the analysis. Accordingly, the purpose 
of this chapter is to review the effects of acute 
changes in loading conditions on left ventricular 
relaxation. The effect of preload, systolic loads, 
and filling (lengthening) loads will be discussed 
following the general outline shown in Table 
14-1. 

C ontraction Loads 

PRELOAD 
It has long been known that adjustments in left 
ventricular (LV) preload provide for variations in 
systolic performance according to the Frank­
Starling mechanism; only recently, however, 
have the effects of preload on LV relaxation been 
defined (3}. The results from a variety of ex­
perimental models ranging from intact dogs to 
isolated cardiac musdes indicate that preload 
does not influence relaxation rate unless the 
intervention is also associated with a change in 
afterload. 

Intact Heart Studies. By inserting a large-bore 
catheter into the LV apex of an anesthetized dog 

TABLE 14-1. Loading conditions 
and Left Ventricular Relaxation 

Contraction Loads 
End diastole 
Early systole 

Relaxation Loads 
Late ejection 
Rapid filling period 

133 
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and rapidly infusing blood into the LV during a 
single diastole, the effects of an abrupt increase 
in preload can be studied. Using a second 
catheter in the central aorta, LV systolic pres­
sure can be held nearly constant by withdrawing 
aortic blood during systole. Thus, these single­
beat, interventions allow an assessment of LV 
isovolumic relaxation rate during LV infusion 
only (both preload and afterload increase) or 
during an LV infusion with simultaneous with­
drawal of aortic blood (preload increase with 
systolic unloading to provide an unchanged 
afterload) (Figure 14-1). Comparison of data 
from a control beat (immediately preceding the 
intervention beat) with data from apreloaded 
beat does not allow sufficient time for neuro­
humoral or reflex changes to influence the 
results. 

LV pressure was measured in eight anesthet­
ized dogs with a high fidelity micromanometer, 
and the isovolumic relaxation time constant (T) 
was ca1culated according to the original method 
of Weiss and colleagues [4}; this method 
provides results that are similar to those ob­
tained with other methods [5, 6}. Sixty-two 
paired beats (control vs. 8-12 ml volume in­
fusion) were obtained. LV systolic pressure in­
creased from 112 ± 2 to 128 ± 3 mm Hg (p < 
0:05), and there was a smalI, but significant 
increase in T from 28.0 ± 0.4 to 30.7 ± 0.4 
msec (p < 0.05). In an additional 23 paired 
beats (control vs. LV infusion plus aortic with­
drawal), systolic pressure was held constant 
(109 ± 2 vs. 107 ± 2, P = NS), and there was 
no change in T (25.3 ± 0.8 vs. 25.8 ± 0.8, 
P = NS). Thus, an isolated increase in LV pre­
load is not associated with a change in the 
relaxation time constant. 

Isolated Muscle Studies. The independent effect 
of preload on relaxation can best be studied in 
physiologically sequenced isol~ted muscle pre­
parations in which the loading sequence of the 
intact heart is simulated (i.e., isometric con­
traction is followed by shortening of the muscle 
and isometric relaxation precedes lengthening). 
In such studies, either the length or tension is 
controlled by means of an electronic servosystem 
and a digital computer; thus, total load (the 
sum of preload and afterload) can be held 
constant over a wide range of preload [7}. 

Isometric relaxation studies were performed 
in six rat LV papillary muscles and four right 
ventricular (R V) trabecular muscles from the 

InJeet InleCI 

FIGURE 14-1. Example of the method used to define 
the effect of preload on the left ventricular isovolu­
mic relaxation tiIl]-e constant. In the panel on the left 
volume is infused into the ventricle during a single 
diastole (inject); end-diastolic pressure (P) and 
dimension (D) increase, as does left ventricular 
systolic press ure . In the panel on the right a similar 
diastolic infusion is made, but in this case a rapid 
withdrawal of blood from the aortic cannula provides 
constant systolic pressure (despite the increment in 
preload). In protocol A, the time constant increased; 
in protocol B, there was no change in the time 
constant {3}. 

dog. In these experiments, preload was varied 
from 30% to 100% of resting tension at Lmax , 

and all comparisons were made at a C0nstant 
total load. An example of a typical experiment is 
shown in Figure 14-2. In the panel on the left, 
lengthening occurs at a force equal to the 
preload; in the panel on the right, end-systolic 
length is maintained at minimal muscle length, 
and force is allowed to dissipate to a minimal 
value. In both types of experiments, the time 
course of isometric relaxation was clearly 
superimposable at the three different preloads. 
This was a consistent finding in all ten muscles 
[3}. Previous experiments likewise indicate that 
the maximum rate of isometric tension decline 
is independent of preload [8}. Thus, isometric 
relaxation (in the isolated muscle) and isovolumi 
relaxation (in the intact heart) are independent 
of preload. 

The isolated muscle apparatus is also well 
suited to study the effects of preload on isotonic 
lengthening (lengthening at constant tension 
wh ich is analogous to filling in the intact heart). 
An example of such an experiment is shown in 
the left panels of Figure 14-3. As was discussed 
above, these experiments are designed so that 
muscle lengthening occurs after isometric re­
laxation. The time course of isotonic leng-
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FIGURE 14-2. Isolated muscle studies with physiologically sequenced contractions in which the loading 
sequence seen in the intact heart is simulated. In the panel on the left, three superimposed contractions are 
displayed in wh ich three values of preload are set before contraction. After stimulation, the computer­
controlled system holds muscle length constant while force rises to a predetermined total load (isometrie con­
traction period). After achieving total load, the system maintains force constant while shortening takes place 
(isotonic shortening). When minimum length is detected, constant length is maintained while force declines 
(isometrie relaxation) to the preload value. Constant force is then maintained while lengthening takes place 
(isotonic relaxation). A similar contraction pattern is present in the panel on the right, except that minimum 
length is maintained until force dissipates to its lowest value. Despite variations in preload (at constant total 
load), isometrie force decline records are superimposable. The studies were taken from right ventricular 
trabecular muscle in dogs; cross-sectional area = 0.85 mm2 ; stimulation rate = 121min; temperature = 33°C. 
Shortening record was set to zero before each contraction. 

thening (shown in the upper left panel of Figure 
14-3) does not change with preload; this 
experiment indieates that neither isometrie 
relaxation (lower panel) nor isotonic relaxation 
(upper panel) is influeneed by preload. The 
maximum isotonic relaxation rate was studied in 
six rat papillary muscles and, as before, preload 
was varied while total load was held eonstant. 
As is shown in the right panel of Figure 14-3, 
the average values for maximum isotonic relaxa­
tion rate are independent of preload f9}. Note 
that the load on the muscle during isotonic 
relaxation (lengthening) is equal in all five 
experiments; if the lengthening load is not held 
eonstant, the lengthening rate may vary (see 
below). 

SYSTOLIC LOAD 
The effeets of short-term alterations in LV 
systolie press ure on isovolumie relaxation rate 
have been studied in the intaet dog heart by 
using steady state infusions of vasopressor agents 
or brief meehanieal oeclusions of the aorta (vari­
ably afterloaded and single isovolumie beats 
produeed by eross-clamping the aorta). The 
pharmacologie studies are quite physiologie, 
but the results may be affeeted by baroreeeptor 
or other reflex aetivity; in contrast, the aortie 
clamp experiments are less physiologie, but this 
method provides data that are not eontaminated 
by neurohumoral or reflex meehanisms. In gen­
eral, however, both types of experiments indi­
eate that an inerease in LV afterload results in an 
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increase in the isovolumic relaxation time 
cons tant [lO-15}. 

To determine the effects of an isolated 
increase in afterload, we placed a large vascular 
clamp around the descending aorta and pro­
duced variably afterloaded beats by clamping 
the descending aorta for three cardiac cycles. An 
example of a single experiment is shown in 
Figure 14-4. These experiments were per­
formed in anesthetized open-chest dogs; LV 
pressure was measured with a high fidelity 
micromanometer and the relaxation time con­
stant (T) was calculated according to the method 
of Weiss and coworkers [4}. The average results 
from aseries (n = 6 dogs) of aortic cross-clamp 
experiments are shown in Figure 14-5; these 
data reflect a direct relation between LV end­
systolic pressure (the pressure at the onset of 
isovolumic relaxation) and the isovolumic re­
laxation time constant (T). Systolic pressure 
increased from 124 ± 6 mm Hg in the control 
beat to 176 ± 11 mm Hg in the third cross­
clamp beat; T increased from 20 ± 2 to 30 ± 4 
msec [l2}. The results are qualitatively similar 
when peak systolic pressure is substituted for 
end-systolic pressure. It should be noted that 
the cross-clamp experiment does not cause a 
pure increase in afterload; end-diastolic pressure 
also shows a progressive rise after the first cross­
clamp beat. However, since preload does not 
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FIGURE 14-3. Effeets of preload an isotonic relaxa­
tion. The example on the left demonstrates a pro­
gressive inerease in preload and muscle length (both 
labeled 1 to 5); in this figure the shortening record 
was not set to zero before eaeh eontraetion. Neither 
isometrie or isotonic relaxation rates were affected by 
ehanges in preload, as shown by the superimposed 
force and length traeings. On the right, the average 
results from six papillary muscle experiments are 
shown. When preload was inereased from 0.65 to 
l. 37 g/mm2 , maximum isotonic relaxation rate was 
unehanged. 

affect the rate of isovolumic pressure decline, 
these results indicate a direct relation between 
systolic load and the relaxation time constant. 

The effect of afterload on LV peak filling rate 
(auxotonic relaxation) was also studied in anes­
thetized dogs using the aortic cross-clamp 
technique. Segment length and minor axis 
dimension were measured with sonomicro­
meters, and the peak rate of increase of these 
parameters (during the rapid filling period) was 
taken as an index of LV peak filling rate. An 
example of a three-beat cross-clamp on LV 
pressure and segment length is shown in Figure 
14-4; the inverse relation between peak pressure 
and rate of change of the minor axis dimension 
is shown in Figure 14-6. Both of these para­
meters (peak positive dLidt and dD/dt) were 
found to be inversely related to peak LV pressure 
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FIGURE 14-4. Example of the effects of a descend­
ing aortic cross-clamp. Left ventricular (LV) pressure 
(micromanometer), the first derivative of pressure 
(dP/dt), LV midwall segment length (ultrasonic 
crystals) and the first derivative of length (dUdt) are 
shown; left atrial (LA) pressure and LV diastolic 
pressure are shown at high gain. With application of 
the descending aorta clamp, the LV systolic pressure 
and length progressively increase while fractional 
shortening and peak lengthening rate progressively 
decrease. 

[16}. These data and those published by Bahler 
and Martin [13} indicate that during acute 
hemodynamic interventions, isovolumic relaxa­
tion rate and auxotonic relaxation rates are in­
versely related to LV systolic pressure. 

The role of systolic press ure or afterload as a 
determinant of isovolumic relaxation was ex­
amined further by Hori and associates [l4}. 
They produced variably afterloaded beats by 
clamping the ascending and descending aorta; 
the ascending aortic clamps manifest an earlier 
peaking pressure while the descending clamps 
produced a late peaking pressure (the peak 
systolic pressure was equal, but the time course 
of pressure differed in the two interventions). 
They then compared the relaxation rates in these 
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FIGURE 14-5. Relation between the relaxation time 
constant and left ventricular (LV) end-systolic pres­
sure. After abrupt occlusion of descending thoraeie 
aorta, both LV end-systolic pressure and relaxation 
time constant increase progressively (closed eircles 
labeled 1, 2, and 3). Release of occlusion results in 
prompt return (open square, beat 4) toward control 
(open eircle) value. 
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two interventions. These experiments in the 
anesthetized open-ehest dog clearly demonstrate 
that a late peaking systolic pressure (descending 
aorta clamp) results in a substantial increase in T 
(74.5 ± 2.5 to 121.8 ± 10.2 msec); however, 
an ascending aortic damp with an early peak 
pressure (of the same magnitude) is associated 
with a relatively small increase in T (67.0 ± 
2.9 to 85.6 ± 8.3 msec). Based on these 
differences in relaxation between early and late 
peak pressure, Hori conduded that the "loading 
sequence is a major determinant of afterload­
dependent relaxation in the intact canine heart." 

It is important to recognize that Hori's 
ascending and descending damp interventions 
are not the same as contraction and relaxation 
loads as defined by Brutsaert [1]. The loads 
applied by Hori were all applied early in the 
cardiac cyde (during contraction), and the time 
course of press ure varied depending on whether 
the damp was applied to the ascending or 
descending aorta. In contrast, the manifestation 
of load-dependent relaxation as defined by 
Brutsaert requires the application of an abrupt 
load increment during the relaxation phase of 
the cardiac cycle. 

Relaxation Loads 

LATE SYSTOLIC (LATE EJECTION) LOAD 
The results of isolated musde experiments per­
formed by Brutsaert and associates, if extrapola­
ted to the intact heart, indicate that the abrupt 
application of a lengthening force near the 
instant of aortic valve dosure should precipitate 
premature and more rapid relaxation [1]; such 
an effect could be produced by reflected aortic 
pressure waves (near the end of ejection) or by 
a rapid engorgement of the coronary vascula­
ture (just after aortic valve dosure). Thus, the 
application of a late systolic load (at a time when 
myocardial force potential is low) produces a 
premature and rapid relaxation. This pheno­
menon, termed load-dependent relaxation, has not 
been extensively studied in the intact heart, but 
preliminary data indicate that the phenomenon 
can be demonstrated experimentally [17, 18]. 

Load-dependent relaxation was studied in the 
intact heart by using a computer-controlled 
servo-pump that was programed to produce a 
rapid volume increment (quick stretch) at any 
time in the cardiac cyde. In five anesthetized 
dogs we attached the servo-pump to the LV apex 
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FIGURE 14-6. Relation between the peak rate of 
increase in minor axis dimension (dD/dt) and left 
ventricular (LV) systolic pressure. After an abrupt 
occlusion of the descending thoraeie aorta, LV 
systolic pressure increased, while peak positive dD/dt 
decreased. The upper left coordinate represents 
control. 

and studied the effects of 6-ml increments in 
volume on LV relaxation; each volume incre­
me nt or quick stretch was produced by infusing 
6 ml into the LV within a 15-msec interval. 
Volume increments were given every 30 msec 
throughout systole so that the effects of an early 
(contraction) load could be contrasted with the 
effets of a late (relaxation) load. To prevent 
reflex or other feedback mechanisms from in­
fluencing our results, each quick stretch inter­
vention was performed in a single beat, and the 
intervention beats were separated by 20 stabil­
ization (control) beats. In both ejecting and 
isovolumic beats, a quick stretch after the first 
one-third of systole caused apremature onset of 
relaxation and a more rapid rate of pressure 
dedine; duration of the relaxation phase was 
typically reduced by 10 to 15% [18]. An ex­
ample of load-dependent relaxation in the intact 
heart is shown in Figure 14-7. These results 
confirm the presence of load-dependent relaxa-
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FIGURE 14-7. The effect of an abrupt volume incre­
ment on the time course of left ventricular pressure. 
The solid lines are control isovolumic beats, and the 
broken lines are intervention (quick-stretch) beats. In 
the panel on the left, the volume increment is given 
eady in the contraction; in the panel on the right, the 
volume increment is given late in the contraction . .In 
both experiments, 6 ml of warm blood were infused 
within 15 msec. The eady volume infusion caused an 
abrupt increase in pressure, followed by a decJine, 
and then a plateau before press ure began to fall 
toward the diastolic level. The onset of press ure 
decJine was 12 msec later than control in the eady 
intervention experiment. By comparison, the same 
volume increment given in late systole produced a 
quite different result. Here the pressure decJine was 
earlier and much more rapid; peak negative dp/dt 
increased from 1742 mm Hg/second in the control 
beat to 3005 mm Hg/second in the intervention beat. 

tion in the normal dog heart, but the signifi­
cance of this phenomenon awaits further study. 

RAPID FIll.ING (LENGTHENING) LOAD 
Relaxation throughout the period of rapid 
ventricular filling (auxotonic relaxation) is espe­
cially difficult to assess because of the inter­
dependencies of pressure and volume, neither of 
which is constant during this interval. Because 
the changes in ventricular volume greatly exceed 
the changes in pressure during this period, most 
attempts to characterize auxotonic relaxation 
utilize measurements of the rate of change of LV 
volume. As will be seen, factors independent of 
the relaxation process may influence filling. For 
example, left atrial press ure (or the transmitral 
pressure gradient) is known to influence trans­
mitral flow and LV filling rate [15}; alterations 
in myocardial load or wall stress after the onset 
of filling may also act as a determinant of LV 
filling or myocardial lengthening rate [1}. In 
this section, we will review some of the 

dynamics of rapid ventricular filling, and we 
will present data from isolated cardiac muscle 
experiments that indicate that myocardial leng­
thening rates are determined in part by the load 
on the muscle during lengthening. In contrast 
to preload, wh ich may be considered an early or 
contraction load, the late (lengthening) loads are 
those that are present during the rapid filling 
period (during auxotonic relaxation). 

lntact Heart Studies. Alterations in left atrial 
pressure, and the transmitral pressure gradient, 
are said to effect changes in LV filling rate 
without necessarily influencing the process of 
myocardial relaxation. Accordingly, Ishida and 
coworkers have made precise measurements of 
transmitral pressure and flow and isovolumic 
relaxation rate during acute alterations in LV 
preload and afterload; their studies shed con­
siderable light on the determinants of peak 
filling rate [15}. 

An example of the effects of volume loading 
on LV filling dynamics in a conscious dog is 
shown in Figure 14-8. Transmitral flow was 
measured with an electromagnetic flowmeter 
while LV and left at rial pressures were measured 
with high fidelity micromanometers. This ex­
periment clearly demonstrates that an increased 
left atrial press ure can result in an increased 
peak filling rate despite an increase in the time 
constant of isovolumic relaxation (indicating 
slower isovolumic relaxation). These inves­
tigators also studied the effects of a graded 
increase in afterload (angiotensin infusion) on 
filling and found that filling rate can be main­
tained in the presence of slowed isovolumic re­
laxation if the left atrial pressure is sufficiently 
high. Their observations provide a basis for the 
interpretation of altered filling rates in clinical 
and experimental studies of LV relaxation and 
filling. These studies do not, however, direcdy 
address the issue of myocardial loading con­
ditions and the effect of load or wall stress on 
myocardial fiber lengthening during the dia­
stolic filling period. 

lsolated Muscle Studies. Isotonic relaxation 
(lengthening) in the isolated muscle preparation 
is analogous to auxotonic relaxation (filling) in 
the intact left ventricle; since the magnitude 
and timing of isolated muscle loads can be con­
trolled precisely, the independent effect of load 
on isotonic relaxation can be assessed in a 
quantitative fashion. It should be recognized, 
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FIGURE 14-8. The effect of volume loading (VL) on left ventricular early filling dynamics in the conscious 
dog. Left ventricular pressure (L VP) and left at rial pressure (LAP) were measured with micromanometers and 
phasic transmitral flow (MiF) was measured with an electromagnetic flowmeter. After volume infusion, peak 
LVP increased from 12l to 135 mm Hg, and left ventricular end-diastolic pressure (LVEDP) increased from 6 
to 16 mm Hg. Despite a dectease in isovolumic relaxation rate (the isovolumic relaxation-time constant in­
creased from 28 to 32 msec), the peak rapid filling rate (PRFR) increased from 178 to 220 mllsecond; this 
increase in filling rate occurred as a consequence of an increase in the transmitral pressure gradient from 6 to 
8 mm Hg. (From Ishida et al. (15), with permission of the authors and the American Heart Association.). 

however, that lengthening load in the iso la ted 
muscle is not strietly equivalent to left atrial 
pressure (in the presenee of a small physiologie 
transmitral pressure gradient, the left atrial 
pressure exeeeds the prevailing LV press ure 
during rapid filling). Thus, lengthening load 
experiments provide insight into the effeets of 
variations in LV wall stress during rapid filling 
(the load that promotes fiber lengthening). 

The effeets of ehanges in lengthening load 
were studied in six physiologieally sequeneed rat 
papillary muscles. An example of a lengthening 
load experiment is shown in Figure 14-9. After 
isometrie tension declined for a predetermined 
period of time, aseries of force clamps (with 

progressively larger load) was applied~ thus 
raising the level of load borne by the muscle 
during isotonic lengthening. In this manner, 
the magnitude of the lengthening load eould be 
ehanged while holding the time of applieation 
eonstant. Alternatively, the time of the load 
eould be varied with a load of eonstant magni­
tude. As is shown in Figure 14-9, in the panels 
on the left, a progressive inerease in lengthening 
load (from 1 to 4) resulted in a progressive 
inerease in muscle lengthening rate [9J. The 
average data from all six muscles are shown in 
the right panel of Figure 14-9. This figure 
demonstrates the direet relation between 
lengthening load and lengthening rate. For a 
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FIGURE 14-9. Effeets of a change in the magnitude of lengthening load on isotonic lengthening rate. In the 
example on the left, isometrie tension was allowed to fall for a predetermined period of time and aseries of force 
clamps at progressively larger loads (labeled 1 to 4, with 4 being the highest) were applied, thus raising the 
level of load on the muscle during isotonic lengthening. On the right (n = 6) are plotted the effeets of load 
clamps applied at three points in time during isometrie relaxation (230, 250, and 275 msec after muscle 
stimulation). At any given time, isotonic lengthening rate increased as the magnitude of load increased. The 
slope of the eurvilinear relationship between isotonic lengthening rate and the magnitude of late load beeame 
steeper at later times during isometrie relaxation. Thus, isotonic lengthening rate (at a common load) increased 
as the load was applied later in the course of tension decline. 

given magnitude of late load, the rate of isotonic 
lengthening is greater as the load is applied later 
in the course of tension decline; this is pre­
sumably due to greater muscle deactivation near 
the end of isometrie tension decline. These 
results, if extrapolated to the intact heart, 
indicate that loading the LV during the rapid 
fiIling periöd should enhance filling by pro­
m'oting myocardial lengthening; in effect, 
filling promotes filling. 

Summary 
In this chapter we emphasized the significant in­
fluence of loading conditions on LV relaxation. 
Changes in inotropic state, ischemia, hyper­
trophy, and a host of other factors also affect 
relaxation but were not discussed. Ventricular 
asynchrony is likewise beyond the scope of this 
chapter, but it should be recognized that com­
plex loading interactions among fibers within 
the LV wall influence relaxation and filling in 

ventricles that contract and relax nonsynchron­
ously. 

Intact heart and isolated muscle experiments 
indicate that changes in preload do not influence 
relaxation rates when systolic pressure or total 
load remains constant. It appears, therefore, 
that the relaxation changes that occur with 
volume loading are due to changes in systolic 
pressure or load. Indeed, an increase in systolic 
pressure may cause a substantial decrease in 
isovolumic relaxation rate--especially if there is 
a slow rise and a late peak in LV pressure. In 
contrast, an abrupt increase in late systolic load 
augments relaxation. Intact heart studies indi­
cate that an abrupt load increment near the end 
of ejection results in premature and more rapid 
isovolumic relaxation, whereas an increase in 
left atrial press ure increases the filling rate; 
isolated muscle studies indicate that a load in­
crement at the end of isometrie relaxation causes 
as increase in isotonic relaxation rate. Thus, 
loading conditions during the periods of ejec-
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tion, isovolumic relaxation, and filling can 
influence relaxation parameters in the normal 
heart and should be considered in clinical and 
experimental studies of LV relaxation. 
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15. INFLUENCE OF PRESSURE 
AND VOLUME OVERLOAD ON 

DIASTOLIC COMPLIANCE 

H.P. Krayenbuehl, O.M. Hess, M. Ritter,]. Schneider, 

E.S. Monrad,]. Grimm 

Traditionally, the passive diastolic properties 
of the intact ventricle are assessed from the 
diastolic portion of the pressure-volume or 
pressure-length relationship. Compliance of the 
ventricular chamber refers to the ratio of change 
in volume (dV) to a change in press ure (dP). The 
reversed ratio represents chamber stiffness (dPI 
dV). The relationship between P and V through­
out diastole is curvilinear. It is popular to fit the 
P-V data to an exponential relation, although in 
many instances (and also in press ure and volume 
overload) the observed P-V coordinates may 
clearly deviate from a true exponential relation­
ship. The slope of the pressure-volume relation 
is termed the constant of chamber stiffness and 
represents a nonnormalized quantity of diastolic 
stiffness. 

Chamber stiffness is influenced by a variety of 
factors intrinsic or extrinsic to the ventricle [1, 
2}. The basic determinant, however, is the 
ventricular myocardium whose structure may 
undergo important changes with the develop­
me nt of concentric and eccentric hypertrophy 
consequent to chronic press ure and volume 
overload. For the quantification of the true 
elastic properties of the myocardium, the pres­
sure-volume data must be normalized for size, 
shape, and wall thickness. Thus, intrinsic 
myocardial stiffness is assessed from the diastolic 
stress-strain relationship, which is independent 
of chamber geometry. 

The purpose of this chapter is to report on 
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determinations of left ventricular chamber and 
myocardial stiffness in patients with chronic left 
ventricular pressure and/or volume overload 
from aortic stenosis and/or aortic insufficiency. 
The diastolic functional data were compared 
with morphometric measurements from left 
ventricular endomyocardial biopsies carried out 
at catheterization 0, 4}. This comparison is of 
interest because in animal models when chronic 
pressure overload was experimentally induced an 
increase in myocardial stiffness has been shown 
to parallel an increase in myocardial connective 
tissue [5, 6}. 

P atients and Methods 
In a first study, 21 patients (mean age 47 years) 
with aortic valve disease underwent right and 
left heart catheterization as weil as left ventri­
cular endomyocardial biopsies before and 17.5 
months (range 9 to 25) after successful aortic 
valve replacement [4}. There were ten patients 
with aortic stenosis (AS) six with aortic insuf­
ficiency (AI) and five with combined aortic valve 
lesion (AS + AI). Ten patients (mean age 36 
years) with no or minimal heart disease served as 
control subjects. Informed consent was obtained 
from all patients. 

The basic data for the assessment of left 
ventricular chamber and myocardial stiffness 
were derived from simultaneous left ventricular 
high-fidelity pressure and single-beam echo­
cardiographic measurements. The pressure-echo 
tracings were digitized on a computer-assisted 
system. Left ventricular pressure, its first deriva­
twe (dP/dt), left ventricular internal diameter, 
posterior wall thickness, midwall circumference 

143 
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(1), its first derivative (dl/dt), and meridional 
wall stress were analyzed at a rate of 130 times 
per cardiac cycle. 

Left ventricular chamber stiffness was evalua­
ted from the diastolic (1owest left ventricular 
press ure to end-diastole) pressure-midwall cir­
cumference relationship, and myocardial stiff­
ness was estimated from the meridional stress­
strain relationship. Because deviations from an 
exponential curve can occur when filling and 
hence strain rates are enhanced [7], such as in AI 
[3] or in AS with increased left atrial driving 
pressure {8], a viscoelastic rather than a static 
elastic model with or without an asymptote was 
used to fit the pressure-circumference and the 
stress-strain data. Thus diastolic chamber stiffness 
was determined from the equation: 

P = a'(el3'l - 1) + l]'(dl/dt) 

where P = left ventricular pressure (mm Hg); 
a' = elastic constant (mm Hg): ß' = constant 
of left ventricular chamber stiffness; 1 = left 
ventricular midwall circumference (cm); 'YJ' = 
constant of chamber viscosity (mm Hg·sec); 
dUdt = lengthening rate of midwall circum­
ference (sec-I). The three constants a', ß', and 
'YJ' were calculated by an iteration procedure 
using the nonlinear curve-fit program. For the 
assessment of myocardial stiffness calculation of 
stress and strain throughout the passive diastolic 
phase IS required. Strain (E) is determined either 

according to the Lagrangian (E - 10) 

10 

or the natural strain (E = In 10 defini­

tion, both of which include the estimation of a 
reference length at a transmural stress of zero. 
(10)' Because teue 10 cannot be determined in 
humans at catheterization, we used as its index 
the midwall circumference at a wall stress of 1 
g/cm2 (11), which allows normalization of strain 
in ventricles of different sizes to a common 
preload. The reference midwall circumference, 11 
was obtained by extrapolation of the visco­
elastic stress-midwall circumference relationship 
according to the formula: 

o = a* (eßol-l) + 'YJ*dl/dt 

where 0 = meridional wall stress (g/cm 2 ); a* = 
elastic constant (g/cm 2 ); ß* = slope of the 

stress-circumference relationship; I = midwall 
circumference (cm); 'YJ* = constant of viscosity 
(g·seclcm2); dUdt = lengthening rate of the 
midwall circumference (sec-I). The three con­
stants a*, ß*, and 'YJ* were again determined by 
nonlinear regression analysis. 

Once 11 was determined, the diastolic visco­
elastic stress-strain relationship was calculated 
according to the formula 

a = a(ell€ - 1) + l]dEldt 

where 0 = left ventricular meridional wall stress 
(g/cm 2 ); a = elastic constant (g/cm2 ); ß = con­
stant (and measure) of left ventricular myocar­
dial stiffness; E = normalized strain (natural 
strain definition); 'YJ = constant of myocardial 
viscosity (g·seclcm2); dEidt = left ventricular 
strain rate (sec -I). a, ß, and'YJ were determined 
using the nonlinear regression analysis described 
above. We realize that others [2, 9, 10] did not 
use this classic way of determining the constant 
of myocardial stiffness via the estimation of the 
reference length of the unstressed muscle but 
assessed the stiffness constant of the muscle from 
the equation 

do 
E = - = k ·0 + c dE m 

where E = modulus of myocardial elastic stiff­
ness, 0 = weIl stress; E = strain; km = constant 
of myocardial stiffness; and c = intercept. 

Because dE = dlll, the estimation of the 
reference muscle length 10 is not required for 
the calculation of km. This certainly represents a 
methodological advantage. However, by the 
sole estimation of km with this technique, 
diastolic myocardial stiffness might be incom­
pletely assessed. Both km and myocardial elastic 
stiffness values at similar levels of stress are 
necessary for full functional characterization of 
the diastolic muscle properties {l1}. Unfor­
tunately, in patients with chronic cardiac dis­
ease, observed diastolic stress values may not or 
only partiaIly ovedap with stress values of 
control subjects {l0]; thus, evaluation of dia­
stolic myocardial stiffness remains incomplete. 
. Left ventricular bi plane cineangiography, to 
determine volume and es ti mate left ventricular 
muscle mass, as weIl as selective coronary 
arteriography, to exclude coronary artery disease, 
were carried out at the end of the catheterization 
{4]. Left ventricular endomyocardial biopsies 
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were obtained by the transseptal route. Quanti­
tative evaluation was carried out by morpho­
metry as described previously [3, 4}. In the ten 
control subjects no biopsies were performed. 
Normal values for morphometric data were 
obtained from autopsy specimens of subjects 
who had been healthy before they died in a 
traffic accident. 

Results 

HEMODYNAMICS 
In all three types of aortic valve disease, systolic 
function was weIl preserved; the left ventricular 
angiographic ejection fraction was comparable 
with that of the control subjects both before 
and after aortic valve replacement. Left ventri­
cular end-diastolic volume index (EDVI) was 
significantly increased to 173 mllm2 in AS + AI 
and to 217 mllm2 in AI and regressed (p < 
0.05) to 99 and 137 mllm2 , respectively. End­
diastolic angiographic wall thickness (h) was 
significantly increased in AS (1.24 cm) and AS 
+ AI (1.07 cm). After surgery, h decreased (p 
< 0.005) to 1.0 cm in AS. This value was still 
slightly increased (p < 0.05) as compared 
to control subjects (0.76 cm). In AS + AI 
(0.93 cm) and AI (0.79 cm), postoperative h did 
not differ from that of control subjects. In all 
three groups the angiographic muscle mass 
index that was increased preoperatively had 
decreased significantly following surgery, al­
though it remained 36 to 46% above the value 
observed in control subjects. (81 g/m2 ). The 
ratio of left ventricular muscle mass to end­
diastolic volume (LMM/EDV in g/ml) was in­
creased (p < 0.01) in AS (1.61) and slightly 
decreased in AI (0.75). In the three groups with 
aortic valve disease LMM/EDV after surgery 
(1.15, 1.10, and 0.86) was not significantly 
different from the ratio in the control subjects 
(0.98). Left ventricular peak systolic pressure 
(L VSP), which was increased in AS and AS + 
AI, decreased significantly after surgery. How­
ever, the postoperative L VSP in AS (150 mm 
Hg) was still higher (p < 0.05) than that in 
control subjects (117 mm Hg). 

PASSIVE DIASTOLIC FUNCTION 
The constant of left ventricular chamber stiff­
ness, ß', did not differ significantly between the 
three groups with aortic valve disease and the 
control subjects. After surgery, ß' decreased 

only slightly in patients with AS or AI but 
significantly in those with AS + AI. In four of 
the ten patients with AS, preoperative ß' was 
increased but after valve replacement (Figure 
15-1) was decreased in three of them. 

The constant of myocardial stiffness (ß) in 
patients with aortic valve disease was not signi­
ficantly different from that in control subjects, 
(Figure 15-2). However, after surgery, ß in­
creased significantly in AS; the postoperative 
mean value was also significantly higher than 
that in control subjects. No significant changes 
of ß were observed in AS + AI and in AI. Figure 
15-3 shows the stress-strain relationship in a 
typical patient with AS. After valve replace­
ment, the slope ß of the stress-strain rela­
tionship increased, indicating an increase in 
myocardial stiffness. In the same patient, the 
constant of chamber stiffness decreased post­
operatively. 

LEFT VENTRICULAR 
ENDOMYOCARDIAL BIOPSIES 
Table 15-1 summarizes the morphometric find­
ings. All three groups of those with aortic valve 
disease exhibited marked cellular hypertrophy, 
which decreased but did not normalize after 
surgery. Interstitial fibrosis (IF in %) was in­
creased to a similar extent in the three groups 
with aortic valve disease. After surgery, IF 
increased significantly in AS; the two other 
groups showed only a trend for IF to increase. 
Left ventricular fibrous conte nt (FC in g/m2) 

remained unchanged in all three groups (FC = 
IF· LMMIIlOO). 

Discussion 

PREOPERA TIVE LEFT VENTRICULAR 
DIASTOLIC PROPERTIES 
The present findings are in accordance with the 
observations ofPeterson and coworkers [l0} that 
non-normalized left ventricular chamber stiff­
ness is increased in some but not all patients 
with chronic pressure overload from AS. In an 
earlier study, Grossman and colleagues [l2} had 
described a consistent increase of the slope (I!l.PI 
I!l.D) of the left ventricular pressure-diameter 
relation in late diastole in five patients with AS. 
The same authors also reported a moderate 
increase of I!l.PI I!l.D in aortic insufficiency [12}, 
whereas in our patients with volume overload, 
chamber stiffness was normal or even slightly 
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TABLE 15-1. Left Ventriculae Moephometeic Findings 
in eight Controls Subjects, and in Patients with 
Aortic Stenosis (AS), Combined Aortic Valve Lesion 
(AS + Al), and Aoetic Insufficiency (Al) 

Controls 
(n = 8) 

AS (n = 10) pee 

AS + AI 
(n = 5) 

AI (n = 6) 

* p< 0.05. 
** P < 0.01. 

post 

pre 

post 
pre 

post 

MFD(fl) IF (%) 

14 2 

* * 
*L311 *L151 

22 
311 19 

** 
27J 24 

Fe 
(g/m2) 

28 

31 

25 

27 
30 

29 

MFD = muscJe fiber diameter; If = interstitial fibrosis; Fe = 
fibrous content. 

pre post pre post 

pe 0.05 1 NS 

FIGURE 15-1. Left ventricular chamber stiffness 
constant ß' in control subjecrs (C) and in patients 
with aortic valve disease before (pre) and after (post) 
aortic valve replacement. The mean values of ß' in 
aortic stenosis (AS), combined aortic valve lesion (AS 
+ Al) and aortic insufficiency (Al) were not different 
from those of control subjects before or after surgery. 
lt should be noted that in threc of four patients with 
AS and increased preoperative ß', this constant 
decreased substantially following valve replacement. 
In AS + AI, ß' decrcascd significantly. In one 
patient with AS + AI, ß' could not be determined 
preoperatively. NS = not significant. 

smaller than in control subjects. The reason for 
an increased chamber stiffness in AS and a 
decreased chamber stiffness in AI must be 
sought primarily in the particular type of hyper­
trophy (i.e., concentric and eccentric) rather 
than in a fundamental difference of wall struc­
ture because preoperative IF and ceH diameter 
did not differ. However, there was a marked 
difference in left ventricular geometry-massl 
volume ratio and end-diastolic wall thickness 
were increased in AS. 

Myocardial stiffness assessed from the slope 
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FIGURE 15-2. Left ventricular myocardial stiffness 
constant (ß) in control subjects, (C), and in patients 
with aortic valve disease before (pre) and after (post) 
aortic valve replacement. Prior to surgery ß was no 
different in the three groups of aortic valve disease 
and in controls. After surgery, ß increased signifi­
cantly in aortic stenosis (AS), whereas in combined 
aortic valve lesion (AS + AI) and in aortic insuffi­
ciency (AI) the change of ß was variable. In one 
patient with AS and in one patient with AS + AI, ß 
could be determined only at the preoperative or the 
postoperative investigation, respectively. NS = not 
significant; -Er = mean values. 

(ß) of the left ventricular stress-strain relation­
ship showed quite a larger range in the control 
subjects. The preoperative values of ß in the 
patients with aorric valve disease did not differ 
from those of controls. Previously, Peterson and 
associates [1O} had reported an increased left 
ventricular myocardial stiffness in AS when left 
ventricular end-diastolic pressure was markedly 
increased, and Gaasch and coworkers [2} had 
found myocardial stiffness to be variable, i.e., 
normal or abnormal, in single patients with AS 
or AI. 

AS+AI AI 

pre post pr. post 

NS NS 
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FIGURE 15-3. Preoperative and postoperative left 
ventricular (LV) stress-strain relationship in a patient 
with aortic stenosis. The slope ß increased from 11.4 
to 28.7 following aortic valve replacement indicating 
an increase in myocardial stiffness. In the same 
patient the slope of the pressure-midwall circum­
ference relationship (ß') had decreased from 0.47 to 
0.31, indicating apostoperative decrease of chamber 
stiffness. 
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FIGURE 15-4. Myocardial stiffness constant (ß) ver­
sus interstitial fibrosis (IF in %) in control subjects 
and patients with aortic stenosis (AS), combined 
aortic valve lesion (AS + Al), and aortic insufficiency 
(AI) before (PRE) and after (POST) successful aortic 
valve replacement. Given are mean values ± 1 
standard error of the mean (SEM). An exponential 
relationship exists between myocardial stiffness and 
IF whereby myocardial stiffness tends co increase 
once fibrosis exceeds 20%. In some patients (AI 
POST) myocardial stiffness remains normal although 
fibrosis increased co 24 %. This suggests that in these 
patients with increased cavity size postoperatively, 
factors other than just IF might influence ß. 

Increased IF has been suspected to be at the 
origin of increased myocardial stiffness {2, 1O}. 
Our morphometric findings at the preoperative 
investigation, however, document that IF in 
aortic valve disease may exceed that of control 
specimens from autopsies by a factor of alm ost 
up to ten without an alteration of myocardial 
stiffness. 

POSTOPERA TIVE LEFT VENTRICULAR 
DIASTOLIC PROPERTIES 
Diastolic chamber stiffness reassessed within 25 
months after aortic valve replacement decreased 
significantly in patients with combined aortic 
valve lesion and in three of four patients with AS 
in whom increased preoperative ß' chamber 
stiffness became normal postoperatively. This 
decrease was associated with regression but not 
normalization of angiographic muscle mass and 
end-diastolic wall thickness, as weil as with a 
trend of the mass/volume ratio to change toward 
the value in control subjects. The postoperative 
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30 

20 

10 

o CONTROl.S 
6 AS PRE 
D AS+A1PRE 
• AI PRE 
... ASPOST 
• ASoo\I POST 

* AI POST 

ß .11.8+0.001.0 .33 . FC/ErN! 

+ 1 SEM 
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o 0.1 0.2 0.3 0.4 Q5 

(9/ml) 
FC/EDVI 

FIGURE 15-5. Myocardial stiffness constant (ß) vs. 
the ratio of fibrous content (FC in g/m2) and end­
diastolic volume index (EDVI in ml/m2) in control 
subjects, patients with aortic stenosis (AS), com­
bined aortic valve lesion (AS + Al), and aorric insuf­
ficiency (Al) before (PRE) and after (POST) successful 
aortic valve replacement. Given are mean values ± 1 
standard error of the mean (SEM). An exponential 
relationship exists between myocardial stiffness and 
FC/EDVI, suggesting that myocardial stiffness is not 
only dependent on the amount of fibrous tissue but 
also on left ventricular geometry. This explains why 
myocardial stiffness is normal in patients with AI 
after surgery despite an interstitial fibrosis of 24 % 
(see Figure 15-4); thus, a certain amount of fibrous 
tissue has a different influence on myocardial stiffness 
in a small and large ventricle. 

change in chamber stiffness (see Figure 15-1) 
was opposite to that of myocardial stiffness, 
which increased in patients with aortie stenosis 
(see Figure 15-2). An explanation for this 
increase was provided by the postoperative mor­
phometrie measurements. In AS, IF inereased 
after surgery, although left ventricular Fe did 
not change. When all preoperative and post­
operative data were combined a curvilinear 
relationship between ß and IF (Figure 15-4) was 
observed {13}. As far as patients with pressure 
overload are concerned, the myocardial stiffness 
constant tended to increase onee IF was larger 
than 20%. In AI, postoperative myocardial 
stiffness changed litde although IF increased to 
24 %. This observation raised the possibility 
that the type of hypertrophy (concentric or 
eccentric) or distribution of a given amount of 
fibrous tissue around the left ventricular cavity 
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FIGURE 15-6. Left ventricular connective tissue in 11 patients with normal ejection fraction 70 months after 
aortic valve replacement. There is a significant decrease of fibrous content (FC), hence fibrosis is at least 
partially reversible late postoperatively. The relative interstitial fibrosis (lF) and the ratio FGend-diastolic 
volume (EDVI) remained unchanged late after aortic valve replacement, suggesting that no major changes in 
the constant of myocardial stiffness (ß) occurred. However in three of four patients with a sizably increased pre­
operative FGEDVI ratio, this ratio fell below 0.20 g/ml after surgery, and hence the preoperatively increased 
myocardial stiffness is presumed to have returned to an essentially normal value in these three instances. AS = 
aortic stenosis; AS + AI = combined aortic valve lesion; AI = aortic insufficie'ncy; NS = not significant. 

could also play a role as a determinant of myo­
cardial stiffness. Indeed, when ß was plotted 
versus the ratio FClend-diastolic volume (EDVI) 
(in g/ml) a similar curvilinear relationship 
(Figure 15-5) was observed as for the relation 
between ß and IF (see Figure 15-4). The break­
off point where myocardial stiffness starts to 
rise is located at a FClEDVI ratio of about 
0.20 g/ml. 

Whether an increased myocardial stiffness at 
an . essentially normal chamber stiffness has a 
clinical significance is not clear. In any case, the 
increase of ß in AS after surgery was associated 
with a decrease of resting left ventricular end­
diastolic press ure from 19 to 15 mm Hg rather 
than an increase. However, one could imagine 

that with increased left ventricular filling, 
filling press ure could rise abnormally when the 
muscle is stiffer than normal. In this respect, it 
is noteworthy that when patients with aortic 
valve replacement and normal resting ejection 
fraction were studied after undergoing bicycle 
exercise 14 months following surgery, 50% 
showed a pathologic increase of left ventricular 
end-diastolic pressure during stress {14}. 

The long-term outcome as to the level of left 
ventricular myocardial stiffness after correction 
of chronic press ure and volume overload is likely 
to be linked to whether FC persists or regresses 
as weIl as to the change of cavity size. Within 
the first 2 years after aortic valve replacement 
FC remained unchanged. In arecent study of 16 
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patients who had endomyocardial biopsies 70 
months after aortic valve replacement, 11, 
whose postoperative left ventricular ejection 
fraction was weIl preserved (56-78%) (Figure 
15-6), showed a decrease of FC from 28.7 to 
14.4 g/m2 • Thus, the possibility does exist that 
IF is, at least in part, reversible late after aortic 
valve replacement. The IF in % (16.9 and 
16.2%) and the ratio FC IEDVI (0.20 and 
0.15 g/ml, respectively) remained essentially 
unchanged, suggesting that the constant of 
myocardial stiffness (ß) did not change either. It 
should be noted, however, that in three of four 
patients with an increased preoperative FC I 
EDVI ratio, this ratio decreased below the 
critical value of 0.20 g/ml after surgery. 

Summary 
The results of our studies can be summarized as 
follows: 

Left ventricular chamber stiffness was increased 
in some but not all patients with chronic 
pressure overload from AS and tended to be 
decreased in chronic volume overload from 
AI. 

Concentric hypertrophy with increased massl 
volume ratio and end-diastolic wall thickness 
was the main determinant of increased cham­
ber stiffness. 

Left ventricular myocardial stiffness was within 
normal limits in both patients with AS and 
patients with AI. 

Nine to 25 months following successful aortic 
valve replacement, myocardial stiffness in­
creased in AS, but remained unchanged in 
AI. 

The postoperative increase of myocardial stiff­
ness was associated with a relative increase of 
IF, while left ventricular FC was unchanged. 

The magnitude of left ventricular FC relative to 
chamber size appeared to be the main deter­
minant of myocardial stiffness. 

In patients with normal ejection performance, 
left ventricualr FC was partially reversible 
seventy of months following surgery; how­
ever, from the commensurate decrease of 
cavity size with the ratio FC/EDVI remaining 
unchanged, it is likely that there was little 
change of the myocardial stiffness constant 
(ß)· 
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16. INFLUENCE OF THE 
PERICARDIUM ON DIASTOLIC 

COMPLIANCE 

Martin M. LeWinter 

The influence of the pericardium on diastolic 
compliance is a function of the distensibility of 
the pericardium itself, the distensibility of the 
cardiac chambers, and the total volume con­
tained within the cardiac chambers [l}. To 
illustrate the latter factor, it is reasonable to 
expect that at a given left ventricular volume, 
the influence of the pericardium on left ventri­
cular compliance will be directly proportional to 
the volume contained within the other cardiac 
chambers, since it is the total cardiac volume 
that determines pericardial distention. An addi­
tional effect of the pericardium on diastolic 
compliance has to do with the fact that the 
intact pericardium has a substantial modulating 
influence on diastolic interaction between the 
ventricles, i.e., the amount of interaction is 
markedly reduced when the pericardium is re­
moved {2, 3}. For some time, we have been 
particularly interested in examining both the 
distensibility of the pericardium and its in­
fluence on the diastolic pressure-volume relation 
of the cardiac chambers. We have not specifi­
cally studied diastolic ventricular interaction. 
However, our basic approach to assessing the 
influence of the pericardium on compliance is 
quite straightforward. We simply examine the 
intracavitary pressure-volume (or dimension) 
relation of a cardiac chamber before and after 
pericardiectomy. In this fashion, we deter­
mine the net effect of the pericardium on 
compliance; included in this net effect is the 
pericardial modulation of ventricular interac-

This research was sponsored by USPHS Grant No. IROI 
HL35309 (National Heart, Lung and Blood Institute) and 
by the Research Service of the Veterans Administration. 
Grossman, William, and LorelI, Bever/y H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Pub/ishing. All rights reserved. 

tion. This chapter will serve to review certain 
aspects of this work which have al ready been 
completed and, in addition, more recent work 
which is currently in progress. 

Distensibility 0/ the Pericardium 
We have examined this quest ion in several 
ways. First, the material properties of specimens 
of both canine and human pericardium have 
been tested in vitro using abiaxial stretching 
device [4}. The key advantages of the biaxial 
technique, as opposed to prior studies using 
uniaxialloading, are that the tissue is subjected 
to more physiologic loading and the issue of 
anisotropy can be addressed directly. As shown 
in Figure 16-1, obtained from canine pericar­
dium [4}, the relation between tension and 
stretch ratio in both the X and Y directions is 
initially quite flat, but fairly abruptly makes 
a transition on a rather steep relationship. As 
also shown in this figure, there are differences 
between the tension-stretch relationship de­
pending on the direction of loading, that is, the 
tissue is anisotropie. However, the amount of 
anisotropy is modest, averaging about a 20% 
difference between the two directions {4}. As 
shown in Figure 16-2, the canine pericardium 
displays substantial stress relaxation [4}. We 
do not detect any appreciable creep, however. 
More recently, we have performed similar tests 
on specimens of human pericardium obtained 
from patients undergoing coronary artery bypass 
surgery [5}. Qualitatively, the tension-stretch 
ratio relationships of human pericardium appear 
similar to those of the dog. The behavior of 
these specimens during creep and stress relaxa­
tion tests was also quite comparable to canine 
specimens. However, there were some differences 

151 



152 PART III. EVALUATION OF RELAXATION AND COMPLIANCE IN THE INTACT HEART 

between canine and human pericardium. First, 
human specimens are isotropie, as opposed 
to the mild anisotfopy observed in canine peri­
cardium. Second, human pericardium is about 
three times thicker than canine pericardium. 
Finally, when both canine and human data were 
fitted to an exponential of the form dT/da = 
ßT, where T = tension, a = area of the speci­
men, and dT/da is equivalent to a tangent 
modulus of the tension-area relation, it was 
found that the tangent ·modulus was not signi­
ficantly different between species. However, the 
constant ß was slightly, but significantly, larger 
in the dog. The implication of the finding is 
that human pericardium is less extensible than 
canine at lower, but physiologie tensions (equi­
valent to a transpericardial pressure below about 
12 mm Hg). 

In a second approach to this question, we 
have examined directional lengthening of the in 
situ pericardium in open-ehest dogs as a func­
tion of changes in the filling of the heart {6}. In 
this study, we implanted mutually orthogonal, 
pulsed-transit sonomicrometers on the surface of 
the pericardium to measure lengthening of 
short (approx. 1 cm) segments of the tissue. We 
also measured at rial pressures and the pericardial 
pressure, the latter with flat, air-filled balloons. 
As shown in Figure 16-3, the pericardium 
displays marked directional variability in leng­
thening. Specifically, as the heart size is varied 
by a combination of partial inferior vena caval 
occlusion and volume infusion, virtually all of 
the lengthening of the pericardium occurs along 
the circumferential axis of the heart, with 
essentially no change (in this case, actually a 
decrease) along the longitudinal axis. Results of 
another such experiment are shown graphically 
in Figure 16-4, in which pericardial press ure is 
plotted against pericardial strain in the cir­
cumferential and longitudinal directions; once 
again, all of the lengthening is in the circum­
ferential direction. 

These results are in marked contrast to the in 
vitro behavior of the canine pericardium de­
scribed previously {4}, in which only modest 
directional variability of lengthening was ob­
served. This finding implies that in situ the 
pericardium is markedly influenced by factors 
other than its intrinsic material properties, most 
likely the shape change of the heart itself as its 
volume varies or the external attachments of the 
pericardium. 

A more traditional way of examining peri-
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FIGURE 16-1. The relation between tension and 
stretch ratio (actual length -;- unstressed length) in 
mutuatly orthogonal (X, Y) directions as the peri­
cardium is subjected to biaxial loading. The proce­
dure is to increase tension and length in one direction 
while keeping tension constant in the other direc­
tion, and then repeat the protocol for the other 
direction. (Reprinted from Lee et al. (4] by permis­
sion, American Journal of Physiology.) 

A 

FIGURE 16-2. Stress relaxation testing of pericar­
dium. The specimen is subjected to an abrupt 
increase inlength and tension. Length is then held 
constant and tension atlowed to vary with time. Note 
the progressive decrease in tension, indicative of 
stress relaxation. (Reprinted from Lee et al. (4] by 
permission, American Journal of Physiology.) 
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FIGURE 16-3. In vivo lengthening of canine peri­
cardium. As heart size increases, the pericardium 
lengthens exclusively in the circumferential direcrion 
(see text). EKG ,= electrocardiogram; RAP = right 
aerial pressure; LAP = left atrial pressure. (Reprinted 
from Mann et al. [6} by permission, American 
journal of Physiology.) 

cardial distensibility is to examine its press ure­
volume relation. The usual approach is to arrest 
the heart, empty it, and add known amounts of 
ßuid to the pericardial sac while simultaneously 
measuring the pressure. The starting volume, 
which is the volume of the heart, is measured 
after completion of the experiment . An early 
example of such an experiment was published by 
Dr. )oseph Holt and coworkers P], as shown 
in Figure 16-5. Here, the pericardial press ure­
volume relation appears quite similar co the 
tension-stretch relation of the in vitro pericar­
dium, that is, a very ßat portion with an abrupt 
transition (or "knee") leading to a steep portion. 
However, note that the range of pericardial 
pressure measured was extremely large, reaching 
levels markedly above those present even with 
severe cardiac tamponade. More recently, we 
have reexamined this issue {8] and confined our 
measurements to smaller press ure ranges, as 
shown in Figure 16-6. When looked at in this 

~ -­"' ..... 
~ -­u ..... 

I j I I 

way, the transition to the steep portion of the 
pericardial pressure-volume relation in anormal 
dog, shown on the left, appears much more 
gradual. The pressure-volume relation on the 
right of Figure 16-6 was obtained in a dog with 
chronic cardiac dilation due to an intra-abdo­
minal arteriovenous fistula. In this situation, 
the pericardial pressure-volume relation is 
markedly shifted co the right and less steep than 
normal. Thus, the pericardium accommodates a 
chronically enlarged heart by substantially in­
creasing its volume and becoming more com­
pliant. Further, in these same animals {8], the 
weight of the pericardium, normalized co body 
weight, is also increased, suggesting that these 
changes in the pressure-volume relation may be 
related, at least in part, co growth of the peri­
cardial tissue. 

Influence 0/ the Pericardium on 
Cardiac Filling 
A number of investigators have studied the 
inßuence of the pericardium on diastolic com­
pliance by determining the intracavitary pres­
sure-volume relation of a cardiac chamber before 
and then after removing the pericardium {l, 
9-11]. In most such studies, rather than 
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FIGURE 16--4. End-diastolic pericardial strain (actual 
length -+- length at pericardial press ure of 0 mm Hg) 
is plotted against pericardial pressure (see text). 
(Reprinced from Mann et al. {6} by permission, 
American Journal of Physiology.) 

measuring the absolute volume of the cardiac 
chamber, some surrogate for volume (usually a 
chamber dimension) is employed; in almost all 
instances, the chamber selected for study has 
been the left ventricle. A significant problem in 
certain of these studies is the fact that the peri­
cardium has first been incised to allow for in­
strumentation of the heart and then resutured­
a procedure which may result in an artifactual 
decrease in the compliance of the pericardium 
[lI}. Nonetheless, as shown in Figure 16-7 
[11}, a downward or rightward shift of the 
diastolic press ure-dimension relation following 
pericardiectomy is what has been observed re­
peatedly for the left or right ventricle. Although 
its magnitude has varied, this shift can be 
used as a quantitative index of the effect of the 
pericardium on the compliance of the chamber 
in question. 

Before reviewing some recent experiments we 
have performed to better understand the effect 
of the pericardium on cardiac filling, consider 
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FlGURE 16-5. The pericardial pressure-volume rela­
tion (see text). (Reprinced from Holt et al. {7} by 
permission, American Heart Association.) 
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FlGURE 16--6. The pericardial pressure-volume rela­
tion in anormal dog (le/t) and a dog with chronic 
cardiac dilation (right). (Reprinced from Freeman and 
LeWincer {8} by permission, American Heart Asso­
ciation.) 

first the following theoretical concepts. As 
shown in Figure 16-8 (top), the diastolic heart 
is envisioned as consisting of two balloons, an 
inner balloon representing the cardiac cham­
bers(s) and an outer one representing the 
pericardium. The volume of the inner balloon 
can be varied directly, but that of the outer 
balloon varies passively in response to volume 
changes of the inner balloon. The goal is to 
predict the actual, or observed intracavitary 
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pressure-volume relation of the inside balloon. 
Secondarily, we would also like to predict what 
happens to the pressure-volume relation if the 
outer balloon is removed and what the contact, 
or normal surface pressure between the two 
balloons should be as the volume of the inner 
balloon is varied. 

We propose that at any volume of the inside 
balloon, its intracavitary pressure is a function 
of the relative distensibility of both the inner 
and outer balloons. This is of course merely a re­
statement of our introductory comments. Now 
consider two extreme cases (Figure 16-8, bot­
tom). In the first case, the inner balloon, or 
cardiac chamber, is much less distensible than 
the outer balloon, or pericardium. In this case, 
the unconstrained cardiac chamber press ure­
volume curve is represented by the upper solid 
line, and the pericardial pressure-volume curve 
by the lower solid line. More specifically, the 
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FIGURE 16-8. Schematic model of the diastolic 
heart (top panel) and pressure-volume curves of un­
constrained cardiac chamber and pericardium (solid 
lines) and observed pressure-volume curve (dashed 
line). 
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pericardial pressure-volume relation is essential­
ly Bat, and the pressure is dose to zero over the 
range of volumes of the inner balloon in which 
we are interested: a range of volumes that 
indudes the steep portion of the inner balloon's 
pressure-volume relation. In this case, the outer 
balloon will have no inBuence on the pressure­
volume relation of the inner balloon and the 
observed pressure-volume relation (shown in 
dashes) is identical to that of the unconstrained 
inner balloon. Obviously, removal of the outer 
balloon has no effect on the inner balloon's 
pressure-volume relation. Further , the contact 
press ure between the two balloons is zero over 
the range of volumes of interest. In the other 
extreme, the outer balloon is much less disten­
sible than the inner balloon over the range of 
volumes of interest (wh ich once again encom­
passes the steep portion of the less distensible 
balloon's pressure-volume relation) and the 
inner balloon's pressure-volume relation is Bat 
with apressure dose to zero over this range of 
volume, i.e., the unconstrained chamber and 
pericardial pressure-volume curves in Figure 
16-8 are now reversed (solid lines). In this case, 
the observed pressure-volume relation (dashed 
line) is determined completely by the outside 
balloon. Removal of the outside balloon results 
in a completely different observed pressure­
volume relation (tower solid line), which again 
is Bat with apressure dose to zero over the range 
of volumes of interest. Finally, in this case, the 
contact press ure between the two balloons is 
identical to the pressure in the inside balloon­
as a quantitative manifestation of this, at any 
volume, the drop in pressure after pericar­
diectomy is equal to the intracavitary press ure 
present before pericardiectomy at that volume. 

We know relatively litde about the actual 
relationship between the pericardial pressure­
volume relation and the pressure-volume rela­
tion of specific cardiac chambers. Further , as 
indicated previously, most such information has 
been obtained in the left ventride and has been 
inferred from changes in its pressure-volume 
relation occurring after pericardiectomy. None­
theless, we do know the following. The pericar­
dium is less distensible than the left ventride, at 
least at relatively high volumes, as shown by the 
sort of experimental results demonstrated in 
Figure 16-7. In this example from a study by 
Stokland and colleagues [ll}, a left ventricular 
end-diastolic pressure-segment length relation 
is plotted on the right side of the figure before 

and after pericardiectomy. The relation shifts 
downward after pericardiectomy, but only at 
relatively high pressures. Interestingly, in this 
study a single example of a right ventricular 
end-diastolic pressure-segment length relation 
was presented, as shown on the left, and the 
downward shift after pericardiectomy seems to 
be larger in magnitude and to occur over a larger 
range of volumes (i.e., chord lengths) than that 
for the left ventride. Insofar as the lower end 
01 the pressure-volume relation is concerned, we 
know, based on the data shown previously (see 
Figure 16-5), that the pericardial pressure­
volume relation, beginning at a volume equal to 
that of the empty heart, is very Bat. We do not 
know, however, the relative distensibility of the 
pericardium and the cardiac chambers at the 
low end of their pressure-volume curves. If we 
assurne that at low volumes the pericardium is 
much more distensible then the left ventride 
and that the reverse is true at high volumes, 
there must be a transition zone over which the 
relation between left ventricular and pericardial 
distensibility reverses. If this is the case, for the 
left ventride, we would predict the result shown 
by Stokland and associates [ll}. On the other 
hand, if the right ventride is substantially more 
compliant than the pericardium over a wide 
range of volumes extending to the low end of 
the curve, we would again predict the sort of 
result shown by Stokland and colleagues. Indeed, 
recent direct measurements of the pericardial 
press ure by Smiseth, Tyberg, and coworkers 
[l2} suggest that for the right ventricle the 
extreme relationship shown earlier may apply: 
i.e., the right ventricle may be much more dis­
tensible than the pericardium at all volumes. 
These measurements indicate that the intracavi­
tary pressure in the right side of the heart is 
identical to the pericardial pressure at all 
pressure levels, when the pericardial pressure is 
measured with Bat balloons. 

In examining the inBuence of the pericardium 
on cardiac filling, we have also recently been 
quite interested in the inBuence of the pericar­
dium on the right ventride and in attempting 
to systematically compare both ventrides. We 
have examined this quest ion in two ways. First, 
in open-ehest dogs [l2} we implanted sono­
micrometers to measure instantaneous lengths 
of approximately l-cm segments of myocardium 
at three locations, the anterior left ventricular 
free wall and the right ventricular inBow and 
outBow tracts. Alternatively, we also measured 
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FIGURE 16--9. Right (RV) and left ventricular (LV) 
end-diastolic pressure-septal-Iateral dimension rela­
tions before and after pericardiectomy. L VEDP = 
left ventricular end-diastolic pressure; R VEDP 
right ventricular end-diastolic pressure. 

right and left ventricular septal-Iateral dimen­
sions. We then generated end-diastolic pressure­
length or dimension relations under steady-state 
conditions before and after pericardiectomy, 
using a combination of caval occlusion and rapid 

infusion of dextran to vary cardiac filling. This 
technique has the advantage that the pericar­
dium need only be minimally disrupted to 
implant the sonomicrometers. However, as with 
other studies of this type, we did not measure 
absolute right and left ventricular volumes. Our 
data indicate that the end-diastolic press ure­
segment length (or dimension) relation differs 
between the right and left ventricles. As shown 
in Figure 16-9, after pericardiectomy the right 
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ventricular pressure-dimension relation shifted 
markedly downward, with a major change in its 
slope. In contrast, a downward shift of the left 
ventricular pressure-dimension relation also 
occurred, but it was proportionally sm aller than 
that of the right ventricle and appeared to 
involve less of a slope change. Indeed, when we 
fitted these data to a simple linear model re­
lating in end-diastolic pressure to dimension, 
we found that the right ventricular end-diastolic 
pressure-dimension relation demonstrated a 
substantial and significant reduction in slope 
after pericardiectomy; for the left ventricle, the 
change was statistically purely a parallel one, 
without a change in slope. Another way to look 
at these data is to compare the influence of the 
pericardium on the right and left ventricular 
end-diastolic pressures. Using data once again 
fitted to a linear relation between end-diastolic 
press ure and dimension, the proportion of end­
diastolic press ure accounted for by the pericar­
dium can be expressed as a function of the 
intracavitary end-diastolic pressure. Reflecting 
the' different effect of pericardiectomy on the 
right and left ventricles, the proportion of left 
ventricular end-diastolic pressure accounted for 
by the pericardium remains fairly constant as 
end-diastolic pressure increases, whereas that for 
the right ventricle increases as end-diastolic 
pressure Increases. 

The second way in which we have examined 
the relative effect of the pericardium on right 
and left ventricular compliance employed a very 
different methodology. In brief, we used canine 
hearts freshly arrested with potassium chloride, 
isolated both the left and right sides of the heart 
by ligating all venous inflow and arte rial outflow 
vessels, and inserted large-bore, multiple-side­
hole catheters across the left and right atrioven­
tricular valves via the superior vena cava and a 
lefr pulmonary vein. The only manipulation of 
the pericardium was an approximately 3-cm, 
loosely reapproximated incision, to allow liga­
tion of the proximal pulmonary artery and aorta 
and in addition ligation of the proximal coron­
ary arte ries to prevent left-to-right shunting. 
After emptying both the left and right sides of 
the heart by suction, we filled both sides with 
warmed saline at equal rates sufficient to 
produce a left ventricular end-diastolic pressure 
of 25 mm Hg in about 1 minute. Va, the 
volume at which the pressure was zero mm Hg, 
was carefully noted in both left and right sides 
of the heart. This procedure was then repeated 

--Perlcarclum Intact 
-----Pertcardlum Removed 

6 RIght Haart ./ 

I J~--------

VoIune(rn) 

FIGURE 16-10. Right and left heart pressure­
volume curves before and after pericardiecromy. On 
the left are shown low gain and on the right high 
gain pressure scales. Note the larger downward shift 
of the pressure-volume curve for the right heart and 
the modest rightward shift of V 0 for the left heart. 

after pericardiectomy. This technique has two 
major advantages. We can obtain precise and re­
producible absolute right and left heart volumes 
and the pressure measurements, being static, are 
also quite precise. Typical results are shown in 
Figure 16-10, with the right heart pressure­
volume relation before and after pericardiectomy 
shown on the top and the left heart on the 
bottom. For the left heart, we observed a mo­
derately sized downward shift of the press ure­
volume relation, which was evident even at low 
pressures. This shift eonsisted of both a deerease 
in slope and a rightward shift of the Va, indica­
ting a concomitant parallel shift. The downward 
shift of the right heart pressure-volume relation 
was uniformly extremely large and proportional­
ly greater than that for the left ventricle and was 
also evident even at very low pressures. In this 
case, however, the downward shift consisted 
completely of a slope change, without a shift in 
Vo. Our goal here was to mimie the normal, 
physiologic, steady-state relationship between 
left and right heart volume, i.e., we assumed 
that these are normally equal over a wide range 
of volumes. Because this may not in fact be rhe 
case, we also performed this experiment using 
rates that gave right and left heart volumes dif­
fering by 10% in either direetion-the results 
were no different. These results imply that the 
pericardium aecounts for most of the right heart 
filling pressure, even within the physiologie 
range. However, without the perieardium, the 
right heart pressure-volume relation is not per­
feetly flat at low or physiologic press ures , a 
result which would be predieted by the direct 
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FIGURE 16-11. Left ventricular end-diastolic pres­
sure-segment length relations before and after peri­
cardiectomy at an early time after the production of 
chronic volume overload in dogs. (Reprinted from 
LeWinter and Pavelec [1] by permission, American 
Heart Association.) A-V = arteriovenous; LVEDP 
= left ventricular end-diastolic pressure; L VEDD = 
left ventricular end-diastolic dimension. 

measurements of the pericardial press ure {12} 
cited previously. In other words, our results 
indicate that the right heart is not so distensible 
that the pericardium alone accounts for its 
diastolic press{ue-volume relationship. 

In summary, then, using two very different 
approaches to this problem, we found that the 
pericardium has significant effects on the filling 
of both sides of the heart and that these effects 
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differ both quantitatively and qualitatively. The 
perieardium influenees the right heart mueh 
more than the left heart and indeed aeeounts for 
a very substantial proportion of the right heart 
diastolie pressure even at physiologie volumes. 
It does not appear to aeeount for all of the right­
heart diastolie press ure , however. 

Finally, in relation to eardiae filling and the 
perieardium, we have also been interested in 
whether ehronie eardiae dilation alters the re­
lation between the perieardium and the eardiae 
ehambers [l}. Previously (see Figure 16-6), we 
showed that the perieardium enlarges substan­
tially ana undergoes a ehange in its own 
eomplianee when the heart ehronieally dilates in 
dogs with systemie arteriovenous fistulas {8}. In 
these same animals, we have examined left ven­
trieular end-diastolie pressure-segment length 
relations (again using sonomierometry) before 
and after perieardieetomy at approximately 
1 week and 6 weeks after produetion of the 
arteriovenous fistula {l}. At the early time, 
these animals had inereased operating left ven­
trieular end-diastolie pressures (usually 15-20 
mm Hg) but no measurable hypertrophy, at 
least by heart weight/body weight ratio. At the 
later time, these animals eontinued to have 
high operating left ventrieular end-diastolie 
pressures, but also had substantial hypertrophy 
and dilation with an average inerease in heart 
weight body weight ratio of 40 to 50%. As 
shown in Figure 6-11, at the early time, periear­
dieetomy results in a downward shift of the end­
diastolie pressure-segment length relation quite 
eomparable to that shown earlier in normal dogs 
(see Figure 16-7). In eontrast, at the later time, 
over the same range of end-diastolie press ure , 
there is no longer a deteetable shift in the end­
diastolie pressure-segment length relation after 
perieardieetomy. Thus, the alteration in the 
pressure-volume relation of the perieardium that 
is seen after ehronie eardiae dilation is aeeom­
panied by a ehange in the influenee of the peri~ 
eardium on the filling of the left ventricle over a 
eomparable range of end-diastolie pressure. 

Summary 
To review our eurrent understanding of the peri­
eardium and its relation to eardiae filling, we 
believe the following points are aeeurate: 

1. The in situ perieardium lengthens in a mueh 

more eomplex fashion than would be pre­
dieted by its behavior in vitro. 

2. The perieardial pressure-volume relation 
does not make as abtupt a transition from a 
relatively eompliant to a noneompliant por­
tion as has previously been thought. Fur­
ther, when the heart dilates ehronieally, the 
perieardial pressure-volume relation ehlmges 
substantially, perhaps in assoeiation with 
growth of the tissue in response to long-term 
stress. 

3. The influenee of the perieardium on filling is 
proportionally mueh more substantial on the 
right than the left side of the heart and 
indeed aeeounts for most, but not all, of the 
right-heart diastolie pressure at physiologie 
volumes. 

4. With ehronie eardiae dilation, the inßuenee 
of the perieardium on diastolie eomplianee 
deereases over time when eompared at'simi­
lar diastolie pressures, at least insofar as the 
left side of the heart is eoneerned. 
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17. IMPLICATIONS OF PERICARDIAL 
PRESSURE FOR THE EVALUATION OF 

DIASTOLIC DYSFUNCTION 
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Mouhieddin Traboulsi, and Eldon R. Smith 

An unappreciated change in pericardial press ure 
may alter the interpretation of measurements 
of left ventricular isovolumic relaxation and of 
the diastolic pressure-volume relationship both 
qualitatively and quantitatively. However, be­
fore these problems can be discussed it is 
necessary to define what is meant by pericardial 
pressure and to specify its magnitude. 

The Concept 0/ Pericardial Pressure 
As discussed in greater detail recently [l}, some 
of the difficulty with the concept of pericardial 
pressure is semantic. That is, the important 
component of so-called pericardial constraint is 
not really "pressure" at all; it is vectorial and 
thus does not obey Pascal's law, which states 
that pressure applied to a fluid at any point is 
exerted equally in all directions. In the case of 
the interaction between the pericardium and the 
ventricle, the important component is a radial 
compressive contact stress. If this is true, it is 
easy to appreciate that (except when the pericar­
dium contains an excess of fluid) pericardial 
constraint cannot be measured by a device that 
measures fluid pressure (e.g., liquid-filled cathe­
ter and conventional transducer or transducer- . 
tipped catheter in a liquid-filled space). The 
compressive contact stress developed between 
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the heart and pericardium can only be measured 
by a transducer such as the balloon developed by 
Holt and his collaborators {2} (which is a trans­
ducer in the sense that an average stress exerted 
on the balloon is converted to pressure within 
the closed fluid-filled system) or an appropriate 
stress gauge, which can measure the small dis­
placement of a minimally deformable material. 

The foregoing interpretation is supported by 
arecent study from our laboratory {3}, an inves­
tigation designed to compare the balloon and 
open catheter as alternative methods of measur­
ing pericardial "pressure ." The critical point in 
all our studies on pericardial press ure is the 
rationale that a static equilibrium of forces exists 
(momentarily) at the end of diastole when the 
ventricle is not moving. Since there is no 
motion, inertial and viscous contributions to 
pressure can be neglected and only the elastic 
component needs to be considered {4}. This 
equilibrium at the endocardium of the left 
ventricular free wall is illustrated in Figure 
17-1. Intracavitary end-diastolic press ure exerts 
a given force on a unit area of endocardium. 
This force is exactly opposed by the sum of two 
forces applied to the same area: the forcelarea 
that the unsupported ventricle can sustain at 
this volume (i.e., the transmural pressure) plus 
the force due to the constraining action of the 
pericardium. The same concept is represented 
differently in Figure 17-2. This shows the dia­
stolic portions of two pressure-diameter (volume) 
loops, the upper one recorded with an intact 
pericardium and the lower one (at the same end­
diastolic diameter) after the pericardium has 
been opened and the lungs retracted. Because no 

163 
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pressure or force is acting on the external surface 
of the heart in the latter condition, intracavitary 
pressure is equal to the transmural pressure 
under these circumstances. Then, if it can be 
assumed that the transmural pressure of the 
ventricle (i.e., ventricular distensibility) is not 
changed by removing the pericardium, the dif­
ference in pressure between the two curves is 
exactly equal to the press ure due to the effect of 
the pericardium C'pericardial pressure"). 

Using this rationale Smiseth and coworkers 
(3} showed that, whereas the balloon always 
recorded apressure equal to this calculated 
value, the pressure measured via the open, 
liquid-filled catheter was very dependent on the 
amount of liquid in the pericardium. When the 
pericardium was empty, this pressure was appro­
ximately zero. As liquid was infused into the 

Left 
Ventriele 

FIGURE 17-1. The static equilibrium of forces ap­
plied to a unit area of left ventricular free-wall 
endocardium at end-diastole. Intracavitary pressure 
(PLV) is exactly opposed by the transmural pressure 
(PLV(TM» the ventricle can sustain at that volume 
plus the effective press ure (Pp) of the pericardium 
(i.e., force per unit area). When the pericardium is 
opened widely and the lungs held back, intracavitary 
press ure is equal to transmural pressure because 
pericardial pressure is zero. (Compare Figure 17-2.) 
(Reproduced from Tyberg and Smith {l}, with 
permission of the publisher.) 

perle. + 

lI1~ ...... __ ... -
JPerIC.-
DIAMETER LV 

FIGURE 17-2. The diastolic portions of two left 
ventricular press ure-diameter loops recorded when 
the perieardium was intact (peric. +) and after the 
pericardium had been openly widely and the lungs 
retraeted (peric. -). Beeause the lower loop measures 
transmural pressure direetly (see text and Figure 
17 -1) and the upper loop refleets the sum of trans­
mural pressure and the effeet of the perieardium, the 
vertieal distanee between the two at end-diastole 
represents the effeetive, calculated perieardial "pres­
sure ." This value was used as the standard-of-referenee 
against whieh balloon and eatheter measurements of 
pericardial pressure were eompared. Pressure mea­
sured via the balloon was equal to this standard-of­
referenee pressure regardless of the amount of liquid 
in the perieardium. (Reprodueed from Smiseth et al. 
[3}, with permission of the Ameriean Heart Asso­
eiation.) 

pericardium (catheter) pressure rose rapidly but 
at least 30 ml was required before the differ­
ence between the pressure measured with the 
liquid-filled catheter and that measured by the 
balloon became statistically insignificant. The 
difference between the two methodological 
approaches to pericardial pressure was dem on­
strated most dramatically after the infusion was 
complete (Figure 17-3). Several small incisions 
were then quickly cut in the pericardium. 
Pressure recorded through the open catheter 
immediately fell toward zero even through the 
ventricle was still constrained by the pericar­
dium (as indicated by the balloon measurement 
and the fact that the intracavitary pressure at 
this diameter was higher than it was after the 
pericardium had been opened widely). 

Thus, the mechanical effect of the pericar­
dium on diastolic filling (manifest by an 
increased intracavitary pressure at a given end­
diastolic volume compared to the pressure at 
that volume when the pericardium is widely 
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FIGURE 17-3. Experimental data showing that the 
pericardial balloon accurately measures the mechani­
cal constraining effect of the pericardium even after 
several l-cm incisions cut in the pericardium have 
allowed the liquid to escape. At the beginning of the 
experiment, 50 ml of saline was contained in the 
pericardial space. Pressures were measured with a Bat 
liquid-containing Silastic rubber balloon and an 
open, multiple-side-hole catheter placed in the 
resealed pericardium. SE = standard error. (Repro­
duced from Smiseth et al. [3}, with permission of the 
American Heart Association.) 

open) can be measured accurately by a Holt-type 
balloon transducer. On the other hand, except 
when an excess volume of liquid is present, none 
of the conventional approaches that measure 
press ure in the pericardial liquid can measure 
the pericardial constraint accurately. 

The Magnitude 0/ Pericardial Pressure 
The magnitude of the pressure measured by the 
balloon transducer varies somewhat, depending 
on experimental conditions. In the balloon­
catheter comparison [3}, balloon pressure was 13 

to 15 mm Hg at a left ventricular end diastolic 
press ure of 20 mm Hg, but in this study some 
augmentation of the pericardial effect was in­
evitable because the pericardium had to be 
sutured tightly and resealed. Similarly, al­
though earlier studies dearly demonstrated the 
qualitative role of the pericardium on left 
ventricular diastolic filling, the magnitude of 
this effect was probably also somewhat overesti­
mated because of the necessity to seal the 
pericardium (5} or because of the presence of 
significant instrumentation (6}. However, none 
of these concerns obtain with respect to the 
recently published determination of pericardial 
balloon pressure in patients {7}. In this srudy, 
immediately following sternotomy a small peri­
cardial incision was made over the lateral border 
of the left ventricle. The balloon was placed 
between the ventricle and pericardium and its 
catheter secured with a single suture. Because 
the small pericardial incision was left gaping 
and since the volume of the balloon was rela­
tively negligible, the possibility of an an arti­
factual constriction of the pericardium is not a 
concern. Thus, the finding that mean pericar­
dial balloon pressure was approximately equal to 
mean right at rial pressure over a wide range (0 
to 20 mm Hg) has considerable importance. 
First, left ventricular intracavitary end-diastolic 
pressure is not equal to transmural pressure. In 
fact, given the usqal relationship between the 
diastolic pressure of the right and left ventricles, 
left ventricular transmural end-diastolic pres­
sure (true preload) may be no more than half the 
magnirude of the intracavitary pressure. Second, 
there is no assurance that the change in trans­
mural pressure can be predicted from the change 
in intracavitary pressure. Thus, left ventricular 
end-diastolic pressure and mean pulmonary­
capillary wedge press ures may provide very poor 
estimates of the changes in left ventricular end­
diastolic volume. Third, the good relationship 
between mean right at rial pressure and pericar­
dial balloon pressure suggests that the Swan­
Ganz trple-Iumen catheter may be utilized in a 
modified way to estimate transmural pressure 
(i.e., mean pulmonary-capillary wedge pressure 
minus mean right at rial pressure). This ap­
proach has been promising in preliminary 
laboratory srudies {8} and clinical studies are 
underway. 

The approximately one-to-one relationship 
between right ventricular filling pressure and 
pericardial balloon pressure implies that right 
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ventricular transmural diastolic pressure is al­
most negligible or at least unmeasurable by this 
technique. Current laboratory studies suggest 
that, indeed, this is the case. When caval con­
striction and volume loading were used to vary 
right ventricular intracavitary end diastolic 
pressure from 2 to 20 mm Hg, transmural pres­
sure only rose from 0 to 2.5 mm Hg, while 
right ventricular circumferential segment length 
increased 7 %. Thus, the right ventricular trans­
mural pressure-volume relationship apparently 
is very ßat, and considerable changes in end­
diastolic volume are apparently effected by dif­
ficult-to-measure changes in transmural pressure. 

An important caveat must be stated here. All 
of the investigations discussed above have been 
of short duration. That is, one must not extra­
polate from these studies to make inferences 
about chronic disease conditions. In particular, 
LeWinter and Pavalec {9} have demonstrated 
that removing the pericardium in dogs subjec­
ted to several weeks of shunt-induced volume 
ov~rload affects the left ventricular pressure­
volume relationship less than removal of the 
pericardium affects it in normal animals. Fur­
ther clinical studies are required to define the 
importance of pericardial constraint in patients 
with chronic cardiac (chamber) dilatation. 

The Relation 0/ Pericardial Pressure to 
Indices o/Left Ventricular 
Isovolumic Relaxation 
In the earlY studies of isovolumic relaxation 
Weiss and Weisfeldt clearly stated their as­
sumption that press ure external to the ventricle 
was zero {l0}. However, their simple semilo­
garithmic estimation of T (the time constant of 
isovolumic relaxation) has been employed under 
circumstances in which pericardial pressures 
was probably not negligible. In our laboratory, 
Frais and colleagues studied the effect of chan­
ging pericardial press ure in open-chest dogs 
with variable amounts of liquid in their peri­
cardia {l1}. The time constant of isovolumic 
relaxation was significantly and directly depen­
dent on pericardial pressure as anticipated 
intuitively from the nature of the semilogarith­
mic relationship (addition of a constant pressure 
ßattens the slope of the log pressure vs. time 
relationship wh ich increases T). Other analytic 
approaches {l2-14} proposed to circumvent the 
dependence on external pressure do provide 

estimates of T that are less dependent on peri­
cardial pressure. With respect to the latter 
methods, it is of interest that the parameters 
corresponding to the asymptotic value of pres­
sure correlate significantly with pericardial pres­
sure. 

The Relation 0/ Pericardial Pressure to 
Shifts in the Left Ventricular Diastolic 
Pressure-Volume Relationship 
Although Serizawa and coworkers {l5} clearly 
demonstrated that the transient, pacing-induced 
decreases in the distensibility of ischemic myo­
cardium may occur in the absence of the pericar­
dium, the observations discussed above suggest 
that when there are acute changes in right ven­
tricular filling pressure one might expect to see 
shifts in the left ventricular diastolic pressure­
volume relationship of the same magnitude. 
Examples might include the effects of vasodila­
tors such as sodium nitroprusside or nitro­
glycerin and interventions that raise arterial 
pressure such as angiotensin infusion or iso­
metric hand grip exercise. Recently Kingma 
and associates in our laboratory examined the 
effect of nitroglycerin administration on patients 
in whom ventricular press ures were measured 
and left ventricular size was estimated using 
two-dimensional echocardiography {l6}. Al­
though most of these patients did not have 
markedly elevated left ventricular intracavitary 
pressures, nitroglycerin shifted the pressure­
volume relationship significantly downward (Fi­
gure 17-4). Using right ventricular diastolic 
pressure as an estimate of pericardial press ure , 
transmural press ure was calculated at the begin­
ning and the end of diastole. There was no 
evidence of a shift in the estimated transmural 
pressure-volume relationship, further sugges­
ting that nitroglycerin does not change myo­
cardial distensibility {I7} and that the change 
in apparent diastolic compliance {l8} can be 
accounted for, in large measure, by the con­
comitant change in pericardial pressure. 

Summary 
We suggest that the pericardium is more 
important hemodynamically than previously 
appreciated because most earlier investigators 
failed to recognize that the mechanical effect of 
the pericardium normally cannot be assessed 
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FIGURE 17-4. Left ventricular diastolic pressure­
dimension data from patients given nitroglycerin. 
Press ures and diameters were measured at minimal 
diastolic pressure and at end-diastole. Left ventri­
cular diameter was derived from a two-dimensional 
minor axis echocardiogram. Although nitroglycerin 
(triangles) shifted the intracavitary pressure dimen­
sion relationship significantly downward (c/osed 
symbols), no shift was observed when transmural 
press ure (open symbols) was calculated by using the 
instantaneous value of right ventricular pressure as an 
approximation of pericardial pressure. PLV = intra­
cavitary pressure; PLV - PRV = transmural pressure. 
(Reproduced from Kingma et al. (16], with permis­
sion of the publisher.) 

by measuring the pressure of the liquid con­
tained in the pericardial space. When the 
equivalent pressure (force/area) exerted by the 
pericardium is properly measured (as with .a 
balloon), this pressure is found to be approxl­
mately equal to right atrial press ure in patients, 
as well as in experimental animals. This rather 
high value of pericardial pressure is important in 
the evaluation of diastolic dysfunction in at least 
two important ways. First, conventional (i.e., 
semilogarithmic) estimations of T are increased 
significantly when pericardial press ure is eleva­
ted. Second, some load-mediated changes in left 
ventricular diastolic compliance can be largely 
explained by changes in pericardial pressure. 
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18. COMPARATIVE EFFECTS OF 
ISCHEMIA AND HYPOXIA ON 

VENTRICULAR RELAXATION IN 
ISOLATED PERFUSED HEAR TS 

earl s. Apstein, Laura F, Wexler W. Mark Vogel, Ellen O. Weinberg, 

and J oanne S. Ingwall 

Many experimental studies of left ventricular 
diastolic properties have utilized isolated per­
fused hearts subjected to either global ischemia 
or hypoxia. The isolated perfused heart model 
(see Figure 18-1) has several advantages. The 
pericardium is removed and the right ventricle 
is vented; thus, any pericardial or right ventri­
cular interaction effect on left ventricular dia­
stolic relaxation (l-4} is eliminated. Because 
the imposed ischemic or hypoxie condition is 
globally distributed throughout the myocar­
dium, regional or segmental differences in con­
tractility are eliminated, thus negating the 
effects on relaxation of "strong and weak 
segments in series" (6-7). For these reasons, 
the isolated perfused heart model assesses the 
diastolic properties of the left ventricular cham­
ber consisting of myocytes, connective tissue 
elements, interstitial fluid, and coronary vas­
culature. 

This chapter will review the work from our 
laboratory that compares the effects of global 
ischemia and hypoxia on myocardial diastoliC 
properties in isolated rat and rabbit hearts 
perfused with either Krebs buffer oe whole 
blood [8-15}. Despite the common element of 
tissue hypoxia, our results show that ischemic 
and hypoxie perfusion conditions result in 
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Grossman, William, and LorelI, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
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opposite acute changes in left ventricular dia­
stolic chamber compliance. We use the term 
diastolie ehamber eomplianee to refer to left ventri­
cular end-diastolic pressure relative to simul­
taneous diastolic volume, i.e., to the position of 
the diastolic pressure-volume curve. Thus, a 
change in diastolic chamber compliance could 
result from either a change in the slope of the 
pressure-volume curve or from a parallel shift 
in the position of the curve. Use of diastolic 
pressure at end-diastole yields an index of the 
extent of relaxation. The studies we review in­
vestigated the initial changes in ventricular 
diastolic chamber compliance with global hy­
poxia or ischemia, i.e., those changes that 
occurred within 5 minutes. 

Isehemia means an abnormally low level of 
myocardial perfusion or coronary flow; arterial 
oxygen content is normal. Ischemia may be of 
the "demand" or "supply" variety. Demand 
ischemia occurs in the setting of a restricted 
coronary flow when an increase in myocardial 
oxygen demand occurs and exceeds the ability of 
the coronary circulation to provide adequate 
oxygenation. Supply ischemia occurs when there 
is a severe reduction in coronary flow, e.g., with 
a coronary occlusion or very severe stenosis, such 
that coronary flow is inadequate to support a 
resting level of myocardial work; in this setting, 
ischemia results from the reduction in oxygen 
supply without an increase in myocardial oxy­
gen demand. These two types of ischemia have 
opposite acute effects on diastolic compliance. 
Supply ischemia results in an acute increase in 
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FIGURE 18-1. Isolated perfused heart preparation. The coronary arteries of the isolated heart are perfused 
retrograde via the aortic stump by a constant flow pump or at constant perfusion pressure. The left ventricle 
(LV) does isovolumic work against an intra-LV balloon tied at the mitral valve orifice. Two cannulas exit from 
the intra-LV balloon and lead to apressure transducer and to a calibrated syringe by which known increments of 
volume can be added to the balloon as intra-LV press ure is recorded. A pacing catheter and temperature probe 
(not shown) enter the right ventricle via a right at rial incision. Coronary venous drainage is collected from a 
pulmonary artery catheter. An apical drain permits free drainage of thebesian venous effluent. The heart is 
perfused by Krebs-Henseleit buffer warmed to 37°C in water-jacketed reservoirs gassed with a mixture of95% 
O2 , 5% CO2 or, for investigations of hypoxia, with 95% N 2 , 5% CO2 . Air embolization is prevented by 
passing the perfusate through a bubble trap, and the heart is kept warm (36.0° ± 0.5°C) in a water-jacketed 
chamber. For perfusion with blood, the apparatus is modified such that the blood is recirculated and passes 
through a membrane oxygenator for appropriate gas equilibration. 

ventricular diastolic chamber compliance, where­
as demand ischemiacauses an acute decrease in 
chamber compliance {14, 15]. This chapter will 
focus on the effects of supply ischemia. 

In contrast to ischemia, hypoxia or hypoxemia 
indicates the presence of an abnormally low 
oxygen content. In this article we will use the 
term hypoxia to refer to myocardial hypoxia, 
resulting from hypoxie or hypoxemic perfusion, 
in contrast to ischemic perfusion. During 
hypoxia, myocardial perfusion (coronary flow) 
may be normal or increased depending on ex­
perimental conditions and the extent of coronary 
vasodilator reserve. Like demand ischemia, 

hypoxia results in an acute decrease in diastolic 
chamber compliance {1~13]. 

The major differences between supply ische­
mia and hypoxia result from the differences in 
coronary flow between the two states, because 
tissue hypoxia is common to both perfusion 
conditions . During ischemia, coronary press ure 
and flow are reduced or absent and the coronary 
vasculature is collapsed. In contrast , during 
hypoxia the coronary circulation is normally 
pressurized, coronary flow may be increased, 
and the coronary vasculature is engorged due to 
coronary vasodilation. Because such coronary 
engorgement can influence diastolic ventricular 
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chamber stiffness and wall thickness, it has been 
called a coronary "erectile," "garden hose," or 
"turgor" effect [10--12, 16-20}. Thus, a major 
difference between the hypoxic and ischemic 
conditions is the reduction of coronary turgor 
during ischemia and a constant or increased 
coronary turgor during hypoxia. Our results 
show that differences in coronary turgor contri­
bute to the differences between the effects of 
hypoxia and ischemia on chamber stiffness. The 
presence of myocardial perfusion during hypoxia 
also influences myocardial metabolism in ways 
that can affect myocardial relaxation. 

Methodology 
ISOLATED HEART PREPARATION 
The results reviewed in this article have been 
obtained with isolated rat or rabbit hearts 
perfused with Krebs-Henseleit buffer or blood 
[8-13}. The experimental preparation is shown 
in F igure 18-1. The coronary arte ries were 
perfused retrograde via the cannulated aortic 
stump. The pericardium was removed and a 
cannula passed through the pulmonary artery 
into the right ventricle to drain that chamber 
and collect coronary venous effluent flow. Heart 
rate was held constant via a right ventricular 
pacing wire. Aortic pressure, which in this 
model is equivalent to coronary perfusion pres­
sure, was measured via a transducer connected 
to a side arm of the aortic cannula. The left 
ventricle was decompressed by an apical drain 
which removes any thebesian venous drainage. 

A highly compliant latex balloon was inserted 
into the left ventricle via the mitral orifice and 
tied in place at the atrioventricular groove. The 
balloon cannula was attached to apressure 
transducer and also to a calibrated syringe, 
which was used to alter left ventricular volume 
to construct pressure-volume curves. In iso­
volumic experiments, balloon volume is held 
constant throughout the experiments such that 
changes in left ventricular end-diastolic press ure 
reflect changes in diastolic chamber compliance 
[8-12}. The perfusate was gassed with 95% O2 
5 % CO2 for oxygenated experiments (p02 = 
500 mm Hg) and 95% N2 5% CO2 (p02 = 
10--20 mm Hg) for hypoxia experiments. A 
coronary perfusion press ure of 80 to 100 mm 
Hg was used. Changes in end-diastolic wall 
thickness were assessed by means of a segment­
length gauge sutured to the epicardium along 
the equator of the left ventricle. Since the left 

ventricular balloon volume held the endocardial 
circumference constant, changes in the epicar­
dial circumference reflected changes in wall 
thickness [11}. 

MEASUREMENT OF HIGH ENERGY 
PHOSPHATES AND INTRACELLULAR pH BY 
31pHOSPHORUS NUCLEAR MAGNETIC 
RESONANCE (NMR) 
To study the relationship between intracellular 
pH (pHi) and changes in chamber compliance, 
we utilized isolated rat hearts. The experimental 
preparation was similar to that described above, 
with the following modifications. The hearts 
were not paced. The preparation was suspended 
in a 20-mm (outer diameter) NMR tube and the 
venous effluent was allowed to bathe the heart. 
To ensure that all phosphorus NMR signals 
were of intracellular origin, the perfusate con­
sisted of phosphate-free Krebs-Henseleit buffer. 
The aortic and left ventricular cannulas and a 
suction tube, which maintained a constant fluid 
level above the heart, were attached to long 
extension tubes inside a warmed water jacket. 
This "umbilical cord" was necessary to permit 
placement of the isolated heart inside the 
magnet. The methodology has been published 
in detail [13, 21}. 

31 P NMR spectra were obtained during the 
last 1.9 minutes of each 2- 4-minute interven­
tion. Myocardial adenosine triphosphate (ATP) 
and creatine phosphate (CP) content were cal­
culated by integrating the reasonance areas 
under the beta-ATP and CP peaks using the 
Nicolet integration program. ATP and CP were 
expressed as a percentage of the aerobic baseline 
ATP resonance area for each heart. Intracellular 
pH (pHi) was derived from the relationship 
between pHi and the position of the inorganic 
phosphate resonance peak [21-24}. 

Results 

CHANGES IN DIASTOLIC 
CHAMBER COMPLIANCE 
Hypoxia and ischemia caused opposite initial 
changes in diastolic chamber compliance as 
illustrated in Figures 18-2 and 18-3. Figure 
18-2 shows a left ventricular pressure tracing 
from an isolated isovolumic rabbit heart per­
fused at a constant coronary flow rate [lO}. Prior 
to hypoxia, left ventricular end-diastolic pres­
sure was 10 mm Hg. After 1 minute of hypoxic 
perfusion, diastolic chamber compliance de-
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FIGURE 18-2. Effect of hypoxia at constant coronary flow on left ventricular diastolic chamber compliance. 
These pressure tracings were obtained from an isovolumic isolated rabbit heart perfused at a constant coronary 
flow of30 mVminute with Krebs buffer. The increase in left ventricular (LV) diastolic pressure during 2 min of 
hypoxia indicates a decrease in diastolic chamber compliance in this isovolumic preparation. Chamber 
compliance returned to the controllevel after reoxygenation. From Serizawa er al. {l0}, with permission.) 
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FIGURE 18-3. Effect of ischemia on left ventricular diastolic chamber compliance and diastolic wall thickness. 
From top to bottom, these tracings show a local electrocardiogram (ECG), epicardial segment length (SLG), 
left ventricular wall thickness (as measured with transmural ultrasonie crystals), coronary perfusion pressure 
(aortic pressure, AoP), and left ventricular pressure (LVP) at the onset of global ischemia (aortic occlusion). 
Segment length, wall thickness, and LV diastolic press ure all fell simultaneously with the decrease in perfusion 
pressure in this isovolumic buffer-perfused rabbit heart. Thus, in constrast to hypoxia (see Figure 18-2) 
ischemia caused an acute increase in diastolic chamber compliance. From Vogel et al. {II}, with permission.) 
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creased as manifested by an increase in left ven­
tricular end-diastolic pressure, which reached a 
value of 20 mm Hg after 2 minutes of hypoxia. 
This decrease in diastolic chamber compliance 
was completely reversed during reoxygenation. 
In contrast, Figure 18-3 demonstrates that 
acute ischemia abruptly increased diastolic 
chamber compliance [11}. With the onset of 
ischemia, there was a simultaneous decrease in 
left ventricular end-diastolic press ure , indica­
ting an increase in diastolic chamber compliance 
in this isovolumic model. 

In these ischemia experiments, "supply" 
ischemia was imposed; coronary perfusion was 
zero and heart rate was held constant. Thus, 
myocardial energy demand was not increased, 
but decreased due to the rapid decrease in con­
tractility that occurred immediately after the 
onset of ischemia. 
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FIGURE 18-4. Effect of ischemia and hypoxia on the 
left ventricular (LV) diastolic pressure-volume rela­
tionship. Pressure-volume curves were generated in 
the same buffer-perfused rabbit hearts during an 
aerobic control period and after 2 minutes of global 
ischemia, hypoxia with constant coronary flow (kQ), 
and hypoxia with constant coronary perfusion pres­
sure (kP). Left ventricular end-diastolic pressure 
(L VEDP) in mm Hg is plotted against left ventri­
cular balloon volume in ml. The curve obtained 
during ischemia was shifted significantly to the right 
(P < 0.001). During hypoxia at constant coronary 
flow the curve was shifted to the left (P < 0.001). 
When flow was allowed to increase during hypoxia at 
constant perfusion pressure the curve was shifted 
further to the left compared to the curve obtained 
during hypoxia at constant coronary flow (p < 0.005 
kQ vs. kP at all points above L VEDP = 5 mm Hg). 
Points represent mean ± standard error of the mean 
from 10 hearts (From Vogel et al. {11], with 
permission.) 

Diastolic pressure-volume curves demonstra­
ting the acute changes in chamber compliance 
with ischemia and hypoxia are shown in Figure 
18-4. The diastolic pressure-volume curve gen­
erated after 2 minutes of global }schemia was 
shifted to the right relative to the control curve, 
and the slope was less steep, indicating an 
increase in left ventricular diastolic chamber 
compliance during acute total global ischemia. 
Two minutes of hypoxia under conditions: of 
constant coronary flow caused a shift to the Jeft 
and an increase in the slope of the diastolic 
pressure-volume curve, indicating a decrease in 
diastolic chamber compliance compared to the 
control state. Coronary resistance decreased 
during hypoxic perfusion. When coronary flow 
was allowed to increase during hypoxia,. to 
maintain constant perfusion pressure, there was 
a significantly greater leftward shift in the 
position and slope of the diastolic pressure 
volume curve compared to hypoxia at constant 
coronary flow [11}. 

CHANGES IN DIASTOLIC WALL THICKNESS 
Why should hypoxia and ischemia cause oppo­
site initial changes in diastolic chamber com­
pliance? We reasoned that the acute opposite 
changes in diastolic wall thickness and chamber 
compliance with ischemia and hypoxia could be 
caused by alterations of the coronary intravascu­
lar volume. The coronary vascular space occu­
pies approximately 15 % of the left ventricular 
wall [18}. The extensive nature of the coronary 
circulation is illustrated in Figure 18-5. Ische­
mia, by depressurizing the coronary vasculature, 
causes a collapse of the coronary vascular com­
partment. Conversely, hypoxia at a constant 
coronary perfusion pressure causes vasodilation, 
and coronary vascular engorgement [11}. 

An alteration in the size of the coronary 
vascular compartment is measured indirectly, 
by a change in diastolic wall thickness, as shown 
in Figure 18-3. In this typical ischemiaex­
periment, diastolic wall thickness decreased 
simultaneously with the decrease in coronary 
perfusion press ure and increase in diastolic 
chamber compliance. The acute opposite changes 
in left ventricular diastolic chamber compliance 
with ischemia and hypoxia were accompanied 
by parallel changes in diastolic wall thickness as 
shown in Figure 18-6. At all intraventricular 
balloon volumes, diastolic thickness was· de­
creased during global ischemia relative to con­
trol, but was increased relative to control during 
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hypoxia at constant coronary ßow. Wall thick­
ness increased further . when coronary ßow was 
allowed to increase during hypoxia at constant 
perfusion pressure [Il}. Thus, these changes in 
diastolic wall thickness were consistent with 
expected changes in the size of the coronary 
vascular compartment during ischemia and 
hypoxia. 

CHANGES IN CORONAR Y TURGOR 
To elucidate the inßuence of the coronary 
vasculature on chamber compliance, the coron­
ary turgor and the myocardial fiber contribu-

E 80 
! 0 CONTROL 
llJ 75 • ISCHEMIA 
0 
z ~ • HYPOX,A /tOI llJ 70 • HYPOXIA (kP) 11: 
~ 

~-+-{ ~ 65 ::l 
0 
11: 60 r--r-~ ö 
..J 
~ 55 
Ci 

! !---! 11: 
50 ! ! ! ~ t- ! 0 

ii: 
llJ 45 

0 0.2 0.4 0.6 0.8 

A LV BALLOON VOLUME (mI) 

FIGURE 18-5 . The coronary vasculature. This photo­
graph demonstrates the extensive nature of the 
coronary vasculature, which has been filled with 
contrast material in this left ventricular cross-section. 
The coronary vascular space accounts for 10 to 15 % 
of myocardial wall volume [l8}, and provides the 
anatomical basis for the influence of cotonary turgor 
on diastolic chamber compliance. 

FIGURE 18-6. Effect of ischemia and hypoxia on left 
ventricular (LV) diastolic epicardial circumference. 
Diastolic epicardial cirumference is plot ted as a 
function of increasing LV balloon volume. Zero on 
the horizontal axis is that LV volume which ptoduced 
a left ventricular end-diastolic pressure (L VEDP) of 
5 mm Hg during the control period (0.58 ± 0.07 
ml) . Data were obtained during generation of the 
diastolic press ure volume curves shown in Figure 
18-4. Diastolic epicardial circumference was de­
creased at all volumes during ischemia, suggesting a 
decrease in LV wall diastolic thickness. During 
hypoxia with constant coronary flow (kQ), diastolic 
epicardial circumference was increased at all 
volumes, suggesting increased diastolic wall thick­
ness. When coronary flow was allowed to increase 
during constant perfusion pressure hypoxia (kP), 
diastolic epicardial circumference was shifted to 
higher values at each volume. The same LV balloon 
volume range was not employed during all inter­
ventions because balloon volume was not increased 
beyond the value which produced an L VEDP of 35 
mm Hg. (From Vogel et al. [ll}, with permission.) 
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tions to diastolic compliance were assessed in a 
series of experiments under oxygenated condi­
tions where coronary dynamics were varied in 
the absence of hypoxia (11 l We used adenosine 
to produce coronary vasodilation, measured the 
effect on diastolic wall thickness and diastolic 
chamber compliance under oxygenated condi­
tions, and compared the results to those which 
occurred during hypoxia. The effects of adenosine 
on diastolic chamber compliance and diastolic 
wall thickness under oxygenated conditions are 
shown in Figure 18-7. Adenosine infusion at a 
constant perfusion pressure of 80 mm Hg in­
creased coronary flow by 50%, from 31 to 
47 mllminute. The diastolic pressure-volume 
compliance curve measured during adenosine 
infusion was significantly shifted to the left, 
relative to control, without a change in slope. 
Diastolic wall thickness increased by approxi­
mately 4% during the adenosine infusion: 
These results show that when coronary dilation 
occurs at a constant coronary perfusion pressure , 
coronary flow increases, vascular engorgement 
occurs, wall thickness increases, and diastolic 
chamber compliance decreases independently 
from any hypoxie effect (1l}. 

We have recently obtained similar results in 
an isolated blood-perfused rabbit heart prepara­
tion, which was subjected to an experimental 
hypertensive crisis. When the coronary perfu­
sion pressure was raised from the control value 
of 70 mm Hg to hypertensive levels (130 mm 
Hg), there was an immediate increase in coron­
ary flow, and diastolic wall thickness and a de­
crease in diastolic chamber compliance, thus 
demonstrating the acute effects of arte rial hyper­
tension on diastolic myocardial properties via a 
mechanism of increased coronary turgor (25l 

To determine whether the changes in coron­
ary turgor could account entirely for the ven­
tricular compliance changes observed during 
ischemia and hypoxia, we performed aseries of 
experiments in which adenosine infusion or 
hypoxia was imposed while coronary flow was 
held constant to minimize any coronary turgor 
effect (Figure 18-8). Coronary perfusion pres­
sure during control aerobic perfusion was 
84 mm Hg. Hypoxia and adenosine infusion 
each caused a comparable degree of vasodila­
tion and a 30% decrease in coronary perfusion 
press ure . However, hypoxia caused a significant 
shift of the diastolic pressure-volume curve to 
the left, but adenosine infusion, despite an 
equal degree of coronary vasodilation, had no 
effect on the diastolic pressure-volume relation-

ship. Figure 14-8B shows that diastolic wall 
thickness was increased at all balloon volumes 
during hypoxia, but was unchanged during 
adenosine infusion when coronary flow was held 
constant. These results indicate that the increase 
in diastolic chamber stiffness with hypoxia at 
constant coronary flow cannot be explained by 
increased coronary turgor due to coronary vaso­
dilation, because an equal degree of vasodilation 
with adenosine altered neither wall thickness 
nor chamber stiffness when coronary flow was 
held constant. We therefore concluded that a 
hypoxia-induced metabolie alteration was re­
sponsible for the decrease in diastolic chamber 
compliance during hypoxie perfusion (Ill 

HYPOXIA WITH SUPERIMPOSED ISCHEMIA 
The conclusion that hypoxie perfusion caused a 
metabolically based decrease in chamber com­
pliance, independent of coronary turgor, must 
be reconciled with our observation that ische­
mia, which also caused tissue hypoxia, resulted 
in an acute increase in diastolic chamber com­
pliance (see Figures 18-3, 18-4). In an attempt 
to clarify the mechanisms responsible for the 
opposite compliance changes with hypoxia and 
ischemia, we performed an experiment in which 
the ischemic and hypoxie conditions were super­
imposed in the same heart. In these experi­
ments, after an initial 2-minute ischemia and 
lO-minute recovery period, a hypoxie decrease 
in diastolic compliance was induced with 2 
minutes of hypoxie perfusion; then, during the 
phase of decreased hypoxie compliance, the 
ischemic condition was superimposed by halting 
all coronary flow. Simultaneous21 P NMR spec­
troscopy defined the concomitant intracellular 
pH and high energy phosphate changes that 
occurred (13 l 

The effects on diastolic compliance of global 
ischemia or hypoxia alone, and of global 
ischemia superimposed on hypoxia, are shown 
in Figure 18-9. After the control diastolic 
pressure-volume relationship was defined, the 
hearts were first made transiently globally 
ischemic to define the magnitude of the coron­
ary turgor effect. The pressure-volume curve 
shifted markedly to the right within 5 seconds 
of the onset of ischemia, which was consistent 
with a decrease in coronary turgor. A small 
additional rightward shift occurred between 5 
seconds and 2 minutes of ischemia. The right­
ward shift of the pressure-volume curve indi­
cated a substantial increase in diastolic chamber 
compliance with 2 minutes of ischemia. The 
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FIGURE 18-7. Effects of adenosine infusion (at constant perfusion pressure) on the left ventricular (LV) 
diastolic pressure-volume relationship and on diastolic epicardial segment length in buffer-perfused rabbit 
hearts. Panel A shows the plot of left ventricular end-diastolic pressure L VEDP vs. LV balloon volume. Points 
were obtained from six hearts during control conditions and during infusion of 10-4 M adenosine. Aortic per­
fusion pressure was constant at 80 mm Hg; numbers in parentheses indicate coronary flow in the two condi­
tions. During adenosine infusion, the curve shifted to the left, indicating a decrease in diastolic chamber 
compliance. Panel B shows diastolic epicardial segment length as a function of increasing LV balloon volume. 
Points were obtained during generation of the pressure-volume curves shown in panel A. Zero volume is that 
which produced LVEDP = 5 mm Hg during the control period. During adenosine infusion, epicardial 
segment length was increased at all LV balloon volumes, suggesting that wall thickness had increased. Values 
given in both panels are means ± standard error of the mean. (From Vogel et al. (11), with permission.) 
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FIGURE 18-8. Effects of adenosine and hypoxia (at constant coronary flow) on the left ventricualr (LV) diastolic 
pressure-volume relationship and on epicardial segment length in buffer-perfused rabbit hearts. Panel A shows 
the plot of left ventricular end-diastolic pressure (L VEDP) vs. LV balloon volume. Points were obtained ftom 
six hearts during control conditions, during hypoxia, or during 10-4 M adenosine infusion. Coronary flow was 
constant at 30 mllminute during all conditions; numbers in parentheses indicate coronary perfusion pressure in 
the various conditions. During hypoxia the diastolic pressure-volume curve was shifted to the left, but the 
adenosine infusion had no significant effect on the diastolic pressure-volume curve deposite an equal degree of 
vasodilation. Panel B shows epicardial diastolic segment length as a function of increasing left ventricular 
balloon volume. Points were obtained during generation of the diastolic pressure-volume curves shown in panel 
A. During hypoxia, diastolic segment length was increased at each ventricular balloon volume, but adenosine 
had no significant effect. Symbols designate the same conditions in both panels. (From Vogel et al. [11], with 
permission. ) 
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hearts were then reperfused at the control flow 
rate for 10 minutes and the diastolic pressure 
volume curve returned to its original position, 
verifying recovery to baseline diastolic chamber 
compliance. The hearts were then made hypoxie 
for 2 minutes at constant coronary flow; this 
resulted in a marked decrease in diastolic 
chamber compliance as indicated by a leftward 
shift of the pressure-volume curve. 

While in this state of decreased compliance 
secondary to hypoxia, the hearts were made 
globally ischemic, i.e., coronary flow was 
turned off, to superimpose ischemia on the 
hypoxia-induced decreased compliance condi­
tion. After 5 seconds of ischemia, the pressure­
volume curve had shifted to the right, indica­
ting an increase in compliance, consistent with 
a decrease in coronary turgor as result of coron­
ary flow cessation. However, after a total of 2 
minutes of global ischemia superimposed on the 
"stiff" hypoxie ventricle, the diastolie pressure­
volume eurve shifted mueh furt her to the right 
to a position similar to that observed after 2 
minutes of isehemia alone. Thus, acute isehemia 
completely reversed the decrease in chamber 
eomplianee caused by hypoxia. Although the 
rightward shift of the diastolie pressure-volume 
curve after 5 seeonds of isehemia was eonsistent 
with a eoronary turgor effeet, the subsequent 
further rightward shift during 2 minutes of 
isehemia was too large to be explained by a 
decrease in eoronary turgor and suggested an 
additional isehemie metabolie factor. 

To define metabolie proeesses that eould eon­
tribute co the differences in eomplianee during 
isehemia and hypoxia, we performed aseries of 
experiments utilizing'll P NMR speerroseopy. 
Table 18-1 repom hemodynamic and metabolie 
data from aseries of rat heart perfusion experi­
ments similar to the rabbit heart experiments 
reported in Figure 18-9. Isolated buffer-perfused 
rat hearts were exposed to acute (2 to 4-min.) 
periods of isehemia or hypoxia. In these experi­
ments, the intraventricular balloon-volume was 
adjusted to produee an initial left ventricular 
end-diastolie pressure (L VED P) of 20 + / -
1 mm Hg under eontrol, oxygenated condi­
tions. After acute isehemia, L VEDP deereased 
to 11 +/- 2 mm Hg, indieating an acute in­
crease in diastolie chamber eomplianee. In 
eontrast, after acute hypoxia, LVEDP inereased 
to 48 +/- 3 mm Hg, indieating an acute de­
crease in diastolic ehamber complianee. These 
differenees in diastolic ehamber complianee 
eannot be explained by differenees in the eon-
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FIGURE 18-9. Changes in diastolic chamber com­
pliance (DCC) with global ischemia superimposed on 
hypoxia. Diastolic pressure-volume (P-V) curves 
obtained during seven sequential interventions in 
each of seven hearts. After 5 seconds of global 
ischemia, the left ventricular (LV) diastolic P-V 
curve shifted to the right (.6,) indicating the increase 
in DCC attributable to loss of the "erectile effect." 
After a total of 2 minutes of global ischemia, there 
was an additional shift of the P-V curve to the right 
(A). Reperfusion for 10 minutes returned the P-V 
curve to its original control position (e). After 2 
minutes of hypoxia, the P-V curve shifted to the left 
(.) indicating a decrease in DCC. Global ischemia 
was then superimposed on hypoxia by turning off 
coronary flow. After 5 seconds, the P-V curve shifted 
to the right ( 0) indicating an increase in DCC. This 
shift was similar to that seen after 5 seconds of 
ischemia in the nonhypoxic heart and is consistant 
with an acute decrease in coronary turgor. After a 
total of 2 minutes of ischemia superimposed on 
hypoxia, there was a marked additional shift of the P­
V curve to the right (e) such that DCC after 2 
minutes of ischemia super-imposed on hypoxia was 
almost the same as DCC after 2 minmes of ischemia 
alone (A), i.e., the decrease in DCC resulting from 
hypoxia was completely reversed by 2 minutes of 
global ischemia. (From Wexler et al. tl3}, with 
permission. ) 

eentrations of the high energy phosphate com­
pounds. As the data in Table 18-1 indieate, 
there were no signifieant differenees between 
the ischemie or hypoxie states with respeet to 
myoeardial levels of A TP , CP, or inorganie 
phosphate. 

Two major differenees between the isehemia 
and hypoxia periods, whieh may be related to 
the differences in diastolie ehamber eomplianee, 
were the degree of intraeellular aeidosis and the 
amount of eontraetile work, or energy demand, 
that persisted during isehemia and hypoxia. 
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TABLE 18-I. Comparison of Acute Ischemia and Hypoxia 

Control Ischemia Hypoxia P* 
LV developed pressure (mm Hg) 160 ± 8 6 ± 1 58 ± 3 < .001 
LVEDP (mm Hg) 20 ± 1 II ± 2 48 ± 3 < .001 
Heart rate 245 ± 10 184 ± 25 ll2 ± 14 < .025 
HR X LVDevP(X 10-3) 39.3 ± 3.0 1.16 ± 0.03 6.44 ± 0.91 < .005 
pHi 7.03 ± 0.02 6.87 ± 0.03 6.99 ± 0.01 < .01 
ATP 100% 91 ± 6% 94 ±9% NS 

CP 138 ± 7% 45 ± 10% 66 ± 5% NS 

Pi 45 ± 7% 145 ± 14% 136 ± 12% NS 

* p values compare ischemia vs. hypoxia by Student"s unpaired I rest. LV = lefr venericle; EDP = end-diasrolic pressure; HR = heart rate; 
Dev P = developed pressure; pHi = ineracellular pH; ATP = adenosine rriphosphare; CP = crearine phosphare; Pi = inorganic 
phosphare. ATP, CP, and Pi values are expressed relative ro rhe 100% conerol ATP conemt. 

During acute ischemia intracellular pH de­
creased from the control value of 7.03 to 6.87, 
(P < 0.01); that is, the proton concentration 
increased by approximately 32%. In contrast, 
during acute hypoxia, there was no significant 
change in intracellular pH relative to the control 
condition. 

These differences in intracellular pH most 
likely contribute to the observed differences in 
contractile function and myocardial oxygen 
demand during ischemia and hypoxia. During 2 
minutes of ischemia, the product of heart rate 
times left ventricular developed pressure (an 
index of myocardial energy demand) decreased 
to 3 % of control, but during acute hypoxia this 
index of energy demand persisted at 17 % of 
the control level. Thus, during acute hypoxia 
approximately six times the rate of energy util­
ization was present relative to the acute ischemia 
condition. Despite this higher rate of energy 
utilization during hypoxia, tissue high-energy 
phosphate levels were comparable during acute 
ischemia and hypoxia; this observation suggests 
that rates of high energy phosphate synthesis 
must be greater during hypoxia than ischemia 
and is consistent with an inhibition of glycoly­
sis during ischemia secondary to tissue acidosis 
and lactate accumulation {26, 27}. 

Discussion 
The results just reviewed show that acute global 
supply ischemia and hypoxia cause opposite 
earIy changes in diastolic chamber compliance: 
ischemia increases compliance and hypoxia de­
creases it. Furthermore, the superimposition of 
the ischemic condition completely reversed the 
compliance decrease, which had occurred in 

hearts that were made hypoxie. Thus the factors 
that increase diastolic compliance with ischemia 
appear to outweigh those favoring a decrease in 
compliance during hypoxia. 

The factors that best explain the differences in 
diastolic chamber compliance observed during 
these two types of acute tissue hypoxia include: 
(1) the presence of a pressurized coronary 
vascular tree during hypoxia in contrast to 
coronary vascular collapse during global supply 
ischemia; (2) the development of intracellular 
acidosis and its effect on Ca2 + -activated tension 
during ischemia but not during hypoxia; and (3) 
decreased Ca2+ resequestration by the sarco­
plasmic reticulum during tissue hypoxia in­
duced by either ischemia or hypoxia. 

ROLE OF CORONARY VASCULAR COLLAPSE 
ON DIASTOLIC CHAMBER COMPLIANCE 
During global supply ischemia, coronary flow 
ceases, wall thickness diminishes, and the left 
ventricle becomes more compliant. In contrast, 
during hypoxia, coronary flow continues, coron­
ary vascular collapse does not occur, and the 
coronary turgor effect to maintain diastolic left 
ventricular wall stiffness is maintained {lI, 12}. 
This coronary turgor factor may be largely re­
sponsible for the opposite initial changes in 
diastolic chamber compliance after 2 minutes of 
ischemia compared with 2 minutes of hypoxia. 
Coronary vascular collapse mayaIso contribute 
to the observed reversal by superimposed ische­
mia of the hypoxic-induced decrease in diastolic 
chamber compliance. 

However, changes in coronary turgor cannot 
entirely explain the changes in diastolic com­
pliance that we observed when ischemia was 
superimposed on hypoxia (see Figure 18.9). In a 



180 PART III. EVALUATION OF RELAXATION AND COMPLIANCE IN THE INTACT HEART 

constant coronary flow preparation, early hy­
poxia was associated with a decrease in coronary 
perfusion pressure (indicating a fall in coronary 
resistance, compatible with hypoxia-induced 
vasodilation), but with an increase in wall thick­
ness. The increase in wall thickness and asso­
ciated decrease in chamber compliance could not 
be attributed to coronary vasodilation because 
administration of adenosine, which induced a 
degree of vasodilation equal to that observed 
during hypoxia, caused no change in chamber 
compliance or wall thickness when coronary 
flow was held constant (see Figure 18-8) [Il}. 
These observations suggested that another factor 
such as persistent actin-myosin cross-bridge 
cyeling, i.e., incomplete relaxation, may con­
tribute to the decrease in diastolic chamber 
compliance during hypoxia. 

Since the decrease in chamber compliance 
during early hypoxia cannot be attributed solely 
to a coronary vascular turgor effect, collapse of 
the coronary vasculature with the onset of 
ischemia superimposed on the hypoxie heart, 
would be expected to result in only a partial 
reversal of the early hypoxie compliance de­
crease, as we observed after 5 seconds of super­
imposed ischemia in the hypoxie heart (see 
Figure 18-9). However, the further rightward 
shift of the diastolic pressure-volume curve, 
completely reversing the hypoxie compliance 
decrease after 2 minutes of superimposed ische­
mia (see Figure 18-9), requires additional 
explanation. 

ROLE OF INTRACELLULAR ACIDOSIS 
Differences in the degree of intracellular acido­
sis may be another factor affecting the early 
opposite changes in diastolic chamber com­
pliance in response to hypoxia and ischemia and 
mayaiso play a role in the reversal of the 
hypoxie compliance decrease by ischemia. W (; 
observed that after 2 minutes of ischemia, pHi 
decreased by 0.16 pH units. In contrast, after 4 
minutes of hypoxia, pH was not significantly 
different from control (see Table 18-1), pre­
sumably because continuous corona7 flow main­
tained washout of the excess H generated 
during anaerobic metabolism. Our results are 
comparable to those obtained in other recent 
NMR studies. The value for control pHi 
measured by NMR in other studies of isolated 
perfused rabbit and rat hearts has been reported 
to be between 7.07 and 7.18 {23, 24, 28, 29}. 
Garliek and coworkers {23} reported a decrease 
in pHi of approximately 0.2 pH units after 2 

minutes of ischemia, which is similar to our 
results. Mathews and associates {28} reported 
only a small drop in pHi after 4 minutes of 
hypoxia (approximately 0.05 pH units), and a 
recent report by Allen and colleagues {30}, 
shows little change in pHi after 4 minutes of 
exposure to cyanide. Thus, it appears that pHi 
falls significantly after 2 minutes of global 
ischemia, but little, if at all, after 4 minutes of 
hypoxia. 

The effect of acidosis on myocardial contrac­
tility and on intracellular Ca2+ has been studied 
extensively {31-38}. Changes in intracellular 
pH have been shown to alter the sensitivity of 
the contractile proteins to Ca2+, i.e., a decrease 
in pH shifts the pCa-force relationship such that 
tension development at any given Ca2+ level is 
markedly decreased {33-37}. Using the aequor­
ing technique. Allen and coworkers {38} have 
shown that when isolated papillary museles are 
made acidotic by perfusion with high pC02 

buffer, intracellular calcium increases at the 
same time active tension is decreasing. This 
suggests that the inhibitory effect of H+ on 
myobfibrillar Ca2+ sensitivity is sufficiently 
potent to offset the potentially positive inotro­
pie effect of an increase in cytosolic Ca2+. 

These observations of the effect of pH on 
Ca2+ -activated tension development mayaiso 
be relevant to diastolic function in view of 
recent evidence that cytosolic Ca2+ persists 
throughout diastole at levels sufficient to account 
for some resting myofilament activation {39-
41}. Thus, the acidosis that occurs after 2 
minutes of ischemia may contribute to the 
observed increase in diastolic chamber com­
pliance, i.e., there may be some decrease in 
residual diastolic "tone" during ischemia be­
cause of a pH-mediated decrease in myofilament 
sensitivity to Ca2+. 

ROLE OF SARCOPLASMIC RETICULAR 
CA 2+ RESEQUESTRA TION 
The decrease in diastolic chamber compliance 
during hypoxia may be related to an increase in 
diastolic Ca2+ availability resulting from im­
paired Ca2+ resequestration by the sarcoplasmic 
reticulum (42-47). Thus, the effect of intra­
cellular acidosis to decrease Ca2+ activated ten­
sion may contribute to the reversal of the 
hypoxie compliance decrease by superimposed 
ischemia. Further support for this hypothesis 
comes from studies of isolated papillary musele 
preparations in which pretreatment with acido­
tic buffer was shown to prevent or delay the 
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development of hypoxic contracture [48-50}. 
Bing and coIleagues [49} suggested that the 
mechanism was related to the decrease in con­
tractile function that occurred when the muscles 
were bathed with acidotic buffer, the slower rate 
of ATP depletion leading to a slower rate of 
contracture development. In addition, Greene 
and Weisfeldt [48} demonstrated a protective 
effect of acidosis against hypoxic contracture in 
the absence of contractile activity, supporting 
the concept of a direct effect of H+ on Ca2+_ 
activated resting or diastolic tension during 
hypoxia. 

Thus, the opposite acute changes in diastolic 
chamber compliance with acute hypoxia and 
global supply ischemia can be explained by con­
sidering which of the foIlowing elements are 
present: (a) a pressurized coronary vasculature, 
which decreases diastolic chamber compliance 
by the "coronary turgor" effect; (b) tissue 
hypoxia, which may result in an increase in 
cytosolic calcium level due to impairment of 
sarcoplasmic reticular resequestration of Ca2+; 
and (c) tissue acidosis, which decreases Ca2+­
activated tension development. With hypoxia, 
a pressurized coronary vasculature and tissue 
hypoxia are present, and acidosis is absent or 
minimal; the net effect is a rapid decrease in 
diastolic chamber compliance. With global 
supply ischemia, the coronary vasculature is 
acutely decompressed, resulting in an immedi­
ate increase in diastolic chamber compliance due 
to the loss of the "coronary erectile" or "turgor" 
effect. In addition, rapid development of acido­
sis may decrease any resting diastolic Ca2 +­
activated tone, outweighing the effects of any 
increase in cytosolic calcium availability. The 
complete reversal of the hypoxic compliance 
decrease by superimposed ischemia can reason­
ably be attributed to the same two factors: 
coronary vascular coIlapse with loss of the turgor 
effect and intraceIlular acidosis which, by de­
creasing the sensitivity of the myofilament to 
Ca2+, reversed the effects of increased diastolic 
cytosolic Ca2+ levels associated with tissue 
hypoxia. 

ROLE OF PERSISTENT MYOCARDIAL 
ENERGY DEMAND 
Another difference between the acute ischemic 
and hypoxic states is the level of myocardial 
contractile function and energy demand, which 
was six times greater during hypoxia than 
during ischemia (see Table 18-1). An associa­
rion between increased myocardial energy de-

mand and decreased compliance has been noted 
in previous studies wh ich compared "demand" 
and "supply" ischemia. Demand ischemia, iri­
duced by pacing tachycardia in the setting of a 
restricted coronary flow, resulted in a higher 
level of myocardial energy demand than did 
supply ischemia (coronary occlusion); demand 
ischemia was associated with an acute decrease 
in diastolic compliance, whereas supply ische­
mia caused an acute increase in compliance {14, 
15,46,51-57, 69J. The data in Table 18-1 do 
not suggest a mechanism by which increased 
energy demand might contribute to the acute 
compliance difference between ischemia and 
hypoxia; high energy phosphate levels were 
equaIly affected in both states. One might 
speculate that the higher level of contractile 
work during hypoxia relative to ischemia de­
creased a critical cytosolic A TP pool to a greater 
extent during hypoxia than during ischemia. If 
this is the case, the decrease in this cytosolic 
A TP pool was undetected by our measurement 
of total ceIlular ATP. Because of compart­
mentalization and possible impairment of ATP 
transport from mitochondria to the cytosol 
during hypoxia and ischemia, the measured 
decrease in total ceIlular ATP may underesti­
mate the decrease in A TP available to the sar­
colemmal and sarcoplasmic reticular calcium 
pumps [70-73}. Thus, the lack of a difference 
in total A TP levels during hypoxia and ischemia 
(see Table 18-1) does not definitively exclude a 
greater depletion of a cri tical cytosolic A TP pool 
as a result of the greater level of contractile 
function during hypoxia relative to ischemia. 
In addition, it is possible that turnover rates 
of ATP or CP, rather than their steady state 
contents, may differ in hypoxia and ischemia. 

Ir is also possible that the higher level of con­
tractile function during hypoxia relative to 
ischemia is simply secondary to the greater in­
traceIlular acidosis associated with ischemia. In 
this case, the difference in contractile function 
between hypoxia and ischemia may simply re­
flect the difference in ceIl pH and not contribute 
per se to the observed difference in diastolic 
chamber compliance. 

Clinical Correlations. The changes in diastolic 
chamber compliance that we have observed with 
acute global hypoxia and ischemia in the 
isolated perfused heart are probably related to 
alterations in diastolic myocardial properties 
observed in patients with ischemic heart disease. 

The decrease in diastolic compliance, wh ich 
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occurred after 2 minutes of hypoxia in the 
isolated heart, is strikingly similar to the time 
course and magnitude of the shift in the dia­
stolic pressure-volume curve seen after pacing­
induced angina in patients with coronary artery 
disease or pacing-induced ischemia in dogs with 
coronary arterial stenoses {51-5 7}. In both cases 
there is persistent coronary flow to the hypoxie 
region so that coronary "turgor" is maintained 
and tissue acidosis is minimized. The mechan­
ism for decreased compliance in models of 
pacing-inducedischemia may be the same as 
that causing the early hypoxie compliance 
decrease, i.e., an increase in intracellular cal­
cium availability secondary to impaired reseques­
tration of Ca2+ by the sarcoplasmic reticulum 
resulting in incomplete relaxation {15}. 

In contrast to global hypoxia and the pacing­
induced "demand" ischemia model, the acute 
increase in diastolic chamber compliance ob­
served after acute global supply ischemia in the 
isolated heart is comparable to the increase in 
diastolic chamber compliance or diastolic seg­
ment length relative to diastolic ventricular 
pressure observed after an acute coronary liga­
tion in intact animals {58-66}. Global supply 
ischemia in the isolated heart and a complete. 
coronary occulsion share the common features of 
an immediate collapse of the coronary vascula­
ture in the ischemic region (loss of coronary 
turgor) and an acute marked tissue acidosis {24, 
67-69}, both of which would be expected to 
initially increase diastolic chamber compliance 
as has been observed. 

In summary, global hypoxia and ischemia 
have been shown to have opposite initial effects 
on diastolic chamber compliance, despite the 
presence of tissue hypoxia during both condi­
tions. The different acute compliance changes 
with ischemia and hypoxia appear to be related 
to differences in coronary turgor, intracellular 
pH, and myocardial energy demand. 
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19. EFFECTS OF HYPOXIA ON 
RELAXATION OF THE 

HYPER TROPHIED VENTRICLE 

Beverly H. Lorell, Laura F. Wexler, Shin-ichi Momomura, Ellen Weinberg, 

Joanne Ingwall, and earl S. Apstein 

Cardiae hypertrophy is a compensatory response 
to ehronie pressure-overload of the heart. How­
ever, studies in both animal models and in 
patients provide evidenee that adaptive pressure­
overload eardiae hypertrophy may be associated 
with an inereased suseeptibility to the develop­
ment of diastolie dysfunetion during isehemia or 
hypoxia. In this regard, Baehe and eoworkers 
have shown that left ventrieular end-diastolie 
pressure rises in response to isehemia indueed by 
paeing taehyeardia in dogs with ehronie left 
ventrieular hypemophy {I). Similarly, Fifer and 
eoworkers have reeently shown that patients 
with normal eoronary arteries and pressure­
overload hypertrophy due to aortie stenosis 
demonstrate a striking rise in left ventrieular 
diastolie press ure and an impairment of left ven­
trieular relaxation during transient angina in­
dueed by paeing taehyeardia {2). Ir is likely that 
these transient ehanges in diastolie funetion in 
hearts with pressure-overload hypertrophy are 
related in part to the development of global left 
ventrieular subendoeardial isehemia. Coronary 
vaseular reserve appears to be impaired in dogs 
with ehronie aortie stenosis and in patients with 
pressure-overload hypertrophy {3-5). Further­
more, relative hypoperfusion of the subendo­
cardium has been shown in dogs with aortie 
stenosis in whom metabolie evidenee of isehe­
mia was indueed by paeing tachycardia (1). 

The rise in left ventricular diastolic press ure 

Grossman, William, and :'-orell, Beverly H. (eels.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

during ischemia in the presenee of eardiac 
hypertrophy is very similar to that observed 
during demand ischemia in patients with coron­
ary stenoses (6) and in animal models with 
regional coronary stenoses (7) or with global 
low-Bow ischemia with superimposed tachy­
cardia (8). 

Thus, the rise in left ventricular diastolic 
press ure seen in response to isehemia in the pre­
sence of cardiac hypertrophy may simply reBect 
the effeets of isehemia per se, due to impaired 
eoronary reserve. However, it is not known 
whether hypertrophied myocardium is more 
susceptible to developing diastolie dysfunetion 
in response to any degree of ischemic of hypoxie 
stress, compared with nonhypertrophied myo­
eardium. Previous studies suggest that hyper­
trophied cardiac muscle is characterized by an 
intrinsic prolongation of the duration of the 
intracellular calcium transient {9). Thus, it is 
possible that hypertrophied eardiac muscle is 
predisposed to develop a more profound im­
pairment of diastolie relaxation in response to 
any level of ischemie or hypoxie stress. 

Consequently, this chapter will describe stu­
dies that were carried out to test the hypothesis 
that hearts with chronic pressure-overload left 
ventricular hypertrophy (L VH) demonstrate a 
more severe impairment of left ventricular 
relaxation in response to transient hypoxia in 
comparison with controls. 

Methods 
We compared hearts from hypertensive un­
inephreetomized Wister-Kyoto rats treated with 
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deoxycorticosterone and increased salt intake 
(DOC-salt rats) with hearts from aged-matched 
normotensive control rats treated with un­
inephrectomy alone [10}. Thirteen control rats 
and 12 hypertensive rats (LVH group) were 
studied. At age 15 weeks, the in vivo tail-cuff 
pressure in the L VH group was significantly 
higher than in the control group (201 ± 24 vs. 
129 ± 14 mm Hg, p < 0.05). The LV/body 
weight ratio was greater in the L VH group 
compared with the controls (3.19 ± 0.36 vs. 
1.89 ± 0.19, P < 0.05). 

The effects of brief hypoxia (3 minutes) were 
studied in an iso la ted Krebs buffer-perfused rat 
heart preparation [1l}. Buffer was delivered by 
a constant flow pump to the coronary arte ries 
through a cannula in the aortic stump. Because 
the rate of coronary flow was constant, mean 
coronary perfusion press ure was proportional to 
the coronary vascular resistance. A thin-walled 
latex balloon was inserted into the left ventri­
cular cavity and attached to a micromanometer 
catheter. In this preparation, left ventricular 
balloon volume was held constant. Thus, chan­
ges in left ventricular diastolic pressure re fleet 
changes in left ventricular diastolic distensibil­
ity. Left ventricular thebesian drainage was 
vented by an apical drain. Coronary venous 
efflux was collected via a drain in the pulmonary 
artery. Heart rate was held constant at 4 Hz by a 
right ventricular pacemaker, and temperature 
was held constant at 37°C and monitored with 
an intraventricular temperature probe. 

Coronary flow was divided by left ventricular 
wet weight and expressed as mI/minute per 
gram. Left ventricular relaxation rate was esti­
mated by calculation of the time constant (T) 
using the derivative method of Raff and Glantz 
{12}. In this model, the extrapolated baseline 
pressure (PB) reflects the asymptote to wh ich 
pressure would fall if decay continued inde­
finitely and is an es ti mate of the extent of 
relaxation. The fit of data points to this model 
was excellent with a correlation coefficient 0.99 
or greater. Arterial and venous perfusion sam­
pies were analyzed for lactate concentration by 
the specific enzymatic method of Apstein and 
coworkers [13}. 

Before each experiment, the heart was per­
fused by oxygenated buffer for 30 minutes. Left 
ventricular balloon volume was adjusted at 
baseline so that left ventricular end-diastolic 
pressure was 10 mm Hg under aerobic condi­
tions in both the LVH and control groups. This 

balloon volume was maintained unchanged 
throughout the subsequent experiment. At 
baseline, coronary flow in the control group was 
adjusted to achieve a mean coronary perfusion 
pressure of 100 mm Hg, and flow was fixed at 
that level throughout the experiment. In the 
chronic hypertensive LVH group, coronary flow 
was adjusted to achieve a mean coronary perfu­
sion pressure of 150 mm Hg under baseline 
conditions and was fixed at that level of flow 
throughout the experiment. These differing 
levels of coronary flow and baseline perfusion 
pressures were selected to approximate the in­
vivo mean coronary perfusion pressures to which 
the groups were chronically exposed, and be­
cause pilot studies indicated that this approach 
would achieve comparable coronary flow per 
gram left ventricular weight in both groups. 

At the end of the 30-minute stabilization 
period, measurements of left ventricular pres­
sure, coronary perfusion pressure , coronary flow, 
and arterial and coronary venous lactate content 
were made. After baseline measurements, the 
coronary perfusate was switched to buffer equili­
brated with a 5 % COr 95 % nitrogen gas 
mixture. Hemodynamic recordings were made 
continuously during 3 minutes of hypoxia, and 
arterial and coronary venous lactate sampies 
were obtained during the final 15 seconds of the 
3-minute per iod of hypoxia. Heart weight was 
measured after recovery under aerobic condi­
tions for 15 minutes. The wet weight: dry 
weight ratio was also determined. 

Results 
Under baseline conditions, left ventricular sys­
rolic pressure was significantly higher in the 
LVH group (171 ± 18 vs. 103 ± 13 mm Hg, 
p < .05 than in the controls), and left ven­
tricular developed pressure per unit of left ven­
tricular mass was also higher in the L VH group 
than in the control group (134 ± 23 vs. 109 
± 22 mm Hg/g, p < 0.05). By experimental 
design, left ventricular end-diastolic pressure 
was identical in the L VH and control groups at 
baseline (11.0 ± 1.5 vs. 10.1 ± 1.0 mm Hg, 
p = NS). At baseline, coronary flow rate was 
20 ± 5.0 (mI!min) per gram in the control 
group and 17.6 ± 3.6 (mI! min) per gram in the 
LVH group, p = NS. Neither group had 
metabolie evidence of myocardial lactate pro­
duction at baseline. 

At baseline, there were no differences be-
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tween the L VH group and the control group in 
any indices of either the rate or extent of left 
ventricular relaxation during aerobic conditions. 

Figure 19-1 shows the response to brief 
hypoxia of a typical experimental heart from the 
control group and from the L VH group. In both 
groups, hypoxia resulted in an expected fall in 
left ventricular systolic pressure, but left ventri­
cular systolic pressure was significantly higher 
(75%) in the LVH group compared with the 
control group. Left ventricular contractility as 
assessed by LV positive dP/dt/P was depressed 
to a similar extent. Left ventricular developed 
pressure per unit of left ventricular mass during 
hypoxia was also similar (24 ± 7 vs. 19 ± 
5 mm Hg/g, p = NS). In addition, the extent 
of coronary vasodilation induced by hypoxia as 
assessed by the change in coronary vascular 
resistance was identical in both groups. 

However, as illustrated in Figure 19-2, in re­
sponse to brief hypoxia, left ventricular end­
diastolic press ure rose to a significantly higher 
level in the L VH group than in the control 
group (37.0 ± 5.3 vs. 22.0 ± 5.0 mm Hg, p 
< 0.001). The increase in left ventricular end­
diastolic pressure during hypoxia, normalized 
per unit of left ventricular mass, was also greater 
in the L VH group than in the control group (22 
± 5 vs. 14 ± 6 mm Hg/g, p < 0.005). Indices 
of the rate of left ventricular relaxation, includ­
ing negative dP/dt/P, and T were depressed 
during hypoxia but did not differ between the 
LVH and control groups. However, the extent 
of left ventricular relaxation during hypoxia as 
assessed by the asymptote PB to which left 
ventricular pressure declined was significantly 
more impaired in the L VH group than in the 
control group (33.0 ± 6.7 vs. 22.2 ± 4.7 mm 
Hg, p < 0.001). 

Both the L VH and the control groups showed 
evidence of anerobic metabolism during hy­
poxia, but the extent of myocardial lactate 
production was comparable in both groups. 
Similarly, there were no differences in the left 
ventricular wet weight: dry weight ratio be­
tween the L VH and control group, suggesting 
that there was no difference in the extent of the 
edema induced by hypoxia .. 

These experiments showed that brief hypoxia 
results in a much greater rise in left ventricular 
diastolic press ure and impairment of the extent 
of left ventricular relaxation in hypertrophied 
rat hearts than in nonhypertrophied controls. 
These differences in diastolic function during 

hypoxia did not appear to be related to differ­
ences in myocardial perfusion per unit of left 
ventricular weight or to the degree of glycoly­
tic ßux. To determine why hypoxia causes a 
greater impairment of left ventricular relaxation 
in hypertrophied hearts, aseries of preliminary 
experiments has been done to assess high­
energy-phosphate metabolism using 31p nuclear 
magnetic resonance (NMR) spectroscopy. We 
hypothesized that the greater impairment of 
diastolic function in response to hypoxia in 
hypertrophied hearts could be related to a more 
rapid depletion of high energy phosphates in 
hypertrophied hearts in comparison with con­
trols or to differences in the degree of intra­
cellular acidosis induced by hypoxia. 

To test these hypotheses, we studied iso­
volumic buffer-perfused hypertrophied and con­
trol rats hearts prepared in the manner described 
above [l4}. Measurements of mechanical func­
tion and high-energy-phosphate levels were 
correlated during 12 minutes of hypoxic buffer 
perfusion. Hemodynamic measurements and 
31 P NMR spectra were obtained at baseline and 
every 2 minutes during the 12 minutes of 
hypoxia. Adenosine tri phosphate (ATP) and 
creatine phosphate levels were derived from the 
integrated areas of the beta-phosphate resonance 
peak of ATP and from the creatine phosphate 
resonance peak. Intracellular pH was derived 
from the position of the inorganic phosphate 
peak. During 12 minutes of hypoxia, there was 
a significant and comparable fall in left ven­
tricular systolic pressure in the L VH and control 
groups. As seen in the rat heart experiments 
described above, there was a significandy grea­
ter rise in left ventricular diastolic pressure at 
constant volume in the group with L VH in 
comparison with the control group. However, 
the rate and extent of decline of A TP were 
similar in the L VH and control groups in 
response to 12 minutes of hypoxia. The rate of 
decline of creatine phosphate was also similar in 
both groups. In response to 12 minutes of 
hypoxia, there was a very small but comparable 
fall in intracellular pH of less than 0.1 pH unit 
in both groups [l4}. 

Discussion 
These experiments suggest that a greater im­
pairment of the extent of diastolic relaxation 
occurs in hypertrophied hearts in comparison 
with nonhypertrophied control hearts in re-
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FIGURE 19-1. Left ventricular (LV) and aortic (A.) (coronary perfusion) pressure at baseline and in response to 
3 minutes of hypoxia. Experiments from the control group (upper panel) and L VH group (lower panel) are shown. 
Briefhypoxia was associated with a fall in LV systolic pressure and LV dp/dt, and coronary vasodilation evident 
as a fall in coronary perfusion press ure in both groups. Coronary flow rate per gram was identical in both 
groups. Left ventricular end-diastolic pressure was identical at baseline, but there was a much greater rise in LV 
end-diastolic pressure in response to hypoxia in the L VH group than in the control group. (From Lorell et al. 
[IO), with permission.) 
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FIGURE 19-2. Left ventricular (LV) end-diastolic 
pressure at baseline and in response to 3 minutes of 
hypoxia. During aerobic baseline conditions, LV 
diastolic press ure was comparable in the control and 
L VH groups, and this level of diastolic pressure was 
achieved at comparable left ventricular balloon 
volumes. However, the rise in LV diastolic pressure 
in response to hypoxia was significantiy greater in the 
L VH group then in the controls. This suggests that 
hearts with cardiac hypertrophy show a greater im­
pairment of diastolic distensibility, compared with 
control hearts, in response to an identical brief 
hypoxie stress. NS = not significant. 

sponse to an identical brief hypoxic stress. Fur­
thermore, our preliminary data using 31 P NMR 
spectroscopy suggest that differences in high­
energy-phosphate depletion and intracellular 
acidosis do not account for the greater impair­
ment of diastolic function which occurs in hy­
pertrophied hearts in response to brief hypoxia. 

POSSIBLE MECHANISMS 
Several mechanisms might account for differ­
ences in the diastolic response to hypoxia seen in 
hypertrophied and control hearts in our study. 
Vogel and coworkers {151 have previously 
shown a powerful erectile hydraulic effect of 
the coronary vasculature on diastolic function 
in both buffer and blood-perfused isovolumic 
hearts. Although great efforts were taken in this 
experiment to achieve comparable coronary flow 
per gram of left ventricular weight in both 
groups during aerobic and hypoxic conditions, 
it is not possible to exclude a greater contribu­
tion of coronary turgor to the hypoxia-induced 
decrease in diastolic distensibility in the hyper­
trophied hearts. Furthermore, although the flow 

per gram of left ventricular weight was com­
parable in both groups, we cannot exclude 
the possibility that there were differences in 
subendocardial flow and for that matter, in 
subendocardial high-energy-phosphate levels, 
between these groups. 

Secondly, the influence of loading conditions 
on the rate and extent of relaxation in the 
hypertrophied and control hearts should be 
considered. Under well-oxygenated conditions, 
diastolic relaxation is profoundly influenced by 
the magnitude and temporal dispersion of 
systolic load on cardiac muscle {l6-18}. Al­
though left ventricular systolic pressure clearly 
differed in the control and L VH groups in our 
experiments, the observation that both the rate 
and extent of relaxation were identical in these 
groups during the well-oxygenated baseline 
state strongly suggests that "afterload mis­
match" with excessively high systolic wall stress 
was not operative in the left ventricular hyper­
trophy group. Furthermore, in these isovolumic 
hearts with vented right ventricles, the in­
fluence of pericardial and right ventricular 
constraint on diastolic function and relaxation 
was not operative. 

CHANGES IN FORCE INACTIVATION 
Studies of isolated heart muscle indicate that 
myocardial relaxation during hypoxia is load­
independent and is primarily regulated by the 
processes that influence the dissipation of cross­
bridge attachment {19}. These biochemical 
processes that inftuence the rate and extent of 
force inactivation are as yet incompletely under­
stood but appear to depend in part on the ATP­
dependent rate and capacity of calcium seques­
tration by the sacroplasmic reticulum and, to a 
lesser extent, by processes that influence calcium 
flux across the sarcolemma {20}. 

In our experiments, differences in myocardial 
calcium availability for diastolic cross-bridge 
interaction could account for the greater impair­
ment of left ventricular diastolic distensibility 
and extent of relaxation that was observed in 
hypertrophied hearts relative to controls during 
hypoxia. There is evidence that pressure-over­
loaded hypertrophied cardiac muscle may be 
characterized by intrinsic changes in the dura­
tion of the active state and intracellular calcium 
regulation. Studies of isolated sarcoplasmic 
reticulum from hearts with advanced cardiac 
hypertrophy have shown a decrease in both the 
rate and total binding activity of calcium by the 
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sarcoplasmic reticulum [2i}. Furthermore, stu­
dies of intracellular calcium transients using the 
aequorin injection technique have strongly sug­
gested that chronic press ure overload hyper­
trophy in both human and animal models is 
associated with a significant prolongation of the 
time course of the intracellular calcium transient 
in association with prolongation of the time 
course of both tension development and relaxa­
tion [9, 22}. Such changes in intracellular 
calcium regulation may represent a salutary 
adaptation of hypertrophied muscle under aero­
bic conditions, which permits the sustained 
development of high systolic pressure and facili­
tates the development of increased work by the 
hypertrophied heart. 

However, our current working hypothesis is 
that such adaptations of intracellular calcium 
regulation may make hypertrophied myocar­
dium more sensitive to the development of 
cytosolic calcium overload, resulting in an 
impaired extent of diastolic cross-bridge inacti­
vation during interventions such as hypoxia, 
which impair the energy-dependent regulation 
of cytosolic calcium. 

If cardiac hypertrophy is characterized by an 
intrinsic prolongation of the calcium transient, 
any depression of sarcoplasmic reticulum cal­
cium sequestration or sarcolemmal pump func­
tion by hypoxia may promote profound diastolic 
calcium overload and severe depression of the 
extent of relaxation. Thus, the hypertrophied 
myocardium may be susceptible to an adverse 
interplay between intrinsic changes in cytosolic 
calcium regulation and the imposition of any 
ischemic or hypoxie stress. 

To address this hypothesis directly, it will be 
necessary to have the ability to directly measure 
rapid changes in cytosolic calcium in nonhyper­
trophied and hypertrophied heart muscle under 
aerobic and hypoxie conditions. Because other 
interventions such as temperature and heart rate 
can profoundly influence high-energy-phosphate 
availability and calcium regulation, it will be 
particularly important to assess changes in 
cytosolic calcium under physiologie conditions 
in normothermic, working, and beating hearts. 
This requirement is important because studies 
of isolated cardiac muscle using the aequorin 
technique have shown that the presence of hypo­
thermia and a slow rate of depolarization appear 
to protect against any early change in either 
diastolic muscle tension or change in the 
calcium transient during hypoxia [23}. 

In summary, brief hypoxia is associated with 
a more profound impairment of the extent of 
left ventricular relaxation in hypertrophied rat 
hearts than in nonhypertrophied controls. The 
rise in left ventricular diastolic pressure ob­
served with pressure-overload hypertrophy ap­
pears to be related to a greater impairment of 
diastolic force inactivation for any degree of 
glycolytic flux or high-energy-phosphate deple­
tion than is seen in the absence of hypertrophy. 
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20. RELAXATION AND DIASTOLIC 
DISTENSIBILITY OF THE 
REGIONALL Y ISCHEMIC 

LEFT VENTRICLE 

William Grossman 

Diastolic Function During 
Angina Pectoris 
Normal left ventricular contraction and relaxa­
tion are dependent upon an appropriate balance 
between myocardial oxygen supply and demand. 
In the clinical setting, myocardial ischemia is 
com~only associated with left ventricular dys­
functlOn. It has been observed by many investi­
gators that a transient, reversible rise in left 
ventricular diastolic pressure commonly accom­
panies angina pectoris {1-4}. This increase in 
diastolic press ure could be due simply to an 
increase in diastolic volume, resulting from con­
tractile failure of ischemic myocardium and an 
~ncreased r~sidu~l volume. Alternatively, the 
lficreased dlastohc pressure might reBect de­
creased diastolic distensibility of the left ventri­
cular chamber, with a higher diastolic pressure 
being needed to achieve the same degree of end­
diastolic sarcomere stretch. These potential 
mechanisms for the increased diastolic press ure 
that characterizes angina pectoria are illustrated 
in Figure 20--1. The rise in diastolic press ure 
seen in patients with angina pectoris has been 
studied extensively by clinical investigators 
[5-14}, and there is now widespread agreement 
that the phenomenon results from both decreased 
left ventricular diastolic distensibility and im­
paired contractile function. As shown by 
Sasayama and coworkers [9}, the left ventricu­
lar diastolic pressure-volume relationship curve 
shifts upward and slightly to the right during 
angina pectoris. This shift apparently represents 

Grossma.n, Wi/liam, and Lore/l, Beverly H. (eds.), Diastolic 
RelaxatIon 0/ the Heart. Copyright © 1987. Martinus Nijhof/ 
Publishing. All rights reserved. 

a direct up,,:,ard shift of the pressure-segment 
length .relatlOnship for ischemic myocardium 
and ~ ~lghtwar~ or Frank-Starling shift for the 
remalOlOg nomschemic myocardium (Figure 
20--2). 

Studies of left ventricular pressure-volume 
relations during pacing-induced angina pectoris 
hav~ shown that the normal heart res ponds to 
paclOg tachycardia with an increase in inotropic 
state as well as a down ward shift in the diastolic 
p~essure-volume relationship [l5}, as seen in 
Flgure 20--3A. However, in the presence of 
coronary stenoses, pacing tachycardia is associa­
ted .with a progressive decrease in the myo­
cardtal oxygen supply-demand ratio (demand 
ischemia), and this is manifested by impaired 
contractile function as weH as an upward shift in 
the left ventricular diastolic pressure-volume 
relationship (Figure 20--3B). 
. Clinical studies of regional myocardial func­

tlon have been carried out using echocardio­
graphic techniques. In one study, Bourdillon 
and coworkers [11} examined the relationship 
between left ventricular diastolic pressure and 
posterior wall thickness in patients with cor­
onary artery disease and impairment of the 
coronary circulation supplying the inferior and 
poster~or left. ventricular myocardium. Angina 
pectons was lOduced by pacing tachycardia and 
resulted in a transient elevation in left ventricu­
lar end-diastolic pressure, wh ich gradually re­
turn~d to the control value over aperiod of 1 to 
3 m~nutes following termination of the tachy­
cardla. When left ventricular diastolic press ure 
was plotted throughout diastole against simul­
taneous wall thickness, it was noted that dia­
stolic pressure was higher during angina for any 
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value of posterior wall thickness. This was in­
terpreted as signifying a reduction in regional 
distensibility of the ischemic myocardium, be­
cause a passive rise in left ventricular diastolic 
pressure should have resulted in greater diastolic 
stretching and therefore a thinner wall at the 
higher diastolic pressure. In association with 
this upward shift in the relationship between 
left ventricular diastolic pressure and instan­
taneous wall thickness, Bourdillon and co­
workers (11} found that the peak rate of 
posterior wall thinning actually fell. Because 
other investigators have shown that a higher left 
ventricular diastolic pressure induced by volume 
loading leads to a higher left ventricular dia­
stolic filling rate and a greater peak rate of 
posterior wall thinning, the actual fall in peak 
rate of posterior wall thinning in association 
with angina pectoris (despite a higher diastolic 
pressure) strongly supported the concept that 
myocardial relaxation was impaired. In this 
study, Or Israel Mirsky contributed an analysis 
of radial stress-strain relations for the ischemic 
myocardium. His analysis indicated that there 
was an increased residual stiffness in the ische­
mic region during angina pectoris, as compared 
to the control state (11}. 

Others have examined the left ventricular 
diastolic pressure-volume relation during de­
mand ischemia induced by bicycle exercise. 
Carroll and coworkers [12-13} have shown that 
a similar upward and rightward shift of the left 
ventricular diastolic pressure-volume relation is 
obtained during angina pectoris induced by 
exercise, whereas patients with coronary occlu­
sion and completed myocardial infarction (left 
ventricular scar) do not show any change in 
diastolic distensibility during exercise. (Or. 
Carroll's findings are presented in detail in 
Chapter 22.) Because exercise is associated with 
catecholamine release, wh ich should theoreti­
cally improve myocardial relaxation, the wor­
sening of relaxation and impairment of diastolic 
distensibility seen in these patients during 
exercise strongly suggests that myocardial ische­
mia has a primary role in controlling diastolic 
relaxation and distensibility. 

Distensibility vs. DiastoNc Compliance 
The term distensibility has been perferred by our 
group over the term diastolic compliance. Com­
pliance and its opposite, stiffness, are terms 
with rigorous definitions in physical science. 

w a: 
::::> 
ff) 
ff) 
w a: 
Il. 

~/ 
",'" "' .... ---

I 

, , 
I Stiff 

I 
I 

I 
I 

VOLUME 

FIGURE 20-1. Left ventricular diastolic pressure­
volume relations for anormal heart (lower solid curve) 
and for a heart with a stiff left ventricle (upper dashed 
curve). An increase in left ventricular diastolic pres­
sure is seen during angina pectoris. This could poten­
tially be explained by either an increase in diastolic 
chamber volume (A ~ B) without alteration in 
diastolic stiffness or an increase in diastolic stiffness 
(A ~ C) without change in diastolic chamber 
volume. 
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FIGURE 20-2. Physiologie changes in the left ven­
tricular myocardium during angina pectoris. Left: 
the myocardial segment distal to an obstructed 
coronary artery (c/osed circles) becomes ischemic 
during angina and exhibits decreased diastolic dis­
tensibility. Left ventricular diastolic pressure in­
creases, stretching the non-ischemic segment (open 
circles). Right: plots of left ventricular diastolic 
pressure (P) against segment length (SL) show 
equivalent diastolic properties for both the normal 
and potentially ischemic myocardium at rest. 
However, only the ischemic segment shows reduced 
distensibility during angina, while the nonischemic 
segment moves to a higher and steeper portion of 
a single pressure-segment length relation. (From 
Grossman [1], with permission.) 
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FIGURE 20-3. Left ventricular pressure-volume relations during pacing tachycardia in a patient with normal 
coronary arteries (A) and a patient with coronary artery disease (B). As can be seen, in the normal heart, pacing 
tachycardia causes a leftward shift of the end-systolic pressure-volume point (increased inotropy) as weIl as a 
downward and leftward shift of the diastolic pressure-volume relation. In the patient with coronary artery 
disease, pacing tachycardia induced angina pectoris and both a decrease in inotropy (reduction in left 
ventricular end-systolic pressure at nearly constant end-systolic volume) as weIl as an upward shift in the 
diastolic pressure-volume relation. (From Aroesty, et al. {15}, with permission.) 
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Compliance refers to the slope of the pressure­
volume or stress-strain relationship, and a left 
venrricular chamber may be considered to have 
reduced compliance when the increment in 
diastolic volume associated with a unit rise in 
diastolic pressure is reduced, compared to a 
baseline value. Although the terms compliance 
and stiffness are useful and are widely used in the 
discussion ofleft venrricular diastolic properties, 
strict adherence to their physical definitions 
creates potential problems in interpretation of 
experimenral data. For example, in Figure 
20-1, the upper curve (labeled "stiff") shows 
upward displacement and increased slope com­
pared to the lower curve. For reasons just dis­
cussed, this higher curve represenrs a decrease in 
diastolic compliance (increased stiffness). We 
use the term distensibility to indicate a change in 
diastolic properties of the left ventricular cham­
ber such that a higher diastolic pressure is 
needed to fill the ventricle to the same volume. 
Accordingly, the upper curve in Figure 20-1 
also shows decreased diastolic distensibility. 
However, let us .suppose that the upper curve in 
Figure 20-1 was produced simply by an upward 
displacement of the diastolic pressure-volume 
relation depicted in the lower ("normal") curve, 
as shown in Figure 20-4. Such a parallel shift 
would not represent a change in diastolic 
compliance defined stricdy as a change in the 
slope of the pressure-volume relationship. How­
ever, a parallel shift would meet our definition 
of altered distensibility, because a higher dia-

stolic pressure was needed to achieve the same 
diastolic volume. In general, parallel shifts in 
the diastolic pressure-volume relation rdlect 
changes in extrinsic constraints to ventricular 
filling (Table 20-1). Complex dynamic changes 
in relaxation rate and other factors reflecting 
energy-requiring processes mayaiso produce 
shifts of the dynamic diastolic pressure-volume 
relation that are apparendy parallel in nature. 
For instance, slowing of left ventricular relaxa­
tion may result in a relative elevation in left 
ventricular diastolic pressure earIy in diastole, 
compared to the pressure late in diastole. This 
could alter the earIy diastolic pressure-volume 
relation relative to the late diastolic pressure­
volume relation, giving an upward displace­
ment of the enrire diastolic pressure-volume 
relation with either no change in slope, or even a 
decrease in slope of the enrire relationship due 
to the earIy diastolic pressure-volume relation 
being shifted higher than the late diastolic 
pressure-volume relation, as seen in Figure 
20-4. 

Determinants ofVentricular 
Diastolic Distensibility 
Left venrricular diastolic distensibility is in­
fluenced by a multiplicity of factors. These may 
be considered as factors extrinsic to the ventricu­
lar chamber or factors inrrinsic to the venrricular 
myocardium (see Table 20-1). A summary of 

TABLE 20-1. Factors that Influence Ventricular DiastoJic Diseensibiliey 

1. Factors Extrinsic to the Ventricular Chamber 
A. Pericardial properties 
B. Loading of the contralateral ventricle 
C. Coronary vascular turgor (erectile effect) 
D. Extrinsic compression by tumor, pleural pressures, etc. 

11. Factors Intrinsic to the Ventricular Chamber 
A. Passive elasticity of the ventricular wall (stiffness or compliance when myocytes are completely relaxed) 

1. Thickness of ventricular wall, and composition of ventricular wall (muscle, fibrosis, amyloid, 
hemosiderin), including both endocardium and myocardium 

2. Temperature, osmolality 
B. Active elasticity of ventricular wall due to residual cross-bridge activation (cyeling and/or latch state) 

through part or all of diastole: 
1. Slow relaxation affecting early diastole only 
2. Incomplete relaxation affecting early, mid- and end-diastolic distensibility 
3. Diastolic tone, contracture, or rigor 

C. Elastic recoil (diastolic suction) 
D. Viscoelasticity (stress relaxation, creep) 
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FIGURE 20-4. Schematic illustration of the difference between diastolic distensibility and altered compliance. 
On the left, the left ventricular diastolic pressure-volume relation has undergone a parallel upward shift. Dis­
tensibility is decreased (higher diastolic pressure required to fill the ventricle to the same chamber volume) 
although compliance (the slope of the pressure-volume relation) is unchanged. On the right, superimposed on 
the parallel upward shift are curves whose slopes are steeper (decreased compliance) or less steep (increased 
compliance) than either of the two parallel pressure-volume curves. This illusrrates the importance of dis­
tinguishing distensibility from compliance, because the curve labeled "increased compliance" nevertheless 
exhibits decreased distensibility compared to the normal pressure-volume relation. 

factors intrinsie to the ventricular myocardium 
that are important as determinants of the left 
ventricualr diastolic pressure-volume relation 
are presented in Table 20-1. As can be seen, 
passive elasticity of the ventricular wall is in­
fluenced by the thickness of the ventricular wall 
as weIl as its composition (musele, fibrosis, 
amyloid, hemosiderin). Thus, infiltration with 
fibrous tissue or amyloid decreases the passive 
elasticity of the ventricular wall and leads to an 
increase in diastolic chamber stiffness when 
myocytes are completely relaxed. An important 
consideration in the analysis of ventricular 
diastolic chamber distensibility relates to the 
contribution of active elasticity of the ventricular 
wall. Active elasticity may be considered the 
result of residual cross-bridge activation (cyeling 
and/or latch state) through part or all of 
diastole. Active elasticity may be due to slow 
relaxation (affecting early diastole only) or 
incomplete relaxation, affecting early, mid-, 
and end-diastole. The mechanisms for these 
changes in "active" diastolic elasticity are the 
subject of much recent investigation, and most 
of the chapters in this book touch on one or 
more of the potential mechanisms involved. 

Experimental Model 0/ 
Angina Physiology 
To determine the mechanisms responsible for 
decreased distensibility of the ischemic myocar­
dium in patients with angina pectoris, we 
undertook to develop an experimental model 
that simulated the physiology of angina pectoris 
[l6-21}. In the dog, sudden coronary ocelusion 
produces primary ischemia of myocardial tissue, 
and results in a rapid and complete loss of con­
tractility for the ischemic segment. This is quite 
different from the situation seen during demand 
ischemia in patients with angina pectoris. 
Cineangiographic and echocardiographic studies 
during angina pectoris induced by pacing 
tachycardia {5, 8, 9, 1l} show depression of 
contractile force, but rarely show akinesia or 
dyskinesia of myocardium that had previously 
contracted normally. Coronary stenoses placed 
proximally on the left anterior descending and 
circumflex coronary arteries can be made quite 
severe without interfering with resting myo­
cardial function. Indeed, a 90% constriction 
(diameter) of both the proximal left anterior 
descending and circumflex coronary arteries in 
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the dog was not associated with depression of 
resting contractile function {l6-19]. In our ex­
perimental model of angina physiology, proxi­
mal stenoses are placed on the left anterior 
descending and circumAex coronary arteries to 
reduce antegrade Aow (measured by electro­
magnetic Aowmeter) to approximately 50% of 
the resting value. Microsphere studies {20] 
show that such stenoses do not reduce resting 
myocardial perfusion in the affected areas, 
presumably due to collateral supply. Contractile 
function is normal in these segments, but tachy­
cardia (1.7-2.0 times resting heart rate) for 2 to 
3 minutes induces transient "demand ische­
mia," which is physiologically similar co the 
ischemia seen during angina-of-effort in patients 
with coronary artery disease. Following discon­
tinuation of pacing and the return of the heart 
rate co the controllevel, left ventricular diascolic 
pressure remains elevated, and the diascolic 
pressure-volume relation curve is shifted up-

CONTROL 

EKG~ 

EKG~ 

ward. As seen in Figure 20-5, there is no 
change in right ventricular diascolic pressure in 
this experimental model (open pericardium, 
open-chest anesthetized dogs). The left ventri­
cular diastolic pressure-volume relation is shif­
ted upward (Figure 20-6), with left ventricular 
diastolic pressure higher for any given volume. 
Examination of these pressure-volume curves 
emphasizes the advantage of the term distensibil­
ity as defined above, as opposed to terminology 
related to chamber compliance. As can be seen, 
it would be difficult co assess the slopes of the 
diastolic pressure-volume relations as exempli­
fied for the individual beats displayed. Also 
displayed in Figure 20-6 are left ventricular 
diastolic pressure-volume curves (dashed lines) 
at rest and following pulmonary artery constric­
tion. It is apparent that in this open-pericardium 
model there is litde evidence for ventricular 
diastolic interaction. Substantial overload of the 
right ventricle is produced by constriction of the 

RV CNERJ:W) 
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0--< 
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FIGURE 20-5. Left (LV) and right (R V) ventricular pressures during control (upper left), pulmonary artery 
constriction (upper right), control with 90% stenoses on left anterior descending and circumflex coronary 
arteries (lower left), pacing tachycardia (lower middle), and postpacing (lower right) in the presence of coronary 
stenoses. Left ventricular diastolic press ure is increased following pacing tachycardia in the presence of 
coronary stenoses. (From Serizawa, et al. [16], with permission.) 



20. RELAXATION AND DIASTOLIC DISTENSIBILITY 199 

20 

C. 15 
:I: 
E 
5 ... 
~ 
VI 

10 VI 

~ 
a. 

5 

o 10 20 50 60 70 
Volume (mi) 

FIGURE 20--6. Left ventricular diastolic pressure­
volume relations from the experiment shown in 
Figure 20-5. The diastolic pressure-volume relation 
in the presence of coronary stenoses (open eircles) is 
shifted upward (closed eircles) following pacing tachy­
cardia. In the absence of coronary stenoses (open 
squares), the relation is affected minimally following 
pulmonary artery constriction sufficient to produce 
a marked rise in right ventricular systolic press ure 
(open triangles) in this open-ehest, open-pericardium 
model. Dashed lines = diastolic pressure-volume 
curves at rest and following pulmonary artery 
constriction. 

pulmonary artery, shown by the press ure trac­
ings in Figure 20-5; however, in the absence of 
the pericardium this does not have a substantial 
effect on the diastolic pressure-volume relation 
for the left ventricle. This contrasts to the sub­
stantial elevation of left ventricular diastolic 
pressure relative to volume seen during demand 
ischemia in the same dogs. 

When ultrasonic crystals are used to measure 
myocardial segment lengths in the affected 
n:gions, the diastolic pressure-segment length 
relationship can be assessed. As shown in Figure 
20-7, during pacing tachycardia in dogs with 
coronary stenoses, the diastolic pressure-seg­
ment length relationship shifts upward and to 
the left (curve 2). After 3 minutes of demand 

ischemia, termination of pacing is followed by a 
series of curves (curves 3-6), which show an 
upward and rightward shift indicative of de­
creased distensibility as well as some ventricular 
dilatation. 

End-Diastolic Distensibility 
Using this experimental model, inferior vena 
cava occlusion can be employed as a technique to 
obtain multiple end-diastolic pressure-segment 
length points, thus allowing inscription of the 
end-diastolic pressure-segment length relation. 
This technique has been used by Rankin and co­
workers at Duke and is discussed fully in 
Chapter 12. As Figure 20-8 illustrates, fol­
lowing 2 to 3 minutes of pacing tachycardia to 
induce demand ischemia, there is alteration in 
regional myocardial function such that the end­
diastolic pressure-segment length relationship is 
shifted upward, while the end-systolic pressure­
segment length relationship is shifted down­
ward. This set of findings documents both 
decreased distensibility and decreased contrac­
tility of the affected myocardial tissue during 
demand ischemia. These alterations in function 
are transient, and completely normal function is 
restored within 1 to 2 minutes following ter­
mination of the tachycardia stress. 

The intravenous administration of caffeine 
during pacing tachycardia markedly potentiates 
the upward shift in left ventricular diastolic 
press ure-segment length relations that follows 
termination of the tachycardia [1 7}. However, 
administration of an equal intravenous does of 
caffeine during pacing tachycardia in dogs 
without coronary stenoses has no effect on the 
diastolic pressure-segment length relationship. 
The potentiation of diminished myocardial 
distensibility by caffeine is consistent with 
caffeine's known properties of decreasing dia­
stolic calcium uptake by sarcoplasmic reticulum 
and increasing calcium sensitivity of the myo­
filaments (as discussed in Chapter 4). Thus, 
caffeine may exacerbate a diastolic calcium 
overload state induced by demand ischemia. 
Caffeine increases myocardial contractility, and 
it is conceivable that the increased contractility 
exacerbated the intensity of the demand ische­
mia. However, caffeine was equally effective in 
potentiating decreased diastolic distensibility 
when administered immediately prior to ter­
mination of the pacing tachycardia and did not 
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need to be present during the period of tachy­
cardia stress. 

Primary Ischemia vs. Demand Ischemia 
It is interesting that in several studies, primary 
myocardial ischemia produced by coronary 
occlusion either had no effect or produced an 
increase in diastolic myocardial distensibility 
of the affected region [22-24}. In studies 
comparing demand ischemia and primary 
ischemia [19, 20}, it was found that while 
demand ischemia usually produced an upward 
shift in the diastolic pressure-segment length 
relation, brief primary ischemia, induced by 
coronary occlusion, produced no change or a 
slight downward and rightward shift in the 
diastolic pressure-segment length relation. 
Rankin and coworkers (Chapter 12) have 
observed similar changes with primary ische­
mia, although they have shown that when 
stress-strain analysis is applied, myocardial 
stiffness appears to have increased. The explana­
tion for this substantial difference in diastolic 
behavior is uncertain, but available data provide 
some clues. As has been pointed out by other 
investigators, there are many important points 
of difference between primary ischemia (abrupt 
reduction in coronary blood ffow) and demand 
ischemia (increased myocardial oxygen require­
me nt in the setting of restricted coronary 
inffow). First, primary ischemia is associated 
with a rapid reduction in contractile activity, 
and severe primary ischemia, which occurs 
following coronary occlusion, results in cessa­
tion of contractile activity for the affected 
myocardium. It is known that this rapid 
cessation of myocardial contractile activity is not 
simply due to a reduction in high energy 
phosphate production within the affected myo­
cardium. Instead, other factors (e.g., accumula­
tion of inorganic phosphate, hydrogen ion, and 
a decrease in erectile forces that provide diastolic 
loading for the sarcomeres) are presumably of 
major importance in this cessation of contractile 
activity. In contrast, demand ischemia is asso­
ciated with continued excitation-contraction 
coupling and continued development of systolic 
contractile force, albeit at a reduced level. The 
cessation of contractile activity with severe 
primary ischemia means that there is no cross­
bridge cycling in systole and therefore no 
substrate for "impaired relaxation." In addition, 
rapid accumulation of hydrogen ion in the myo-
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FlGURE 20-7. Diasrolic left ventricular pressure 
(L VP)-segment length (SL) relations in the distribu­
tion of the left anterior descending artery in a dog 
with a 90% proximal stenosis on the left anterior 
descending artery and circumflex coronary arteries. 
Curve 1 = prepacing; curve 2 = during pacing; 
curve 3 = first postpacing beat; curve 4 = second 
postpacing beat; curve 5 = third postpacing beat; 
curve 6 = fifth postpacing beat; curve 7 = tenth 
postpacing beat; curve 8 = 30 seconds postpacing; 
curve; curve 9 = 1 minute postpacing. (From 
Momomura, et al. (18), with permission.) 

cardium distal to a coronary occlusion results in 
a substantial fall in myocardial pH, and this 
decline in myocardial pH is 236% greater than 
the decline in pH seen with demand ischemia of 
the same duration [20}. As discussed earlier in 
this book (Chapters 3 and 4), acidosis shifts the 
force-calcium curve for the myofilaments such 
that a lower force is produced for any given 
calcium concentration. Thus, acidosis has a 
relaxing effect on the myofilaments, wh ich 
would te nd to counteract any decreased disten­
sibility that might otherwise be associated with 
primary ischemia. An additional factor that 
characterizes primary ischemia and that may in 
part account for the absence of altered diastolic 
distensibility with this type of ischemia con­
ceros the erectile or turgor contribution of 
coronary blood ffow (see Table 20-1). Coronary 
blood ffow and coronary perfusion pressure add 
an erectile component to myocardial and ventri­
cular stiffness. This turgor component is pre­
sumably preserved in demand ischemia, but is 
strikingly diminished in primary ischemia [25}. 
It is also possible that differences in high energy 
phosphate levels within the myocardium in 
primary vs. demand ischemia could account for 
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FlGURE 20-8. Left ventricular pressure (L VP)--segment length (LVSL) relations before (pre) and immediately 
foHowing (post) pacing tachycardia in dogs with coronary stenoses. Multiple diastolic pressure-segment length 
plots were obtained in each state by using vena cava occlusion to produce a prompt decline in left ventricular 
preload, as weH as unloading of the right ventricle. The end-diastolic pressure-volume relation is clearly shifted 
upward in the overlap portion of the curves. (From Momomura, et al. {18}, with permission.) 
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the observed differences in diastolic distensibil­
ity. However, a careful examination of this from 
our laboratory [20} found that myocardial 
adenosine triphosphate (ATP) levels show little 
decline with 3 minutes of either primary or 
demand ischemia in the intact dog heart. It is 
still possible that compartmentalization of A TP 
differs in these two forms of ischemia, and it is 
noteworthy that creatine phosphate was much 
lower in myocardial sampIes from hearts affected 
by primary ischemia than those with demand 
ischemia. This suggested that ATP levels in 
hearts subjected to primary ischemia might have 
been relatively weIl preserved due to glycolytic 
synthesis of ATP, as opposed to mitochondrial 
production of ATP in hearts subjected to de­
mand ischemia. Glycolytic ATP may be more 
effective than aerobically produced ATP in pro­
tecting against abnormalities of diastolic relaxa­
tion [26, 27}. 

Ir must be pointed out that these findings 
were obtained in experimental animals without 
prior chronic exposure to coronary stenosis and 
myocardial ischemia. In humans with long­
standing coronary stenosis, sudden complete 
coronary occlusion by balloon infection during 
PTCA may be associated with an upward shift in 
the LV diastolic P-V relation, as discussed by 
Dr. Serrays in Chapter 25. This difference from 
the response to acute coronary occlusion in the 
unprepared heart may reHect the presence of 
weIl developed collateral How as weIl as chronic 
changes in myocardial metabolism in myocar­
dium subjected to repeated ischemia, as 
discussed by Drs. Ponleur and Rousseau in 
Chapter 24. Further studies will be needed to 
clarify the mechanisms responsible for these 
apparent differences. 
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21. ALTERED DIASTOLIC 
DISTENSIBILITY DURING 

ANGINA PECTORIS 

Shigetake Sasayama 

Numerous studies have been done in both 
clinical and experimental settings to describe 
the acute hemodynamic and left ventricular 
volume changes during ischemia. Although it 
has been well accepted that an increase in left 
ventricular filling pressure relative to volume is 
the characteristic feature of the pacing-induced 
[1-4} or exercise-induced {5-7} ischemia in the 
ventricle with limited coronary reserve, con­
troversy has continued on the underlying me­
chanisms of these changes. Some investigators 
accounted for an increased left ventricular end­
diastolic pressure by an increase in diastolic 
volume with depressed myocardial contractility, 
whereby the ventricle moves up toward a higher 
and steeper portion of the pressure-volume curve 
{8, 9}, while others have emphasized the altered 
diastolic distensibility of the left ventricular 
chamber, with the distortion of the entire 
pressure-volume relation resulting in higher 
press ures at any given volume {l, 10, ll}. 
Mann and coworkers {2} studied diastolic left 
ventricular pressure-volume curves before and 
immediately following rapid atrial pacing in 
patients with significant coronary artery stenoses 
and demonstrated that both impaired left ven­
tricular systolic performance and altered lefr­
ventricular diastolic properties play a role in 
producing elevated left ventricular diastolic 
pressure during ischemia. The relative contri­
butions of these two mechanisms were assessed 
by Aroesty and colleagues [12} using radio­
nuclide angiography. Using serial pressure­
volume analysis in conjunction with pressure 

Grossman, William, and LorelI, Beverly H. (eds.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus N ijho// 
Publishing. All rights reserved. 

recordings, they demonstrated that the ischemic 
response to pacing tachycardia involves both 
systolic and diastolic dysfunction but that 
diastolic impairment precedes systolic depres­
sion. From the latter finding, these investigators 
suggested that impaired diastolic performance is 
the first manifestation of ischemia. 

Proposed mechanisms for the upward shift of 
the pressure-volume relation include impaired 
left ventricular relaxation, altered elastic and 
viscous properties, and changes in properties 
extrinsic to the left ventricle [11, 13}. In 
studying the diastolic properties of the diseased 
human left ventricle, Ross [14} emphasized 
consideration of the interaction of the left 
ventricle with the right ventricle as well as with 
the pericardium. The pericardium has been 
thought to affect the pressure-volume relation 
by coupling left and right ventricular pressure 
{l4-17}. However, studies that reproduced the 
upward shift of the left ventricular press ure­
volume relation in dogs with coronary stenosis 
in the absence of the pericardium {3} militate 
against its role in this phenomenon. 

On the other hand, even without a distinct 
role for the pericardium, right ventricular filling 
can have an effect on elevating left ventricular 
end-diastolic pressure due to factors such as 
septal displacement, increased septal stiffness, 
or stretching of common fibers. Hess and co­
workers [18} offered further evidence for this 
connection, showing that the upward shift of 
the diastolic pressure-volume curve during com­
plete coronary occlusion in the conscious dog 
was prevented by reduction in right ventricular 
pressure and volume with obstruction of the 
inferior vena cava. In the more recent study of 
Momomura and associates [19}, vena caval 

207 
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ocdusion failed to abolish the upward shift of 
pressure-Iength relations following pacing tachy­
cardia in open-ehest dogs with high grade 
stenoses, even when right ventricular press ure 
was reduced to zero. These findings led the 
authors to condude that extrinsic compression 
of the left ventride by the right ventride is 
unlikely to be responsible for the upward shift. 
Although many issues have been raised as de­
scribed above, much more information is needed 
before we can define with certainty the mechan­
isms underlying alternat ions in the shape and 
position of left ventricular diastolic pressure­
volume curves during angina. 

Cardiac ischemia is essentially regional in 
nature, and its analysis should be directed to the 
regional as well as the global function of the 
ventride for a comprehensive understanding of 
the mechanics of myocardial ischemia. In ani­
mal experiments, varieties of methods provide 
sufficientiy accurate measuresof differing di­
mensions of regional performance [20, 2l}. 
However, the methodologies are substantially 
limited for quantitative evaluation of such 
regional function in humans. For this purpose, 
we developed a computer-assisted image proces­
sing system that allowed us to relate the shift in 
the left ventricular pressure-volume relation to a 
regional change in distensibility during pacing­
induced angina in patients with coronary artery 
disease [4, 22-24}. 

Cineangiographic Techniques and 
Analysis ofVentricular Mechanics 
Patients with coronary artery disease and effort 
angina were studied [23J . At the time of diag­
nostic cardiac catheterization, left ventricular 
cineangiography was performed in the 30-
degree right anterior oblique projection at a 
filming rate of 60 frames per second using a 
high-fidelity micromanometer-tipped catheter, 
which allowed the simultaneous measurement 
of left ventricular press ure during ventriculo­
graphy . Heart rate was increased incrementally 
with cardiac pacing by 30 beats/minute every 2 
minutes until angina pectoris developed or a 
ventricular rate of 150 beats/minute was achie­
ved. Pacing was then stopped and a second 
angiogram was obtained on cessation of pacing 
in the same manner as in the control state. 

The left ventricular images on eine film were 
transferred to a computer through a flying-spot 

scanner. The ventricular boundary was deli­
neated using the image-processing system we 
developed [4}. The ventricular silhouette area 
of the digitized image was calculated from the 
amount of pixels surrounded by the ventricular 
boundary. Left ventricular volumes were calcu­
lated by the area-Iength method. The calculated 
volume of each frame was synchronized to cor­
responding press ure throughout the cardiac 
cyde and the pressure-volume loop was obtained . 
Sequential ventricular silhouettes were super­
imposed on the end-diastolic frame throughout 
the cardiac cyde by using external reference 
markers. We chose the geometrie center of 
gravity of the cavity as the fixed reference point 
to which the inward movement of the ventricu­
lar wall can be related. In each superimposed 
ventricular image, radial grids were drawn from 
the center of gravity of the end-diastolic sil­
houette to the endocardial margin. Measure­
ment of the length of each grid line thtoughout 
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FIGURE 21-1. To analyze regional wall motion of 
the left ventricle, radial grids are drawn from the 
geometrie center of gravity of the end-diastolic 
silhouette to the endocardial margin. Each of the 128 
radial grid lines represents the segmental systolic 
centripetal motion of a given point of the ventricuJar 
circumference. Three segments representing nor­
mal (1), central ischemic (2), and potentially ische­
mic areas (3) were selected. The pressure-length 
loops were constructed from the simultaneous pres­
sure-length data for each segment . The left panel 
shows the resting state, the right panel shows the 
condition after rapid cardiac pacing. LV = left 
ventricular. (From Sasayama, et al. [22], with 
permission). 
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the cardiac cycle allowed for analysis of contrac­
tion and relaxation of specific segments of the 
left ventricular myocardium. 

We analyzed the effect of pacing stress on the 
segmental contraction of normal sections per­
fused with patent coronary arte ries and of poten­
tially ischemic regions corresponding to known 
coronary lesions. In the latter, active shortening 
was preserved at rest, but acute reversible 
abnormalities in segment shortening were pro­
voked when oxygen requirements exceeded a 
fairly constant level. 

The lengths of the given radial grid of the 
normal and the ischemic regions of each frame 
were also related to the corresponding press ure 
to obtain pressure-length loops simultaneously 
in two different portions of the left ventricular 
wall (Figure 21-1). 

Elfect o/Ischemia on Global and Regional 
Function 0/ the Le/t Ventricle 
All patients showed significant coronary artery 
stenosis or obstruction and developed typical 
anginal pain during pacing tachycardia. In the 
postpacing beats, the heart rate did not change 
significantly. Left ventricular peak systolic pres­
sure remained unchanged, while end-diastolic 

TABLE 21-1. Hemodynamic Data Before and After Pacing 

Postpacing 
Contral before N 

Normal segment length 
End-diastolic 26.1 ± 5.2 29.7±6.1 
End-systolic 16.2 ± 5.9 17.3 ± 5.9 
Extent of shortening 9.9 ± 2.0 12.2 ± 3.4 

Ischemic segment length 
End-diastolic 29.3 ± 7.2 29.4 ± 6.0 
End-systolic 18.0 ± 9.6 25.2 ± 6.8 
Extent of shortening 1l.4 ± 5.2 4.3 ± l.8 

Heart rate 74 ± 12 74 ± 15 
Left ventricular press ure 

Peak 148 ± 29 162 ± 27 
End-diastolic 10 ± 5 23 ± 9 

Left ventricular volume 
End-diastolic 99 ± 29 113 ± 27 
End-systolic 35 ± 21 52 ± 20 
Strake volume 64 ± 14 61 ± 19 
Ejection fraction 66 ± 10 54 ± 13 

pressure increased from 10 ± 3 mm Hg to 23 
± 9 mm Hg (p < 0.005). Although there were 
no consistent changes in left ventricular end­
diastolic volume, end-systolic volume uniformly 
increased. Stroke volume was unaltered, but the 
ejection fraction was reduced significantly 
(Table 21-1). Rapid cardiac pacing elicited 
short-term reversible abnormalities in segmen­
tal function in the postpacing ventriculogram. 
Active contraction was maintained at rest in the 
ischemic segment, although the coronary re­
serve was critically limited. End-diastolic length 
remained unchanged in the postpacing beat, 
and stroke excursion was decreased by 62 % 
(p < 0.01). In the normally perfused segment, 
end-diastolic length was augmented by 14 % 
from the control value (p < 0.005) and was 
associated with a 23% increase (p < 0.05) in 
stroke excursion (see Table 21-1) [23, 24}. 

Left Ventricular Chamber Stiffness 
and Distensibility 0/ the 
Regional M yocardium 
When global left ventricular compliance was 
analyzed by the diastolic pressure-volume rela­
tion, there were two different responses. In four 
of the seven patients, the pressure-volume 

Postpacing Significance (p) 
after N (C-P) (C-N) (P-N) 

27.4 ± 4.6 < 0.01 NS < 0.05 
14.3 ± 3.3 < 0.05 NS < 0.05 
13.1 ± 3.3 <0.05 < 0.05 < 0.05 

29.3 ± 5.2 NS NS NS 
20.7 ± 3.2 < 0.01 NS < 0.05 
8.7 ± 3.1 < 0.01 NS < 0.05 
90 ± 19 NS < 0.05 < 0.05 

134 ± 20 < 0.01 NS < 0.05 
13 ± 7 < 0.01 NS < 0.05 

97 ± 22 < 0.05 NS < 0.01 
35 ± 14 < 0.05 NS < 0.01 
62 ± 16 NS NS NS 
64 ± 12 < 0.05 NS < 0.01 

N == nifedipine; NS == not significaor; C-P == comparison between control and post-pacing; C-N == comparison between coorrol and post­
pacing with nifedipine; P-N == comparison between postpacing before and after pretrearmeor wirh nifedipine. (From Nonogi er al. (24}, 
with permission. ) 
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curves shifted upward in the postpacing beat 
(Figure 21-2A), while in the remaining three 
patients the curve shifted more to the right 
(Figure 21-2B). 

Despite these variabilities in ischemic respon­
ses of the left ventricular chamber, the displace­
ment of the regional diastolic pressure-Iength 
relation of normal and ischemic segments dur­
ing pacing induced ischemia was entirely uni­
form. Figure 21-3 illustrates representative 
plots of left ventricular pressure against normal 
and ischemic segment lengths throughout pas­
sive ventricular filling for the same patients 
shown in Figure 21-2. The increase in left ven­
tricular diastolic press ure was accompanied by 
comparable increases in end-diastolic length in 
normal segments. Thus, the normal segment 
appeared to be operating at the higher portion 
of a single pressure-Iength curve. In ischemic 
segments, pressure was higher for any given 
segment length in the postpacing beat, and the 
pressure-Iength curves shifted upward, indica­
ting regional alteration in diastolic properties of 
the ischemic myocardium. 

In the ischemic myocardium, the sarcomere 
may be overstretched with disengagement and 
rupture of the actin filaments [25], resulting in 
the greater limitation of the preload reserve. 
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FIGURE 21-2. Left ventricular diastolic pressure­
volume relations before (open circles) and after (closed 
circies) rapid cardiac pacing in two representative 
patients with coronary artery disease who developed 
angina during cardiac pacing. The entire curve 
shifted directly upward in some patients (A), and the 
curve shifted upward and more to the right in others 
(B). (From Sasayama, et al. [23], with permission). 

Thus, an additional ischemic insult with pacing 
stress in patients with preexisting coronary 
artery disease, will result in a less marked 
change in diastolic length in the ischemic region 
than in the normal region. 

Bourdillon and coworkers [26J derived a 
radial stiffness modulus from the simultaneous 
thickness and pressure data using a new ap­
proach to the assessment of regional myocardial 
stiffness. This method permitted the assessment 
of the material properties of a single ischemic 
region of the left ventricular myocardium in the 
clinical setting. The stiffness modulus thus 
obtained was shown to increase during pacing 
induced angina. These authors concluded that 
this regional increase in myocardial stiffness 
contributed to the upward shift in pressure-wall 
thickness and pressure-volume relationships 
during ischemia, together with a decreased rate 
of wall thinning and slow active-pressure decay. 
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FIGURE 21-3. Plots ofleft ventricular pressure against normal and ischemic segment lengths before (open eircles) 
and after (closed eire/es) rapid cardiac pacing. Despite different responses in the pressure-volume loops, changes 
in the pressure-Iength relation are uniform in both cases A and B: the normal segment moves up to the higher 
portion of the single pressure-Iength relation, and the ischemic segment shifts upward directly so that pressure 
is higher at any given length. (From Sasayama, et al. [231, with permission.) 
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More recently, similar changes in the regional 
constant of elastic stiffness were documented in 
response to transient abrupt coronary occlusion 
in humans during angioplasty of the stenosis in 
a single, proximal, left anterior, descending 
coronary artery [27}. These abnormalities in 
diastolic function were shown to persist after the 
procedure when normal blood ßow and systolic 
function had been completely restored. 

Mechanism 0/ an Increase in 
Diastolic Stiffness 
The precise mechanism for an increase in myo­
cardial stiffness with ischemia remains specula­
tive at present. Hess and colleagues [l8} studied 
the sequential effects of both partial and com­
plete coronary occlusions on diastolic properties 
of the left ventricle in a conscious dog and 
demonstrated that myocardial wall stiffness was 
not changed during coronary occlusion when 
systolic wall thickening was reduced but main­
tained, whereas it increased significandy during 
complete occlusion when there was systolic wall 
thinning. Accordingly, they concluded that the 
changes in myocardial stiffness were dependent 
on systolic overstretch of the ischemic region. 
Subsequent experiments of Paulus and co­
workers [28} showed that the radial stiffness 
was less during coronary occlusion than after 
pacing tachycardia in the presence of a coronary 
stenosis. Thus, repeated systolic stretch of the 
segment subserved by an occluded coronary 
artery was assumed to prevent an increase in 
diastolic stiffness by either breaking or preven­
ting the formation of rigor bonds within the 
ischemic ceUs. 

Ir has been shown that relaxation in heart is a 
complex phenomenon. The transition from the 
active to the resting state requires a reduction in 
the cytosolic concentration of Ca2+ , achieved by 
a rapid sequestration into the sarcoplasmic 
reticulum and the return of some Ca2+ to the 
extracellular phase. The energy required for this 
process is derived from the hydrolysis of adeno­
sine triphosphate (ATP) via a calcium-activated 
ATPase in the limiting membranes of the sarco­
plasmic reticulum. 

A failure of muscle to relax in hypoxic state 
may involve a rise in cytosolic Ca2+ to such a 
level that the rapid Ca2+ accumulating activity 
of the sarcoplasmic reticulum is inadequate,in 
association with a rapid decline in the tissue 

stores of ATP and creatine phosphate and in the 
respiratory activity of their mitochondria. 

It is generally agreed that the decline in high 
energy phosphate reserves of heart muscle could 
lead to a slowed rate of calcium accumulation 
from the cytosol [29}. A raised cytosolic calcium 
level surrounding the contractile proteins and 
the decreased availability of ATP for actin­
myosin cross-bridge dissociation may be respon­
sible for increased stiffness of the ischemic 
myocardium [29}' 

Effect 0/ a Calcium Antagonist 
on Diastolic Properties 0/ the 
Ischemic M yocardium 
As discussed previously, the increased cytosolic 
Ca2+ concentration depletes the hypoxic muscle 
of its energy stores and limits the availability of 
ATP for cross-bridge relaxation. The residual 
cross-bridges within the contractile units re­
maining throughout diastole could cause dia­
stolic interaction of the contractile elements and 
a reversible form of contracture. In the isolated 
rabbit heart such myocardial tontracture and 
accumulation of calcium were prevented by the 
calcium antagonist nifedipine [3Q}. 

We also studied the effects of nifedipine on 
regional systolic and diastolic dysfunction dur­
ing pacing-induced ischemia in patients with 
coronary artery disease [24, 31}. The left ven­
triculograms were obtained in the control and 
postpacing periods both before and after treat­
ment with nifedipine. All patients developed 
typical angina during pacing tachycardia before 
administration of nifedipine but not after taking 
the drug. 

With nifedipine, a postpacing increase in 
end-diastolic pressure was markedly attenuated, 
with a reduction in left ventricular systolic 
pressure. The responses of the regional myocar­
dium to the same pacing stress were markedly 
reduced (Figure 21-4). The upward shift of the 
diastolic pressure-Iength relation of the regional 
ischemic segment and movement of the control 
segment toward a higher portion of the single 
relation were remarkably attenuated or abol­
ished in the postpacing beats after the adminis­
tration of nifedipine (Figure 21-5), (see Table 
21-1). 

These data suggest that prevention of myo­
cardial ceU calcium overload by nifedipine 
appears to be a major mechanism for an im-
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FIGURE 21-4. Regional myocardial responses to 
pacing stress before and after treatment with nifedi­
pine. Individual changes in end-diastolic length 
(EDL) and extent of segment shortening (6L) of 
normal and ischemic regional myocardial segments 
in response to pacing stress before and after treatment 
with nifedipine, C = control; P = post pacing; N = 
nifedipine + post pacing N.S. = not significant. 
(From Sasayama, et al. [31] with permission. ) 

provement in the ischemic changes in diastolic 
properties of the left ventriele. Conversel y , 
caffeine, which prolongs intracellular calcium 
availability through both impaired calcium 
sequestration by the sarcoplasmic reticulum 
and increased calcium influx through the sar­
colemma, has been shown to markedly poten­
tiate the pacing-induced upward shift of the 
pressure-volume relationship in the canine ven­
triele with coronary stenosis (32}. 

C P N 

Interaction 01 Ischemic and 
Nonischemic Myocardium 
Animal experiments have shown that ischemia 
due to coronary stenosis has substantially dif­
ferent effects on regional wall motion and 
sequential diastolic mechanics than does ische­
mia due to coronary ocelusion [18, 19}. These 
studies emphasized the creep phenomenon asso­
ciated with repeated systolic stretching by adja­
cent nonischemic myocardium or quantitative 
interaction of systolic performance during ische­
mia as factors determining diastolic properties 
of the ischemic myocardium. 

On the other hand, when global left ventri­
cular ischemia was induced by constriction of 
left main coronary artery in the conscious dog, 
left ventricular chamber compliance was de-
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creased as evidenced by a leftward shift of the 
diastolic pressure-volume strain relationship 
without systolic bulging or dyssynchronous 
systolic shortening. These results were thought 
to suggest that the mechanical changes during 
diastole induced by global left ventricular 
ischemia (creep and increased myocardial stiff­
ness) were identical to those that occur during 
regional ischemia and that the regional abnor­
malities were also the direct result of ischemia 
rather than the result of mec;hanicalinteractions 
between ischemic and nonischemic regions of 
the ventricle {3 31. Segmental function analysis 
of the left ventriculograms in the clinical 
setting, revealed the direct upward shift in the 
diastolic pressure-Iengthplots of the ischemic 
segment, which implies an altered distensibility 
in the regional ischemic myocardium. This in 
turn contributed to an augmented preload of the 
normally perfused regions ofthe same ventricle 
which moved toward a higher portion of the 
single diastolic pressure-Iength curve [231 (see 
Figure 21-3, 21-5). ". 

In summary, our study of the inechanisms in­
volved in the altered . diastolic distensibility 
during angina pectoris in· patients with coro~­
ary artery disease led to the following observa­
tions. During attacks of pacing-induced angina, 
left ventricular end-diastolic press ure increased 
characteristically. Increases in filling pressure 
were associated with two types of shift in the 
left ventricular diastolic pressure-volume curve, 
either directly upward or upward and more to 
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FIGURE 21-5. Plots of left ventricular pressure 
against normal (left panel) and ischemic (right panel) 
segment lengths in control and postpacing periods 
before and after nifedipine in one representative 
patient. Changes in the normal segment appear to be 
related to preload effects, affecting a single pressure­
length relationship. Those in the ischemic segment 
appear to be related to regional alteration of diastolic 
properties with a direct upward or downward shift 
of the entire relationship with the ischemic insult or 
the therapeutic intervention. (From Sasayama, et al. 
{31], with permission.) 

the right. The segmental diastolic pressure­
length relationship of the ischemic region con­
sistently shifted upwards, while that of the 
normal segment moved to a higher portion of a 
single curve. These observations suggest that a 
complex interaction between changes in the 
mechanical properties of the regional myocar­
dium might be responsible for the net global 
changes in ventricular chamber compliance. 
Increased diastolic stiffness of the ischemic 
myocardium most likely results from incom­
plete relaxation and increased cytosolic Ca2+ 
concentrations due to low availability of the 
ATP, necessary for actin-myosin cross-bridge 
dissociation and calcium sequestration. This 
concept was supported by the observation that 
the calcium antagonist nifedipine substantially 
attenuated the upward shift of the diastolic 
pressure-Iength relationship of the regional 
ischemic segment. 
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22. DIASTOLIC FUNCTION DURING 
EXERCISE-INDUCED ISCHEMIA 

IN MAN 

John D. Carroll, Otto M. Hess, Hans Peter Krayenbuehl 

Diastolic pressures frequently increase dramati­
cally during ischemia. The mechanism for the 
pressure increase has been the subject of many 
clinical and experimental studies [l-5}. Im­
paired relaxation has been shown in humans 
during pacing-induced ischemia {2}. The altera­
tions in left ventricular press ure decay may be 
important in elevating diastolic pressures, pro­
ducing the upward shift in the diastolic press ure­
volume relation, and impairing the time course 
and extent of left ventricular filling. 

Many episodes of ischemia, with or without 
angina, occur during exercise, particularly in 
the patient with stable, chronic coronary artery 
disease. Therefore, dynamic exercise was used in 
our studies to induce ischemia {6-11}. The use 
of micromanometer pressures and biplane cine­
angiographic volumes allowed us to acquire 
high-quality data for subsequent analysis. 

Studies were undertaken both to quantify the 
abnormalities in left ventricular function during 
exercise and to understand the mechanisms 
important in producing these functional abnor­
malities. Certain patient groups were of parti­
cular interest and useful in achieving these 
goals. The first were patients who were found to 
have no significant cardiovascular abnormal­
ities. They represent our control group and are 
believed to show normal or near normal left 
ventricular function during exercise. The second 
group were patients with severe coronary artery 
disease with inducible ischemia. Their exercise 
hemodynamics allow a characterization of ische-

Grossman, Wil/iam, and Lorell, Beverly H. (em.), Diastolic 
Relaxation 0/ the Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

mia to be contras ted with control subjects. The 
third group were patients who had had success­
ful bypass surgery. They provided an opportun­
ity to assess the efficacy of surgery in reversing 
diastolic and relaxation abnormalities. Further­
more, with the aid of intraoperative biopsies, 
the role of chronic structural changes and 
abnormalities in passive muscle compliance 
can be assessed. Finally, a fourth group were 
patients with past myocardial infarction, but 
without inducible ischemia. During exercise, 
this group, like the ischemia group, had an in­
homogenous contraction pattern that may, by 
itself, affect left ventricular pressure decay and 
other diastolic properties. 

Methods 

PATIENT POPULATION 
The characteristics of the patients studied have 
been reported previously in detail {6-11}. The 
control group consisted of five patients who had 
no or minimal cardiovascular disease. All were 
undergoing catheterization because of atypical 
chest pain. 

The ischemia group, consisting of 23 patients, 
had significant coronary artery disease (greater 
than 50% diameter narrowing of at least one 
coronary artery). Fifteen had three-vessel disease, 
five had two-vessel disease, and three had single­
vessel narrowings. All had exercise-induced 
regional-wall motion abnormalities with a fall 
in ejection fraction. Fourteen had accompanying 
angma. 

The bypass group, consisting of 24 parients, 
had stable angina refractory to medical therapy 
before surgery. Six had two-vessel disease and 
the remainder had three-vessel disease. All had 
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exercise-induced ischemia at the time of pre­
operative catheterization. All patients sub se­
quently underwent bypass surgery with a total 
of 83 distal anastomoses placed. After an aver­
age of 7.7 months following surgery, cardiac 
catheterization was completed with a repeat 
exercise study. These patients were selected on 
the basis of improved symptoms after surgery 
(only five had any angina) and having 81/83 
patent grafts. 

The sc ar group, consisting of five patients, had 
a prior infarction with a large akineticldyskine­
tic area with reduced left ventricular ejection 
fraction on a resting angiogram. None showed 
a new wall-motion abnormality with exercise. 
None had angina, two had normal coronary 
arteries, and three had one-vessel disease of the 
coronary artery appropriate to the site of prior 
infarction. 

CARDIAC CATHETERIZA nON 
Informed consent was obtained from all patients. 
Premedication consisted of lO mg of chlordiaze­
poxide. Cardiovascular medications were with­
held for 12 to 24 hours before catheterization. 

Patients were evaluated by catheterization of 
the right and left sides of the heart and biplane 
cineangiography at rest and during supine 
bicycle exercise. Left ventricular pressure was 
measured with a MilIar pigtail angiographic 
catheter introduced from the femoral artery. 
Pressures were recorded at a paper speed of 250 
mmlsecond (Figure 22-1). Mean right atrial 
pressure was recorded in some patients with a 
fluid-filled catheter. 

Biplane left ventricular cineangiograms were 
obtained at a filming rate of 50 frames/second. 
Volumes were caIculated by the area-Iength 
method. Each angiographic frame had a digital 
time corresponding to time marks on the pres­
sure recordings. 

EXERCISE PROTOCOL 
All patients underwent bicycle exercise testing 
before catheterization to determine achieved 
workload and exercise limitations. At catheter­
ization, press ures were recorded before and after 
each patient's feet were strapped to the bicycle 
device. After the resting angiogram and a sub­
sequent 12- to 15-minute pause, patients began 
to exercise at a low level. W orkloads were 
increased progressively until either angina or 
other limiting symptoms occurred or until a 
predicted submaximal heart rate was achieved. 

Sc ar group and control group patients generally 
achieved the target heart rate. Bypass group 
patients followed the same exercise protocol 
they had followed before surgery to match 
external workloads. Exercise duration and maxi­
mal workload were, therefore, identical for both 
studies. At the point of peak exercise, pressures 
were again recorded and simuItaneous cine­
angiography was completed. Coronary arterio­
grams were obtained by the Judkins technique 
after exercise. 

DATA ANALYSIS 
Methods of analysis have been described previ­
ously in detail {6-11}. In summary, resting and 
exercise data were derived from well-opacified 
beats that were not immediately postextra­
systolic. Pressure tracings were digitized. The 
characteristics of isovolumic pressure decay were 
derived from the linear regression of press ure 
and dP/dt coordinates (Figure 22-2). Thus two 
variables, T, representing the negative reci­
procal of the slope, and PB, representing the 
pressure-axis intercept, were derived for each 
patient at rest and during exercise. 

Ventricular volumes were caIculated from 
frame-by-frame analysis of biplane angiograms. 
Three-point smoothing of volume caIculations 
was performed, and the peak rate of filling was 
identified. End-diastolic, end-systolic volumes, 
and ejection fraction were caIculated. 

The left ventricular pressure at the time 
unopacified blood first ente red the ventricle was 
measured and denoted mitral valve opening 
press ure . This was used as an index of the left 
atrial pressure, which plays a key role in deter­
mining filling rates. 

Diastolic pressure-volume relations for rest 
and exercise data were constructed for each 
patient. To permit comparisons, we derived 
mean diastolic pressure-volume relations for 
each group at rest and during exercise. Three 
diastolic pressure-volume coordinates were used, 
including the early diastolic pressure nadir, end­
diastole, and the time half way through the 
filling period (Figure 22-3). 

Rest and exercise data within groups and be­
tween preoperative and postoperative studies 
were tested for significant differences by use of 
the paired t test. Differences between groups 
were tested with an unpaired t test. Data on 
figures are mean ± standard error of the mean 
(SEM), while those in the text are mean ± 
standard deviation (SD). 
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FIGURE 22-1. Left ventrieular (LV) pressure trae­
ings at rest and during exercise-induced isehemia 
from one patient with severe triple-vessel disease. 
Before surgery, there was a dramatic rise in diastolic 
pressures. During postoperative exercise, the early 
diastolic pressure nadir, PL , did not increase, yet 
end-diastolic pressure did. Cineangiography revealed 
severe anterior hypokinesis during preoperative exer­
eise, but no new asynergy during postoperative 
exercise. Pressure-volume relations were construeted 
(see Figure 22-7) RA = right at rial pressure; EKG 
= eleetroeardiogram (From Carroll et al [l0}, with 
permission. ) 

Results 

CONTROL GROUP 

During exereise, the control group had no 
significant change in end-diastolic volume (96 
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± 6 to 102 ± 11 mI/m2), whereas the end­
systolic volume decreased from 35 ± 5 to 28 ± 
6 ml/m2 (p < 0.05) and ejection fraction 
increased from 64 ± 3 to 73 ± 4% (p < 0.01). 
Heart rate increased from 70 ± 18 to 120 ± 21 
beats per minute (p < 0.01). 

Left ventricular pressure decay was accelera­
ted, with T decreasing from 48 ± 14 to 26 ± 
6 ms (p < 0.05) and no change in PB (0 ± 1 to 
3 ± 11 mm Hg) (see Figure 22-2). The early 
diastolic pressure nadir decreased insignificantly 
during exercise (11 ± 6 to 4 ± 5 mm Hg). No 
change in left ventricular end-diastolic pressure 
(LVEDP) occurred (18 ± 8 to 20 ± 9 mm 
Hg). The increased LVEDP at rest and during 
exercise was due to leg elevation. 
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FIGURE 22-2. Left ventricular pressure (LVP) and negative dP/dt coordinates from the isovolumic relaxation 
period in representative patients in three of the groups. The negative reciprocal of the slope, T, decreased 
during exercise in all three patients, but much more in the control patient. The pressure-axis intercept, PB, 
significantly increased during exercise with the patient developing ischemia. The scar group patient had press ure 
decay characteristics during exercise that were not normal, but clearly different from the patient with ischemia. 
(From Carroll et al. [6], with permission.) 
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FIGURE 22-3. Diastolic pressure-volume relations from three groups are shown for both the resting state and 
during exercise. Coordinates of pressure and volume are averages at three diastolic points. The control group 
had a tendency for a downward shift in the early diastolic coordinate. The ischemia group had a clear upward 
shift during exercise. There was no shift for the scar group, yet end-diastolic pressure increased. (From Carroll 
et al [7], with permission.) 
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FIGURE 22-4. Left ventricular filling dynamics in 
three groups of patients. During exercise, the control 
group had an increase in peak filling rate (Ieft panel) 
without a change in the index of left atrial pressure, 
the pressure at wh ich mitral valve opening (MVO) 
occurred (right panel). The preoperative patients 
with exercise-induced ischemia, also had an increase 
in peak filling rate, yet the pressure at mitral valve 
opening was grossly elevated. Postoperatively, peak 
filling rate increased during exercise to a level greater 
than that during preoperative exercise. Yet, MVO 
pressure still increased although less than it increased 
preoperatively. '*' = p < 0.05; "p < 0.001; NS = 
not significant (From Carroll et al {7}, with per­
mission.) 
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FIGURE 22-5. In the control group (solid eircles) , the 
negative reciprocal of the slope, T, and heart rate are 
strongly correlated at rest and during graded exer­
eise. Exercise coordinates from the ischemia group 
(open eircle) and scar group (asteris/es) had a prolonged 
T, relative to heart rate. (From Carroll et al (61, with 
permission. ) 
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The diastolic pressure-volume relationship 
showed a slight downward shift in early diastole 
during exercise in the control groups (see Figure 
22-3). Peak filling rate increased from 615 ± 
163 to 1050 ± 318 mllsec (p < 0.05) (Figure 
22-4). Mitral valve opening pressure was un­
changed (12 ± 7 to 14 ± 10 mm Hg). The 
filling period decreased from 430 ± 150 to 
200 ± 69 ms (p < 0.05) during exercise. The 
filling volume increased from 104 ± 11 to 126 
± 20 ml (p < 0.05). 

ISCHEMIA GROUP 
In contrast to the control group, there was an 
increase in end-diastolic volume (105 ± 11 to 
116 ± mllm2 , p < 0.001) and in end-systolic 
volume from 40 ± 8 to 57 ± 11 (p < 0.001). 
The ejection fraction fell from 62 ± 6 to 51 ± 
8% (p < 0.001). Heart rate increased from 67 
± 13 to 119 ± 14 (p < 0.001). 

Left ventricular pressure decay was accelera­
ted with T decreasing from 55 ± 9 to 37 ± 
8 ms (p < 0.001), yet the exercise value was 
significantly elevated compared to the control 
group value (p < 0.05) (Figures 22-2, 22-5). 
In addition, PB rose from -10 ± 71 to + 11 ± 
8 mm Hg (p < 0.001). The early diastolic 
pressure nadir increased significantly during 
exercise from 9 ± 3 to 21 ± 5 mm Hg (p < 
0.001). LVEDP rose from 22 ± 6 to 38 ± 7 
mm Hg (p < 0.001). The diastolic pressure­
volume relationship showed a large upward shift 
throughout diastole (see Figure 22-3). 

Right atrial pressure rose from 5 ± 2 to 13 
± 5 mm Hg (p < 0.001) during exercise in the 
11 patients for whom data existed. Pressure-
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volume relations in several of these patients are 
shown in Figure 22-6. 

Peak filling rate increased from 697 ± 219 
to 1035 ± 309 mlfsecond (p < 0.001) (see 
Figure 22-4). Mitral valve opening pressure was 
markedly elevated during exercise (14 .± 6 to 
35 ± 9 mm Hg). The filling period decreased 
from 470 ± 150 to 190 ± 40 ms (p < 0.001). 
Yet, unlike the control group, filling volume 
fell from 118 ± 25 to 101 ± 35 ml (p < 
0.001). 

BYPASS GROUP 
During preoperative exercise the findings for the 
bypass group were similar to those of the 
ischemia group. During postoperative exercise 
there was still an increase in end-diastolic 
volume (108 ± 25 to 115 ± 27 mlfm2 (p < 
0.01), although less, in absolute terms, than 
preoperatively. End-systolic volume, on the 
other hand, did not change during postoperative 
exercise (44 ± 18 to 46 ± 21) and ejection 
fraction rose slightly from 59 ± 11 to 61 ± 
11 % (p < 0.05). Heart rate was greater during 

FIGURE 22-6. Left ventricualr diastolic pressure­
volume relations are shown at rest (solid circ!es) and 
during exercise (open circ!es) in six patients with 
exercise-induced ischemia. All had an upward shift 
with ischemia. The right at rial pressure rose signi­
ficantly in these patients, raising the possibility of 
pericardial restraint and/or ventricular interaction 
being one mechanism involved in the alteration in 
left ventricular chamber compliance. Yet, in other 
patients there were inconsistent changes in right 
atrial press ure that did not correlate with changes in 
left-sided pressure-volume relations. 

postoperative exercise (129 ± 19 vs. 115 ± 
11, p < 0.001). 

Left ventricular press ure decay was accelera­
ted, with T decreasing from 52 ± 11 to 30 ± 
9 ms (p < 0.001). The exercise value post­
operatively was less than it was preoperatively 
(30 ± 9 vs. 37 ± 9 ms, p < 0.01). In addi­
tion, PB, which rose preoperatively during exer­
cise, did not rise during postoperative exercise 
(-10 ± 10 to -7 ± 12 mm Hg). The early 
diastolic press ure nadir increased significantly 
during preoperative exercise from 9 ± 4 to 21 
± 8 mm Hg (p < 0.001), but during post-
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operative exercise it was stable (5 ± 3 to 6 ± 
3 mm, mm Hg). L VEDP still rose from 17 ± 4 
to 25 ± 10 mm Hg (p < 0.001) during post­
operative exercise, although the increase was less 
compared to preoperative exercise (see Figure 
22-1). 

The left ventricular diastolic pressure-volume 
relation showed no shifts during postoperative 
exercise. Yet, the bypass group patients did 
have an increased end-diastolic pressure, which 
appeared appropriate for the increase in end­
diastolic volume (Figure 22-7). 

In nine patients, right atrial pressure in­
creased during postoperative exercise from 4 ± 
2 to 10 ± 4 mm Hg (p < 0.001), which was 
unchanged from preoperative exercise. 

Peak filling rate increased from 604 ± 235 to 
1260' ± 319 mllsecond (p < 0.001) and was 
greater during postoperative exercise than pre­
operative exercise (1260 vs. 950 mllsecond, p 
< 0.01). Mitral valve opening pressure was 
markedly elevated during exercise preopera­
tively (17 ± 6 to 44 ± 10 mm Hg, p < 
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0.001), but less so during postoperative exercise 
(11 ± 4 to 31 ± 9, P < 0.001). 

SCAR GROUP 
There was no change in end-diastolic volume 
(111 ± 16 to 116 ± 15 mllm3) and in end­
systolic volume (57 ± 10 to 55 ± 12 ml/m2 ) 

during exercise, and ejection fraction also did 
not change (49 ± 3 to 52 ± 7%). Heart rate 
increased from 74 ± 16 to 138 ± 20 (p < 
0.01). 

Left ventricular pressure decay was accelera­
ted during exercise with T decreasing from 66 
± 10 to 37 ± 3 ms (p < 0.05); however, the 
exercise value was significantly elevated com­
pared to the control group value (p < 0.05) 
(Figures 22-2, 22-5). In contrast, PB was 
stable. The early diastolic pressure nadir was 
also unchanged during exercise (11 ± 3 to 8 ± 
3 mm Hg). L VEDP rose insignificantly during 
exercise, from 21 ± 5 to 26 ± 3 mm Hg. 

The left ventricular diastolic pressure-volume 
relation showed no shifts during exercise in the 
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FIGURE 22-7. The left ventricular diastolic pressure­
volume relation before bypass surgery demonstrated 
an upward shift during exercise-induced ischemia. 
Postoperatively, there was no shift and end-diastolic 
press ure increased with a slight increase in end­
diastolic volume. 
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scar group. However, the scar group patients 
did have the slight increase in end-diastolic 
pressure that appeared appropriate for the in­
crease in end-diastolic volume (see Figure 
22-3). 

Right atrial pressure was 4 ± 3 at rest and 
4 ± 4 mm Hg during exercise. Peak filling rate 
increased from 590 ± 209 to 1185 ± 161 mll 
second (p < 0.01). Mitral valve opening pres­
sure did not increase significantly during exer­
eise 03 ± 5 to 21 ± 13 mm Hg). The filling 
period decreased from 440 ± 180 ms at rest to 
160 ± 30 ms with exercise (p ± 0.05). The 
filling volume increased from 97 ± 15 to 117 
± 18 ml (p < 0.05). 

Discussion 

NORMAL ADJUSTMENTS IN DIASTOLIC 
FUNCTION DURING EXERCISE 
Augmented pump function is required during 
exercise to produce the increase in cardiac out­
put to match the increased metabolie needs. 
In diastole, adjustments in press ure decay and 
filling dynamies occur wh ich shorten the iso­
volumic relaxation period, increase total trans­
mitral ßow in an abbreviated filling period, and 
maintain low diastolic pressures. Alterations in 
autonomie tone undoubtedly playavital role in 
these adjustments in diastolic function. It is 
weIl-established that myocardial relaxation is 
directly accelerated by beta-adrenergic receptor 
activation {l2-15}. Alterations in heart rate and 
loading conditions mayaiso facilitate adjust­
ments in diastolic, as weIl as systolic function, 
during exercise {l2, 16, 17}. 

DIASTOLIC PRESSURE DU RING ISCHEMIA 
Patients in the ischemia group had increases in 
pressure throughout diastole. In early diastole, 
the nadir was elevated far beyond the limit of a 
normal pressure at end-diastole. This was uni­
que in the ischemia group; patients in the scar 
and bypass groups often increased end-diastolic 
pressure, but never minimum diastolic pressure 
during exercise. The resultant effects on left 
atrial and pulmonary venous press ure would 
clearly be of the magnitude to produce pul­
monary edema, if sustained with prolonged 
ischemia. By study design, patients with signi­
ficant mitral regurgitation during exercise were 
excluded. Therefore, the acute increase in dia­
stolic pressure was primarily related to altera-

tions in left ventricular chamber compliance. 
Several mechanisms for this acute rise in pres­
sure will be discussed. 

EFFECT OF ISCHEMIA ON RELAXATION 
The alterations in left ventricular relaxation 
during exercise-induced ischemia are probably 
related to changes in the multiple determinants 
of relaxation {l2, 18]. The abnormal systolic 
dynamics of ischemia, including asynchrony and 
increased end-systolic volume, are factors that 
combine with direct disruption of muscle re­
laxation to produce the reduced rate, and per­
haps extent, of pressure decay. The myocatdium 
may never completely relax between systoles, 
especially since diastole is so brief during 
exercise. In addition, with the high incidence of 
triple-vessel disease in this study, it is reason­
able to suggest that global ischemia occurred in 
many subjects. 

Delayed and incomplete relaxation translates, 
at the ventricular or chamber level, into' slow 
press ure decay that fails to achieve apressure 
level expected for a totally relaxed chamber [6]. 
During exercise, the effects of ischemia are 
superimposed on the hemodynamics of exercise 
with changes in heart rate, contractile state, and 
loading conditions {l6, 17}. Pressure decay was 
actually accelerated in many patients. with 
exercise-induced ischemia. Yet, when compared 
to a control group, the true extent of abnormal 
pressure decay during exercise-induced ischemia 
was apparent. A problem does arise when com­
paring only the ischemia group to the control 
group. Those with exercise-induced ischemia 
mayaiso have chronic abnormalities of both 
passive and active chamber compliance. There­
fore, two groups with coronary artery disease, 
but no ischemia during exercise, were also 
studied. 

EFFECT OF AN AKINETIC SCAR 
ON RELAXATION 
The presence of a large akinetic area or ischemic 
region may impair the rate of pressuredecay 
simply because of the inhomogenous contrac­
tion/relaxation pattern. A temporal disruption 
in the contractionlrelaxation pattern is associa­
ted with a prolongation of pressure decay [12]. 
In this study the scar group demonstrated a 
different form of regional abnormality, which 
was associated with a prolonged resting T. 
During exercise the ejection fraction did not 
increase, and the large end-systolic chamber size 
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did not decrease. Press ure decay acceleration 
occurred, as shown by a decrease in T and no 
change in PB' Yet, the reduction in T was not to 
normal levels expected for the fast heart rate (see 
Figure 22-5). Nevertheless, the adjustment in 
pressure decay was adequate, in the scar group, 
to maintain low early diastolic pressures. There­
fore, ischemia has unique effects on pressure 
decay that cannot simply be explained by the 
abnormal pattern of regional contractionlrelaxa­
tion. The acutely ischemic myocardium itself 
appears to be a key determinant in the rise of 
left ventricular diastolic press ure during exercise. 

The monoexponential model of pressure de­
cay used in this study fits pressure and dP/dt co­
ordinates from the isovolumic period. The T 
value from this method is not directly compar­
able to the tau value derived from relating the 
natural logarithm of pressure to time {l9}. It 
is not clear if there is one best method for de­
scribing press ure decay. In some patients with 
congestive cardiomyopathy there is a poor linear 
fit of dP/dt and P coordinates {l3}. No signifi­
cant deviations from linearity were seen using 
the P vs. dP/dt method in these patients with 
coronary artery disease and large regional-wall 
motion abnormalities. The average correlation 
coefficient during exercise-induced ischemia 
remained 0.99 [6}. 

EFFECT OF REV ASCULARIZA TION 
ON RELAXATION 
Abnormal press ure decay in the left ventricle, 
along with other hemodynamic abnormalities, 
can be greatly improved by revascularization. 
As demonstrated in Figure 22-1, the change 
can be easily seen in the left ventricular pressure 
contour. Ouring postoperative 'exercise both T 
and PB were improved, yet were often not iden­
tical to normal values. Persistent abnormalities 
in pressure decay may be related to the persis­
tent inability to decrease end-systolic volume 
during exercise, residual inhomogeneities of 
contraction and relaxation, myocardial hyper­
trophy and interstitial fibrosis, and subclinical 
ischemia. 

DIASTOLIC PRESSURE-VOLUME RELATION 
The rise in diastolic press ures during ischemia 
is not simply due to an increase in end-diastolic 
volume, i.e., it is not merely a preload­
dependent change in left ventricular chamber 
stiffness [20-23}. Chamber dilatation did occur 
in many of our subjects during exercise-induced 

ischemia, yet the diastolic pressure-volume 
relations curve showed an upward shift, indica­
ting an acute shift in chamber stiffness. This has 
been reported previously in pacing-induced 
angina {l, 4, 24}. Although abnormal pressure 
decay has been demonstrated in both pacing­
and exercise-induced ischemia, other factors 
could contribute to this acute alteration in 
chamber stiffness. 

Viscous factors are important to consider, 
especially in exercise-induced ischemia where 
filling rates are increased and diastole is quite 
brief. In addition, viscous effects are also pro­
portional to intrinsic myocardial stiffness [25}. 
Many of the patients in our study had intra­
operative biopsies that revealed increased inter­
stitial fibrosis, wh ich could elevate muscle 
stiffness [11}. 

THE PERICARDIUM AND 
VENTRICULAR INTERACTION 
The normal pericardium resists stretch if there 
is a significant and acute increase in total intra­
pericardial volume [26}. The atria and right 
ventricle may dilate acutely from the elevation 
of left ventricular filling pressures during ische­
mia. If total intrapericardial volume increases so 
that intrapericardial pressure rises above its 
normallow values, an acute pericardial effect on 
left ventricular chamber properties may become 
manifest [27-32}. A parallel upward shift in the 
diastolic pressure-volume relation, as seen in 
Figure 22-8, would be produced. Tyberg and 
coworkers have pointed out the dose correlation 
of right atrial and pericardial press ures in a 
group of patients after thoracotomy [32}. 

Ouring exercise-induced ischemia, unlike 
pacing-induced ischemia, there is a marked rise 
in right atrial pressures. Ouring exercise, the 
patients were supine, with legs slightly ele­
vated, wh ich increased right- as well as left-sided 
pressures and, presumably, total intrapericardial 
volume. As seen in Figure 20-6, there are ex­
amples of large increases in right atrial pressure 
in patients with massive upward shifts in the 
left ventricular diastolic pressure-volume rela­
tion. Yet, we have also noted a lack of consis­
tency in the presence of elevated right atrial 
pressures during exercise-induced ischemia, a 
lack of correlation between the degree of in­
crease in right atrial pressure and pressure­
volume shift, and a clear inconsistency in 
patients studied postoperatively. Then, right 
atrial pressure still increased in most patients, 
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yet there were no or minimal upward shifts in 
the left ventriele's diastolic pressure-volume 
relation. Other factors may elevate right atrial 
pressure, e.g., right ventricular ischemia, tri­
cuspid regurgitation, and postoperative changes 
in the external constraints of the left ventri­
ele. Thus, while it is probably true that some 
patients have a "pericardial effect" during ische­
mia, the frequency, consistency, and relative 
contribution to the rise in diastolic press ures 
remain in question. 

CHRONIC CHANGES IN PASSIVE CHAMBER 
COMPLIANCE IN CORONARY 
ARTERY DISEASE 
Patients in the bypass and scar groups did not 
have a shift in the diastolic pressure-volume 
relation during exercise. The rest and exercise 
data are basically on the same relation, indi­
cating stable chamber properties. End-diastolic 
pressure increased in many of these patients, 
which, according the pressure-volume relation, 
appeared to be caused bya simple increase in end­
diastolic chamber size, i. e., a preload-dependent 
change in chamber stiffness. The absolute in­
crease in end-diastolic press ure was often great 
with a small increase in volume, indicating the 
steepness of the pressure-volume relation {22l 
Fibrosis, either localized as a postinfarction scar, 
or patchy in areas served by severely diseased 
vessels, is a common feature of these two 
groups. Intraoperative biopsies, as Hess repor­
ted {l1}, also show myocardial hypertrophy, 
even in the absence of systemic hypertension. 

Chronic changes in chamber compliance need 
to be considered in interpreting exercise hemo­
dynamics. The acute changes in chamber com­
pliance, produced by ischemia, are superim­
posed on any chronic changes. The resultant 
elevation of diastolic pressures was predicted to 
be dramatic, .and often was. Sasayama and co­
workers have shown that the ischemic region of 
the left ventriele has an upward shift in its 
pressure-segment length relation; the nonische­
mic region had no shift, but simply moved to a 
higher pressure on the same pressure-segment 
length relation {33l Thus, within the same 
ventriele, acute and chronic changes in com­
pliance may be observed. 

FILLING DYNAMICS 
If the left ventriele becomes stiffer acutely 
during ischemia, filling should be altered {34, 
35}. In addition, exercise will alter filling, 
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FIGURE 22-8. Schematic representation of left ven­
tricular diascolic pressure-volume relations showing 
the types of changes involved in patients with 
coronary artery disease. Abnormal pressure decay 
from disrupted myocardial relaxation appears co be 
the central process in exercise-induced ischemia. 
Chronic changes in chamber compliance are relevant 
in many patients wirh coronary artery disease. Peri­
cardial restraint may be operative during ischemia, 
yet the data are indirect and, at this time, not 
specific. (From Carroll et al [l3)' with permission.) 

potentially causing an active suction of blood 
into the left ventriele in early diastole {36, 37]. 
Alterations do occur during exercise-induced 
ischemia, but in a complex way that is not 
reßected in peak filling rates, interpreted in 
isolation of other factors. Given that the atrial­
ventricular pressure gradient is a major factor in 
the determination of filling, the role of left atrial 
pressure, the driving pressure for filling, must 
be addressed {38, 39]. In the ischemia group, 
the pressure responsible for mitral valve opening 
increased substantially during exercise. This did 
not occur in the scar group and control group 
and was lower in the bypass group. Thus, the 
atrial driving pressure for early filling may offset 
abnormalities of relaxation, which, when un­
opposed, would tend to slow early filling. Ex­
perimental data supporting this reasoning come 
from the elegant studies of Yellin and others 
{38, 4ül 

Left ventricular filling dynamics are markedly 
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altered after revascularization. The bypass group 
had increased peak filling rates during post­
operative exercise, concomitant with improved 
pressure decay. Yet, the persistent' increase in 
the pressure at mitral valve opening suggests 
that filling dynamics remain abnormal. In addi­
tion, the pattern of filling remains abnormal, 
with reduced rates in the second half of diastole 
(7}. This may reilect the chronic structural 
alterations that determine passive chamber stiff­
ness. Revascularization would not be expected 
to reverse the increased amount of interstitial 
fibrosis that is seen in many patients. 

TYPE OF ISCHEMIA 
Exercise-induced ischemia has unique features, 
as discussed above and furt her studied in animal 
models (16, 17}. The resultant left ventricular 
dysfunction is often profound. The imbalance in 
myoeardial oxygen supply and demand pri­
marily involves an inerease in the determinants 
of myocardial oxygen eonsumption. Yet a re­
duetion in eoronary flow mayaiso aeeompany 
exercise, as demonstrated by the study of Gage 
{ 41}. These eonsiderations of the way isehemia 
is produeed are important. As demonstrated by 
Paulus and eoworkers (42}, the regional dys­
funetion, both systolie and diastolie, is different 
for eöronary oeclusion vs. paeing-indueed isehe­
mia with a eoronary stenosis. Isehemia in hu­
mans is furt her modified by the anatomie and 
physiologie diversity of eoronary artery disease. 

Summary and Conclusions 
During exereise the duration of diastole is brief, 
frequently less than 200 msee. In the normal 
left ventricle, an aeeeleration of press ure deeay 
maintains low diastolie pressures, augments 
filling rates, and, therefore, is important in 
inereasing stroke volume during exereise. 

During exereise in a patient with eoronary 
artery disease, isehemia may oceur and exercise 
hemodynamics are disrupted. Using miero­
manometer-measured left ventrieular press ure , 
and ventrieular volumes, ealculated from bi­
plane eineangiograms, left ventricular funetion 
at rest and during exereise was studied in 57 
patients. Exereise-indueed isehemia produeed 
dramatie inereases in diastolie press ures and an 
upward shift in the diastolie pressure-volume 
relation. Central to these ehanges was abnormal 
myoeardial relaxation with impaired left ven­
tricular pressure deeay. However, the isovolu-

mie relaxation period was not prolonged, and 
the filling period was not abbreviated, during 
exereise-indueed isehemia beeause of the early 
opening of the mitral valve when intraventricu­
lar pressure was still over 30 mm Hg. Rapid 
filling proeeeded when press ure deeay was in­
complete from the previous systole. Exereise 
studies in patients after bypass surgery and in 
patients with se ars from distant myoeardial 
infaretion were useful in clarifying confounding 
faetors. For example, asynehrony of contraetion 
and relaxation, ventrieular interaetion, periear­
dial restraint, and ehronie ehanges in passive 
ehamber eomplianee mayaiso further compro­
mise diastolie funetion during exereise. In 
patients with eoronary artery disease without 
isehemia during exereise, LVEDP, but not early 
diastolie pressures , rose during exercise. The 
inerease in press ure was appropriate for a slight 
inerease in end-diastolie volume in a ventricle 
with a steep pressure-volume relation. 

Thus, the aeute abnormalities of diastolie re­
laxation in exereise-indueed isehemia are inter­
twined with the hemodynamies of exereise and 
superimposed on the ehronie passive ehamber 
abnormalities frequently seen in eoronary artery 
disease. 
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23. LEFT VENTRICULAR FILLING IN 
ISCHEMIC AND HYPERTROPHIC 

HEART DISEASE 

Robert O. Bonow 

Impairment of left ventricular diastolic function 
develops commonly in patients with coronary 
artery disease or hypertrophie cardiomyopathy, 
stemming from disorders of ventricular relaxa­
tion, filling, and distensibility. These factors 
may contribute substantially to the clinical 
manifestations of these disease processes. Hence, 
numerous hemodynamic, angiographic, and non­
invasive techniques have been applied to the 
study of left ventricular diastolic properties. 
Much attention has been focused recently on the 
filling phase of diastole, because left ventricular 
filling lends itself to analysis by noninvasive 
techniques. The applications and limitations of 
such analysis are examined in this chapter. 

Determinants o/Left Ventricular Filling 
Rapid diastolic filling of the left ventricle repre­
sents the complex interaction of the passive 
elastic properties determining left ventricular 
distensibility, such as fibrosis and hypertrophy, 
and the dynamics of left ventricular relaxation, 
encompassing both inactivation-dependent and 
load-dependent effects [1-4}; these indude 
myocardial ischemia [5-1O}, sympathetic tone 
[11-14}, extent of systolic fiber shortening [1, 
2} afterload [1, 2}, regional inhomogeneity or 
asynchrony [10, 15-22}, and the rate and extent 
of coronary blood flow [1, 4}. During the onset 
of the rapid filling period, left ventricular 
pressure continues to subside despite the abrupt 
increase in volume, indicating that active left 
ventricular relaxation continues beyond the 
isovolumic phase and weil into the diastolic 
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filling period, and that alterations in the rate 
and extent of left ventricular relaxation may 
have a significant impact on the subsequent 
filling phase [23-26}. The interdependence 
between relaxation and rapid filling is further 
shown by the load-dependent effects of the rapid 
filling phase itself. Thus, relaxation is in­
fluenced importantly by the dynamics of the 
filling process, including the driving pressure 
between the left atrium and the left ventride 
[27} and factors determining myocardial wall 
tension after mitral valve opening [1], such as 
ventricular volume and wall thickness. More­
over, prolonged or incomplete relaxation pro­
duces persistent interaction of contractile units, 
resulting in increased myocardial tone during 
the filling phase, thereby altering left ventricu­
lar diastolic pressure-volume relations [9, 24, 
28, 29}. Thus, left ventricular distensibility is 
determined not only by fixed, passive properties 
of the ventricular myocardium but also by 
potentially reversible alterations in left ventri­
cular filling dynamics resulting from impaired 
relaxation [23, 24]. 

Measurement 0/ Left Ventricular F illing 
We have used radionudide angiographic 
methods both in the noninvasive laboratory and 
in the catheterization laboratory to evaluate left 
ventricular filling properties. Left ventricular 
filling is assessed from high-temporal-resolution 
time-activity curves representing relative left 
ventricular volume changes throughout the 
average cardiac cyde (Figure 23-1). Indices 
describing the rapid-filling per iod indude the 
peak rate of filling, the time interval from end­
systole to the occurrence of peak filling rate, 
and, in patients with a discernible diastasis 

231 
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interval, the relative contributions of rapid 
filling and atrial systole to total left ventricular 
stroke volume [3ü-33}. Because peak filling 
rate is computed in left ventricular counts per 
second, this variable is usually normalized for 
the number of counts at end-diastole and ex­
pressed as end-diastolic counts per second 
(EDV/sec) [31}. 

There are potential pitfalls in the use of radio­
nuclide angiographic methods to evaluate left 
ventricular filling, and prerequisite technical 
considerations must be borne in mind, in­
cluding acquisition methods, framing rates, 
temporal smoothing effects, normalization para­
meters, and the influence of heart rate and 
systolic performance on the resulting data [34, 
35}. For example, expressing peak filling rate in 
terms ofEDVIsec creates a "diastolic" index that 
is influenced markedly by the ejection fraction. 
Such effects must be considered when compar­
ing patient groups or assessing effects of inter­
ventions. 

In addition, it is often difficult in clinical 
studies to ascertain the individual mechanism or 
mechanisms responsible for disturbed left ven­
tricular filling, even when sophisticated studies 
are performed in the setting of the cardiac cathe­
terization laboratory, because of the many 
factors contributing to the complex interrelation 
of left ventricular passive elastic properties, 
inactivation, and loading. Hence, the evalua­
tion of left ventricular diastolic function using 
noninvasive techniques is inherently more dif­
ficult, because of the inability to obtain in­
stantaneous pressure-volume and pressure-time 
coordinates. Ir is important to note that the 
radionuclide angiographic volume curve can also 
be obtained in the catheterization laboratory 
during simultaneous press ure recordings [26, 
36-4ü} , which allows the construction of mul­
tiple high-temporal-resolution pressure-volume 
loops (Figure 23-2). This combination of inva­
sive and noninvasive methodologies not only 
permits correlation of the noninvasive indices of 
left ventricular filling with the more accepted 
hemodynamic indices, but also provides greater 
versatility in the study of ventricular diastolic 
function, because a large number of inter­
ventions may be investigated after a single 
radioisotope dose, without the limitations of 
multiple angiographic contrast injections. 

Although it is not possible to obtain defini­
tive data noninvasively, regarding mechanisms 
for impaired left ventricular filling in patients 

100 '. T .. AS -. 
80 . ~-

> ". T f 
0 60 ... RDF PFR w 
'# 40 ---l" - . • 

20 1----1 
0 

TPFR 
I I I I I I I I I 
0 200 400 600 800 1000 

TIME (msec) 

FIGURE 23-1. High-temporal-resolution time-acti­
vity curve obtained from radionuclide angiography. 
Each point represents 20 msee. Variables used to 
assess left ventricular rapid diastolic filling include 
peak filling rate (PFR), measured as the peak slope of 
a third-order polynomial fit to the rapid filling phase; 
time-to-peak-filling rate (TPFR) measured from end­
systole; and the contribution of rapid diastolic filling 
(RDF) and atrial systole (AS) expressed as apercent of 
stroke volume. EDV = end-diastolic volume. 

with ischemic or hypertrophie heart disease, it 
is possible to study the prevalence of diastolic 
filling disorders at rest compared to anormal 
control population and to determine the poten­
tial for reversal of these abnormalities after 
appropriate interventions. Assuming no change 
in heart rate or left ventricular systolic function, 
an improvement in left ventricular filling after 
an intervention to reduce ischemia or improve 
coronary flow would suggest that reduced dia­
stolic filling under basal conditions was related 
to potentially reversible alterations in one or 
more determinants of left ventricular relaxation. 

Left Ventricular Filling in Ischemic 
Heart Disease 
When radionuclide angiographic methods are 
applied to aseries of patients with coronary 
artery disease, the majority have evidence of 
impaired left ventricular filling under basal 
conditions [31, 41-46} manifested by reduced 
peak filling rate, prolonged time-to-peak-filling 
rate, or both (Figure 23-3). Over a wide 
spectrum of ventricular function, there is a 
direct correlation between peak filling rate and 
left ventricular ejection fraction (Figure 23-4). 
This relation would be expected on a physio­
logie basis. In patients with coronary artery 
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FIGURE 23-2. Stimultaneous electrocardiogram­
gated left ventricular (LV) volume and pressure 
curves and the resultant pressure-volume loop ob­
tained in a patient with hypertrophie cardiomyo­
pathy using a portable gamma camera and a micro­
manometer-tipped catheter. 

disease and depressed left ventricular systolic 
function, regional fibrosis or ischemia would 
both decrease distensibility and impair ventri­
cular relaxation on the basis of load-dependent 
mechanisms such as reduced systolic shortening 
[1, 2} and increased regional nonuniformity 
[10, 20-22}; myocardial ischemia, if present, 
would also reduce myocardial inactivation {5-
1O}. In this setting, progressive reduction in 
systolic performance would be associated with 
progressive deterioration in diastolic perfor­
mance. In addition, peak filling rate measured 
by this method is usually normalized by end­
diastolic volume (as in Figure 23-4), producing 
a filling variable that is ejection-fraction-depen­
dent {35}. Alternative normalization schemes 
might be less dependent on the extent of sys­
tolic shortening. From these physiologie and 
methodologie considerations, it is evident that 
most patients with coronary artery disease and 
left ventricular systolic dysfunction will be 
likely to manifest impaired left ventricular 
filling. However, even among patients with 
normal ejection fractions at rest, peak filling 
rate is reduced compared to normal subjects 
matched for heart rate and ejection fraction (see 
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FIGURE 23-3. Left ventricular time-activity curves 
at rest in a patient with isolated stenosis of the right 
coronary artery (CAD) and anormal subject matched 
for age, heart rate, and ejection fraction. Rapid 
filling is impaired in the patient with CAD despite 
the findings of normal global and regional systolic 
function, normal resting electrocardiogram, no his­
tory of myocardial infarction, and no angina pectoris 
at the time of study. EDV= end-diastolic volume. 
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Figures 23-3, 23-4). Because the rate and ex­
te nt of rapid diastolic filling decline significant­
ly as a function of age in normal subjects {4 7, 
48], correction for age is also necessary. Recent 
data indicate that even after accounting for age 
effects, patients with coronary disease have a 
reduced rate of rapid filling and a prolonged 
time-to-peak-filling rate compared to normal 
volunteers {49] and that these abnormalities 
under resting conditions persist even when those 
patients with previous myocardial infarction, 
abnormal resting electrocardiograms (ECG), 
and regional wall motion abnormalities are ex­
cluded from analysis {31, 49]. Although the 
prevalence of impaired diastolic filling at rest in 
such patients has differed among various studies 
{31, 41-46] (presumably reflecting differences 
in techniques and in patient selection), most 
investigators concur that left ventricular filling 
is impaired under resting conditions, in the 
absence of overt evidence of myocardial ische­
mia, in many patients with coronary artery 
disease and normal left ventricular systolic 
function {31, 41-45]. 

To investigate whether such disorders of 
rapid diastolic filling might be reversible, we 

FIGURE 23--4. Peak left ventricular (LV) filling rate 
plotted as a function of LV ejection fraction for 231 
consecutive patients with coronary artery disease 
(CAD) and 45 normal volunteers. All patients stu­
died were free from cardiac medications EDV = end­
diastolic volume. (Reproduced from Bonow et al. 
(31], with perm iss ion of the American Heart 
Association. ) 

studied a consecutive se ries of patients with 
single-vessel coronary artery disease before and 
after percutaneous transluminal coronary angio­
plasty (PTCA) {50]. Selection criteria included 
anormal resting ECG (absence of Q waves), 
normal global and regional left ventricular 
systolic function, and no history of myocardial 
infarction, to exclude patients with evidence of 
clinically overt myocardial fibrosis; absence of 
rest angina; and normal left ventricular internal 
cavity dimensions and wall thickness by echo­
cardiography. All patients underwent radionu­
clide angiography free from cardiac medications 
both before and after PTCA; in the majority of 
patients, these studies were performed 1 day 
before and repeated 2 days after PTCA. Despite 
the selection of patients with normal regional 
and global systolic function at rest, left ven-



23. LEFT VENTRICULAR FILLING 235 

100 . 
• 

> 
C 
W 

.... . 
80 

~ . 
cfl. 60 

.---/" 
'.. .,' Pre .,. 
,~. 

. • 100 

80 

60 

40 

20 

''' .. • • • ~./ 

> 
C 
W 

cfl. 

A 

o 

. ' • • . .' .. . .. --, Post 

o 400 800 

TIME (msec) 

FIGURE 23-5. Left ventricular time-activity curves 
obtained at rest before (Pre) and after (Post) success­
ful percutaneous transluminal coronary angioplasty 
(PTCA) in two patients (A and B) with single-vessel 
coronary artery disease. Ejection fraction and heart 
rate were not altered by PTCA, but the rate and 
timing of diastolic filling improved after PTCA. 
EDV = end-diastolic volume. (Reproduced from 
Bonow et al. {BO], with permission of the American 
Heart Association.) 

tricular filling was impaired in 68% of patients. 
After PTCA, heart rate and indices of systolic 
function (such as ejection fraction and peak 
ejection rate) were unchanged at rest, but rapid 
diastolic filling improved; peak filling rate 
increased and time to peak filling rate decreased 
(Figure 23-5). A possible mechanism of this 
effect on left ventricular filling is enhanced left 
ventricular relaxation stemming from reversal of 
subclinical myocardial ischemia or from the 
mechanical, load-dependent effect of an in­
creased rate of early diastolic coronary blood 
flow [l}. These findings indicate that in many 
patients with coronary artery disease and normal 
global and regional systolic function, impaired 
rapid filling at rest does not represent a fixed 
abnormality but may be a reversible manifesta­
tion of myocardial ischemia or reduced coronary 
flow. 

Impaired left ventricular filling in coronary 
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artery disease mayaiso be modified by phar­
macologic interventions. Peak filling rate in­
creases and prolonged time to peak filling rate 
decreases after short-term oral verapamil therapy, 
both at rest and during maximum exercise [51}. 
In contrast, left ventricular filling properties at 
rest and exercise are not altered significant by 
propranolol [51}. Verapamil-induced improve­
me nt in indices of rapid diastolic filling is 
observed despite significant reduction in ejec­
tion fraction at rest and in heart rate both at rest 
and with exercise, both of which would be 
expected to aggravate, rather than enhance, 
these indices. These observations are comparable 
to the combined hemodynamic and contrast 
angiographic findings of Lorell and coworkers 
[52}, who demonstrated improved left ventri­
cular relaxation and diastolic pressure-volume 
relations during pacing-induced ischemia in 
patients with coronary artery disease after the 
acute administration of sublingual nifedipine. 
Similarly, intravenous diltiazem depressed myo­
cardial contractility but improved left ventri­
cular relaxation and early diastolic filling in 
patients with coronary artery disease in the 
study of Murakami and colleagues [53}. 

The calcium channel blocking agents may 
enhance left ventricular filling by reducing 
myocardial ischemia and/or increasing myocar­
dial blood flow directly-mechanisms identical 
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to those postulated for improved rapid fi1ling 
after PTCA. However, the precise mechanism of 
action of these drugs is exceedingly difficult to 
determine because they also affect several addi­
tional load-dependent factors, including reduc­
tion in afterload, depression of left ventricular 
contractile performance, changes in heart rate, 
and possible alterations in left atrial pressure . 
The calcium channel blocking drugs mayaiso 
have direct effects on reducing intrace1lular 
Ca2 + availability, thereby decreasing the sever­
ity of intrace1lular Ca2 + overload and facilita­
ting the inactivation process. Such possible 
direct effects cannot be dissociated in clinical 
studies from the complex interaction of these 
agents on ischemia, coronary flow, and loading 
condi tions. However, under some experimental 
conditions, impaired myocardial relaxation dur­
ing hypoxia appears to be reversible and may be 
modified by intrace1lular Ca2+ availability [6, 
54}. In addition, impaired myocyte relaxation 
resulting from exposure to a high concentration 
of Ca2+ can be either reversed by verapamil or 
prevented by pretreatment with verapamil [55}. 
Whether reduced myocardial inactivation dur­
ing acute ischemia may be improved directly by 
agents that inhibit Ca2+ flux across the myocar­
dial ce1l membrane remains to be determined. 

Left Ventrieular Filling in Hypertrophie 
Heart Disease 
Left ventricular diastolic function is altered in 
disease states characterized by left ventricular 

hypertrophy, and impaired rapid filling ha:. 
been demonstrated by radionuclide angiography 
in over 70% of patients with hypertrophie 
cardiomyopathy, despite the common observa­
tion of normal or supranormal indices of systolic 
function [32, 56}. As in ischemic heart disease, 
rapid fi1ling in hypertrophie cardiomyopathy is 
influenced both by the passive elastic properties 
of the left ventricle [24, 28, 57-59} and by 
the dynamies of left ventricular relaxation 
[60--65}. The morphologie disorders in this 
disease contribute to increased left ventricular 
chamber stiffness and decreased distensibility; 
these include increased myocardial mass, foci of 
myocardial fibrosis, and possibly myocardial 
ce1lular disorganization (Figure 23-6). In addi­
tion, several potential factors could influence 
left ventricular relaxation adversely (see Figure 
23-6). Experimental studies indicate that sar­
coplasmic reticulum uptake of Ca2+ may be 
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FIGURE 23-6. Determinants of impaired left ventri­
eular (LV) filling in hypertrophie eardiomyopathy. 
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FIGURE 23-7. Left ventricular time-aetivity curves 
at rest and during exereise in a patient with 
hypertrophie eardiomyopathy before (eontrol) and 
after oral verapamil therapy. At rest, verapamil 
results in shortening of the isovolumie relaxation 
period, inereased rate and extent of rapid diastolie 
filling, redueed time to peak filling rate, and redueed 
eontribution of atrial systole. Peak filling rate and 
time-to-peak-filling rate are also improved during 
exereise. Eaeh point represents 20 msec. (Repro­
dueed from Bonow {74}, with permission of the 
Ameriean Journal of Cardiology.) 

reduced in the setting of myocardial hyper­
trophy [66-68}, and there is also increasing 
evidence that myocardial ischemia occurs com­
monly in hypertrophie cardiomyopathy in the 
absence of associated coronary artery disease [69, 
70}. In addition to these two possible inactiva-
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FIGURE 23-8. Left ventrieular (LV) volume eurves 
(Ieft panel) and pressure-volume relations (right panel) 
obtained using a nonimaging seintillation probe and 
a mieromanometer-tipped eatheter in a patient with 
hypertrophie eardiomyopathy. Intravenous verapamil 
results in inereased rate and extent of rapid filling, 
redueed eontribution of atrial systole, and an inerease 
in hoth end-diastolie volume and stroke volume. 
These ehanges are associated with a downward and 
rightward shift in the pressure-volume relation. Eaeh 
point represents 25 msec. (Reprodueed from Bonow, 
et al. (37), with permission of the Ameriean Heart 
Association. ) 

tion-dependent meehanisms, left ventrieular 
relaxation may be disturbed in hypertrophie 
eardiomyopathy on the basis of load-dependent 
effeets, including the rate and extent of eoronary 
blood flow {69, 70} regional left ventrieular 
nonuniformity {4, 71), deereased myoeardial 
wall tension at the time of mitral valve opening 
(1, 4), altered afterload (1, 2), and altered 
eontraetile state (72). Any or all of these 
potential meehanism may be operative in hyper­
trophie eardiomyopathy. Impaired relaxation 
and filling of the hypertrophied left ventricle 
result in elevated end-diastolie pressure despite 
normal or redueed end-diastolie volume and 
eontribute importantly to the speetrum of 
symptoms experieneed by patients with this 
disease. 
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The rate and extent of rapid filling is redueed 
in hypertrophie eardiomyopathy, time-to-peak­
filling rate is prolonged, and the eontribution of 
atrial systole to left ventrieular stroke volume is 
inereased {32, 56). The isovolumie relaxation 
period, whieh is inereased signifieandy in pa­
tients with hypertrophie eardiomyopathy eom­
pared to normal subjects [60-65), is the 
principal determinant of prolonged time-to­
peak-filling rate {65), providing additional 
evidenee that impaired left ventrieular relaxa­
tion eontributes importantly to the disturbanees 
in rate, extent, and timing of rapid diastolie 
filling. 

Verapamil, whieh is effeetive in relieving 
symptoms in patients with hypertrophie eardio­
myopathy (73), improves these indiees of left 
ventrieular relaxation and filling (Figure 23-7), 
during both short-term and long-term therapy 
{32, 56, 71, 74, 75). Combined hemodynamie 
and radionuclide angiographie studies indicate 
that enhaneed left ventrieular filling during 
verapamil administration is usually assoeiated 
with improved indices of left ventricular relaxa­
tion (redueed time eonstant of relaxation) and 
diastolie-pressure volume relations (Figure 23-
8) (37), despite signifieant negative inotropie 
effeets. Similar improvement in left ventricular 
relaxation, filling, and pressure-volume rela-
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tions have been observed during acute adminis­
tration of nifedipine [76-78}. Enhanced left 
ventricular relaxation and filling by calcium 
channel blocking agents may be media ted by 
amelioration of intracellular calcium overload 
(either directly or indirectly via reduction in 
ischemia), increased coronary blood flow, reduc­
ti on in left ventricular asynchrony, or other 
beneficial effects on left ventricular loading con­
ditions. Enhanced left ventricular filling after 
verapamil administration correlates with objec­
tive symptomatic improvement {75}, sugges­
ting that improved left ventricular relaxation 
and filling are important mechanisms by which 
many patients experience symptomatic improve­
ment during treatment with verapamil. In 
contrast, beta blockers do not appear to affect 
left ventricular diastolic performance to an 
important extent in hypertrophie cardiomyo­
pathy {56, 77, 79}. 

Regional Asynchrony and Left 
Ventricular Filling 
Numerous studies have related impaired left 
ventricular relaxation and filling to nonuniform 
regional function in ischemic heart disease {l0, 
15-22, 42, 44, 80, 81}. Using radionuclide 
angiographic methods, abnormal left ventricu­
lar filling to has been found to be related signi­
ficantly to regional asynchrony. 

In the absence of apparent regional wall­
motion disturbances at rest, regional systolic 
events are synehronous, but diastolie filling is 
asynchronous [42, 44, 80}, and the magnitude 
of regional diastolic asynchrony correlates with 
severity of depression in global peak filling rate 
{44, 80}. The improvement in global left 
ventricular filling after successful PTCA in 
patients with single-vessel disease and normal 
systolie function is associated with a significant 
reduction in the degree of asynchronous diasto­
lic function (Figure 23-9) {80}. Thus, diastolic 
asynchrony may be reversible and related to 
regional myocardial isehemia or regional reduc­
tion in coronary flow. 

In patients with overt regional wall-motion 
abnormalities, the magnitude of systolic asyn­
chrony has an additional impact on global left 
ventricular filling; the severity of systolic asyn­
chrony correlates significantly in such patients 
with the prolongation in global time to peak 
filling rate [81}. These findings indicate that 

regional asynchrony, representing a potential 
load-dependent effect on left ventricular rel~a­
tion (4}, contributes to impaired global left 
ventricular filling in patients with ischemic 
heart disease. In patients with apparently nor­
mal global and regional systolic function, 
regional diastolic asynchrony is evident and, in 
many patients, may be reversed by interventions 
such as PTCA. When fibrosis or ischemia result 
in overt regional wall-motion disturbanees, 
global left ventricular relaxation and filling are 
further delayed by the compounding effect of 
superimposed regional systolic asynchrony. 

These concepts appear to pertain to hyper­
trophie cardiomyopathy as weIl; impaired left 
ventricular filling is related to substantial systo­
lic and diastolic asynchrony, and the severity of 
diastolic asynchrony correlates with the depres­
sion in global peak filling rate [71}. Improve­
ment in left ventricular filling parameters 
during verapamil therapy is associated with 
more uniform regional function [71}, sugges­
ting that verapamil's beneficial effects in hyper­
trophie cardiomyopathy may be mediated in 
part by reduction in asynchrony. 

In view of the significant decline in rapid 
diastolic filling that occurs as a function of the 
normal aging process, we have recently assessed 
the effect of aging on left ventricular diastolic 
asynchrony in normal subjects ranging in age 
from 18 to 77 [48}. With advancing age, the 
magnitude of left ventricular diastolic asyn­
chrony significantly increased, and the degree of 
asynchrony correlated with the age-related de­
pression in both rate and extent of rapid filling 
[83}. These findings suggest that, as in coronary 
artery disease and hypertrophie cardiomyopathy, 
severity of diastolic asynchrony may contribute 
importantly to impaired global left ventricular 
filling in normal aging subjects. 

Summary 
Evaluation of rapid diastolic filling in patient 
populations with coronary artery disease and 
hypertrophie eardiomyopathy indicates that dis­
orders of left ventricular filling are prevalent 
even under resting conditions and are related to 
the degree of underlying regional systolic and 
diastolic asynchrony. The observation that im­
paired rapid filling in many such patients is not 
fixed, but may be reversible after appropriate 
therapeutic interventions, is evidence that left 
ventricular filling is influenced markedly by in-
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FIGURE 23-9. Regional variation in time to minimum volume (TMV) and time to peak filling rate (TPFR) in 
a patient before and after pereutaneous transluminal eoronary angioplasty (PTCA). Global time-aetiwty eurves 
are presented in the top panels and four quadrant curves (after three-harmonie filtering) in the bottom panels. 
Vertieallines indieate global TMV and TPFR, and heavy vertieal bars indieate individual quadrant TMV and 
TPFR. Homogeneous values ofTMV indieate relative regional systolie synehrony. However, variation among 
quadrants in TPFR before PTCA indieates eonsiderable diastolie asynehrony, which was reduced after PTCA. 
This was assoeiated with a decrease in global time to peak filling rate after PTCA and an increase in global peak 
filling rate. (Reproduced from Bonow, et al. {80}, with permission of the Ameriean Heart Association.) 

activation-dependent or load-dependent deter­
minants of ventricular relaxation. Although 
abnormal rapid diastolic filling generally reflects 
altered ventricular relaxation, it must be em­
phasized that such disorders do not specifically 
indicate impaired inactivation, as fiHing dy­
namics are influenced by numerous loading 
factors as weH as by the passive elastic properties 
of the left ventricle. Ir follows that definitive 
statements regarding the mechanisms responsi­
ble for impaired left ventricular diastolic func­
tion in these disease states, or for changes in 
diastolic function after interventions, cannot be 
determined by analysis of ventricular filling 
indices alone, especially if this assessment is 
made using noninvasive methods. Nonetheless, 

in the proper setting, the evaluation of left 
ventricular fiHing may provide important in­
sights into disease processes characterized by 
myocardial ischemia or hypertrophy. 
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24. REGIONAL DIASTOLIC 
DYSFUNCTION IN CORONAR Y 

ARTERY DISEASE: CLINICAL AND 
THERAPEUTIC IMPLICATIONS 

Hubert Pouleur, Michel F. Rousseau 

Alterations in left ventricular diastolic function, 
such as reduction in the rate of press ure­
decrease during isovolumic relaxation, impaired 
rate of rapid filling, or upward shift of the 
diastolic pressure-volume relation, are found in 
most patients with coronary artery disease 
[1-9J. These abnormalities are particularly 
severe during angina [2, 8}, but they are also 
frequently evident in the absence of clinical 
signs of ischemia [3-6, 9, 1O}. Ir has also been 
shown that these altered diastolic properties 
may be improved by several therapeutic inter­
ventions [6, 9-11}. 

Controversy still exists, however, regarding 
the pathophysiologie mechanisms underlying 
these abnormalities, as well as regarding their 
clinical relevance. Ir has, indeed, been sugges­
ted that the slowing in the rate of isovolumic 
pressure fall or the shift of the diastolic press ure­
volume relation, rat her than reflecting true im­
pairment in myocardial relaxation, might mere­
ly represent mechanical artifacts caused by 
asynchronous wall motion, reduced coronary 
perfusion pressure or interaction between the 
cardiac chambers and the pericardium [12-14}. 
Nevertheless, during the last few years, studies 
combining simultaneous measurements of the 
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regional and global diastolic function have been 
performed in animal models of high-demand 
ischemia [15, 16} and in patients with ischemic 
heart disease {9, 10, 17, 18}. Their results 
support the hypothesis that, in angina pectoris, 
regional myocardial stiffness is increased and 
relaxation is impaired in response to pacing­
induced ischemia. These studies have also 
provided evidence that in the presence of a suf­
ficient mass of acutely or chronically ischemic 
myocardium, the dynamic compliance of the 
left ventricular chamber itself is reduced. 

This chapter will review some of these studies 
and will then focus specifically on the possible 
relationship betweeo coronary artery disease, 
impaired regional diastolic function, and the 
functional status of the patient. To assess the 
clinical relevance of the information derived 
from these previous studies, it is necessary to 

correlate objective assessments of diastolic func­
tion with clinical parameters such as functional 
capacity , incidence of congestive heart failure, 
prognosis, and mortality. So far, none or very 
litde of this work has beeo done. Some of our 
preliminary data may therefore provide an 
avant-gout of what might be found in larger coo­
trolled studies. 

Relation Between Regional M yocardial 
Stiffness J Regional Relaxation J and 
Coronary Perfusion 
Complete coronary occlusion usually results 
only in transient alteration of the left ventricular 
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isovolumic relaxation rate {l3}' In this setting, 
the ischemic area creeps and may function 
during diastole in the steep part of its passive 
stress-strain relation {l4}, but there is no evi­
dence that its distensibility is reduced by an 
active mechanism. 

In contrast, when ischemia is produced in 
open-chest dogs by increasing myocardial en­
ergy demand in the presence of coronary steno­
ses, there is an increase in muscle stiffness, that 
can be potentiated by caffeine {l5, 16}. Thus, 
the change in physical property of the myocar­
dium induced by high-demand ischemia appears 
directly related to an impairment of the active 
relaxation process or, in other words, to an in­
complete inactivation of the myocardial cell. 
High-demand myocardial ischemia may impair 
intracellular metabolism in such a way that the 
rate of calcium sequestration by the sarcoplas­
mic reticulum or calcium efflux across the sar­
colemma is reduced, resulting in a persistent 
interaction of contractile proteins throughout 
diastole and in an increased "active" diastolic 
stiffness {161. 

Several clinical studies have confirmed that 
these mechanisms are also operative in patients 
with angina pecroris. Bourdillon and toworkers 
{l7}, using simultaneous high-fidelity left ven­
tricular pressure recording and M-mode echo­
cardiography, reported that during pacing-in­
duced angina a decreased rate of posterior wall 
thinning and a displacement of the diastolic 
pressure/wall thickness relation develop, iden­
tical to that observed in dogs. Sasayama and 
colleagues {l8}, using angiographic techniques, 
also showed a reduction in myocardial distensi­
bility in ischemic regions. 

In our laboratory, we examined patients with 
angina to determine if the same phenomenon of 
delayed or incomplete inactivation might also 
be present, although with a reduced severity, 
between anginal episodes. For that purpose, we 
computed regional left ventricular wall stress 
during isovolumic relaxation in patients with 
coronary artery disease {l0}, by simultaneously 
measuring high-fidelity left ventricular pres­
sure, angiographic ventricular dimensions, and 
wall thickness. We observed that in noninfarc­
ted areas perfused by stenosed arte ries ("Ische­
mic" Area, Figure 24-1), the rate of decrease in 
wall stress was significantly slower than the rate 
of decrease in pressure. Moreover, the residual 
regional wall stress at the time of mitral valve 
opening was increased in areas perfused by 
stenosed arteries (30 ± 19 standard deviation 
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FIGURE 24-1. Time-course of regional wall stress 
fall during isovolumic relaxation in three different 
areas of a left ventricle. The rate of stress fall is 
reduced in the area perfused by a stenosed coronary 
artery ("Ischemic" Area). T = the time constant of 
the monoexponential relation fitted inta the data 
points. 

{SD} kdyne/cm2 vs. 9 ± 5 kdyne/cm2 in normal 
areas; p < 0.001). These data, therefore, indi­
cate that the rate of myocardial relaxation re­
mained abnormal between anginal episodes in 
the territory perfused by diseased vessels. This 
suggests that the abnormalities in diastolic 
function observed in the basal state and in 
response to high-demand ischemia probably 
share a common origin: impaired inactivation 
caused by abnormalities in intracellular meta­
bolism. 

In this perspective, the impaired diastolic 
properties in ischemic heart ·disease would not 
be an "all or none" phenomenon, triggered only 
by high-demand ischemia, but rat her a con­
tinuous process of varying intensi ty. Ir has been 
shown, using radiolabeled metabolites, that 
anerobic metabolism is sometimes present in the 
basal state in patients with coronary artery 
disease {l9-21}. Other abnormal i ties that can 
be detected at rest in these patients include the 
myocardial release of glutamine and alanine and 
an increased uptake of glutamic acid {21-22}. 
Thus, regional myocardial metabolism appears 
chronically disturbed in patients with angina 
pectoris either because of chronic underperfu­
sion of viable areas or because of incomplete 
recovery of the underperfused areas between 
anginal episodes. It can be suspected, therefore, 
that such alterations in intracellular metabol­
ism may be directly responsible for the incom-
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plete inactivation of the cells, particularly if the 
energy-yielding pathways used for relaxation 
are disturbed. Repeated or prolonged ischemic 
episodes followed by reperfusion result in a per­
sistent depression of the systolic function or 
"stunning" of the myocardium (23]; the pre­
sently available data suggest that the most sen­
sitive marker of the "stunned myocardium" 
might well be an impairment in regional dia­
stolic relaxation and distensibility. 

Relation Between Impaired Regional 
Relaxation and Global Ventricular 
Dynamic Compliance 
To assess the influence of the active relaxation 
process on myocardial stiffness, it has been pro­
posed that the rate of tension fall from the time­
constant of isovolumic pressure fall be evaluated 
and then the values of residual wall stress be 
computed during diastole, which, in this 
method, is also alleged to decay exponentially. 
This procedure may be a good approximation in 
normal ventricles but will lead to large errors in 
ischemic heart disease for three reasons. 

First, the time-course of the decrease in iso­
volumic pressure underestimates the severity of 
local impairment in relaxation rate and will 
therefore also underestimate the values of re­
sidual wall stress (10]. This can lead to errors of 
100% (as in Figure 24-1) or more. Second, 
there may be a dissociation between the rate and 
extent of myocardial relaxation (16], so that after 
some time the tension no longer decays ex­
ponentially but remains constant. Experimen­
tally, this situation has been observed after 
caffeine administration (16}. A similar phe­
nomenon, related to a reduction in the maximum 
binding capacity of the sarcoplasmic reticulum, 
might also occur during ischemia. Third, the 
values of regional residual wall stress obviously 
depend not only on their rate of decay but also 
on their absolute value at the start of the decay. 
This intuitive point has been totally neglected 
in most analyses, and this again may lead to 
large errors, particularly when hypokinetic or 
akinetic areas are present in which the radius of 
curvature remains large and in which the wall 
remains thin at the end of ejection. For example 
in Figure 24-1, the residual wall stress in the 
infarcted area is greater than normal, although 
its rate of decay is actually faster. The time­
constant of isovolumic pressure fall should, 
therefore, not be used to predict the dynamic 

left ventricular compliance, because it imper­
fectly reflects the numerous factors, some active, 
some passive, that contribute to maintain high 
levels of regional wall forces until diastolic 
filling begins. These forces impede the filling of 
the cavity either actively, by creating a kind of 
"mini-systole" and by generating external work 
(24} or passively, because wall distensibility is 
reduced by the increased resting tension. At 
identical values of venous return, the presence of 
these impeding forces will increase left atrial 
pressure and shift the left ventricular diastolic 
pressure-volume relation upward {8, 9, 18}. 
The fact that these shifts have been noted in 
animals with the ehest and the pericardium 
opened (15, 16] confirms that the changes ob­
served in patients can be explained primarily by 
the impaired regional relaxation rather than by 
a pericardial effect. Nevertheless, it can also 
be predicted intuitively that a certain amount 
of myocardium must be underperfused before 
modifications of the global diastolic function 
can be detected. Recent work has been able to 
demonstrate, in patients, these relations be­
tween the amount of myocardium "at risk" and 
the global left ventricular diastolic function 
(27}. 

In 20 patients with angina pectoris, but 
without prior myocardial infarction, we exa­
mined the relations between the number of 
ventricular segments with an impaired diastolic 
distensibility and the dynamic chamber com­
pliance (9}. Because regional wall stress is 
tedious to evaluate, we computed a simpler 
index of regional distensibility, the regional 
peak filling rate. For that purpose, the angio­
graphie data were digitized manually, frame by 
frame, as described previously {25}. Regional 
wall motion was assessed in eight ventricular 
segments (four anterior and four inferior), and 
the rate of change in a segmental area was com­
puted after data smoothing. A depressed re­
gional peak filling rate in at least one ventricular 
segment was detected in 75% of the patients 
with angina studied in the basal state. Ir must 
be remembered, however, that regional and 
global peak fiIling rates are dependent not only 
on the physical properties of the myocardium 
but also on the press ure gradient between the 
atrium and the ventricle (26]. Consequently, an 
increased preload can preserve normal values of 
regional peak filling rate in spite of a significant 
impairment in regional relaxation. This reduces 
the sensitivity of this index but its specificity to 
detect impaired regional diastolic function re-
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mains excellent. Indeed, in all patients in whom 
depression in regional peak filling rate was 
detected, the left ventricular filling press ure was 
normal or increased, making false-positive re­
sults unlikely. The interesting observation of 
this study is that a relation between the extent 
of the alterations in regional peak filling rate 
and the dynamic left ventricular compliance 
was evident. Despite comparable end-diastolic 
volume, the patients with angina pectoris whose 
ventricles had at least three segments with a 
reduced peak filling rate, had, indeed, signifi­
cant increases in mean left ventricular filling 
pressure (14 ± 4 vs. 8 ± 3 in normal subjects; 
p < 0.01) and upward shifts of their left 
ventricular diastolic pressure-volume relation 
during rapid filling when compared with nor­
mal subjects or with patients with less severe 
alterations in regional distensibility (Figure 
24-2). 

Another proof of the direct relation between 
the amount of underperfused myocardium and 
the severity of the impairments in diastolic 
function was provided by the work of McKay 
and coworkers {27). In their study, the total 
thallium score during exercise was used as an 
index of the mass of ischemic myocardium. 
They found an excellent rank correlation (r = 
0.90) between total thallium score and the post­
pacing increase in left ventricular end-diastolic 
pressure. Recently, we have also reported a 
similar relation between the total thallium score 
measured during exercise and the left ventricu­
lar end-diastolic pressure measured in the basal 
state {28}. Patients with the highest thallium 
score during exercise also had, in the basal state, 
the slowest rate of isovolumic pressure fall, the 
smallest lactate extraction fraction, and the 
largest myocardial release of alanine and gluta­
mine {28}. These data support the hypothesis 
that regional abnormalities in diastolic function 
directly reBect the presence of viable but under­
perfused areas. 

In summary, all data available so far are 
compatible with the hypothesis that myocardial 
metabolism is impaired in myocardial areas 
perfused by stenosed coronary vessels, not only 
during acute ischemic episodes but also in the 
basal state between ischemic episodes. These 
metabolic abnormalities are the most likely 
cause of the incomplete inactivation of the 
myocardium in these areas. As expected, somt 
correlation exists between the size of the under­
perfused area, the increase· in left ventricular 
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FIGURE 24-2. Diastolic left ventricular (LV) pres­
sure-volume relation in two patients with angina 
pectoris and comparable systolic function. Neither 
patient had a prior myocardial infarct, but regional 
peak filling rate was reduced in three ventricular 
segments in the patient QUI. .. , whereas patient 
KIN ... had an entirely normal regional function 
during diastolic filling. T = time constant of 
isovolumic pressure fall. 

filling pressure , and the reduction in left ven­
tricular compliance. The clinical implications of 
these alterations in left ventricular regional 
relaxation will now be examined. 

Clinical and Therapeutic Implications 
The persistence of a significant amount of active 
myocardial tension during diastole may have 
clinically relevant consequences by different 
mechanisms {29J. By impeding coronary perfu­
sion, impaired myocardial relaxation may create 
a vicious circle, worsening regional ischemia 
and further increasing the diastolic tone. Thus, 
impaired relaxation might theoretically trigger 
a progressive deterioration of the myocardial 
performance, at first limited to diastole but 
eventually extending to systolic performance. 
Another consequence of the reduced diastolic 
distensibility is the increase in cardiac filling 
pressure and the pulmonary vascular congestion. 
Some clinical manifestations of heart failure 
may therefore be more directly .related to the 
diastolic dysfunction than to the systolic dys­
function. 

From this perspective, one aspect that we feel 
is particularly worth investigating is the adap­
tatives changes in ventricular volume and pres­
sure during exercise. An adequate relaxation is, 
indeed, of paramount importance to ensure 
optimal ventricular filling during tachycardia 
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FIGURE 24-3. Relationship between maximal exer­
cise duration and resting ejection fraction (EF) or 
resting peak filling rate normalized for resting heart 
rate (PFR/HR). All 34 patients had a previous 
anterior myocardial infarction. The correlation be­
tween EF and exercise duration was weak (r = 0.37), 
and the separation of the patients with good exercise 
tolerance (triangfes: group B) from those with reduced 
exercise capacity (crosses: group A) was also poor with 
this index of systolic function. The correlation of 
exercise duration with the index of diastolic function 
was slightly better (r = 0.59), and 83 % of the 
patients could be correctly classified by this index. 

and abbreviation of the length of diastole. An 
impaired relaxation should, therefore, limit the 
preload reserve that can be used in upright 
exercise [30}, requiring the cardiac output to be 
increased by an excessive tachycardia and neces­
sarily limiting the maximal load achieved. 
Accordingly, the fact that the maximal oxygen 
uptake during exercise correlates poorly with 
the indices of systolic function such as the 
ejection fraction might be partially related to 
the difference in diastolic performance between 
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FIGURE 24--4. Typicalleft ventricular (LV) diastolic 
pressure-volume relation at rest in a patient from 
group A (SEA ... , continuous fine) and in a patient 
from group B (COL ... , dotted fine). Systolic function 
was similar in both patients, but dynamic diastolic 
compliance and exercise duration (420 vs. 540 
seconds) were reduced in patient SEA . 

patients. 
To verify this hypothesis, we analyzed the 

exercise test data of 34 patients with left ven­
tricular dysfunction caused by a prior anterior 
myocardial infarction. The exercise tests had 
been performed on a bicycle ergometer with a 
20-watt increase in load every minute [31l The 
day following the test, a left ventriculogram 
with simultaneous recording ofhigh-fidelity left 
ventricular press ure was performed. Angio­
graphie data were processed as already described 
As shown by Figure 24-3, the resting ejection 
fraction was of litde value in predicting exercise 
duration in these patients. In contrast, an index 
of diastolic distensibility, such as the peak rapid 
filling rate normalized for the resting heart rate 
(Figure 24-3) or for the left ventricular end­
diastolic pressure, allowed a good separation of 
the patients able to exercise more than 9 
minutes (group B) from those with a reduced 
exercise tolerance (group A) (Figure 24-3). The 
number of ventricular segments with a reduced 
regional peak filling rate was greater in group A 
patients than in group B patients (average 4.2 
vs. 2.6 segments/patient in group B; p < 0.01) 
and the mean left ventricular filling pressure was 
also elevated at rest (19.2 ± 7.4 vs. 14.0 ± 
3.7 mm Hg; p < 0.02) in group A patients. 
Moreover, when patients with similar left ven­
tricular volumes were compared, an impairment 
in diastolic compliance was obvious in the 
patients in group A (see Figure 24-4). 
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Another difference between groups, which 
might have an important physiologie signifi­
cance, was noted when examining the heart rate 
changes during exercise: to achieve the same 
load, the heart rate was higher in group A than 
in group B. Accordingly, the maximal heart 
rate normalized for the maximal load was in­
appropriately high in patients with severe 
diastolic dysfunction (0.41 ± 0.10 bpmlsecond 
of exercise in group A vs. 0.27 ± 0.028 bpml 
second of exercise in group B {p < 0.001}). 
Such data suggest that, in ischemic heart 
disease, alterations in dynamic regional dis­
tensibility affect the cardiac response during 
exercise and may play a functional role, in­
dependendy of the systolic function. 

Consequendy, one might wonder if therapeu­
tic interventions aimed at improving myocardial 
relaxation could have some future promise . The 
intravenous administration of xamoterol {32}, a 
new beta\-adrenoceptor partial agonist, acutely 
improves myocardial relaxation and reduces 
diastolic wall stress while producing only mod­
est changes in the ejection fraction or in end­
systolic volume {33}. Twenty-three of the 34 

FIGURE 24-5. Maximal heart rate at peak exercise 
normalized for exercise duration in patiems with 
severe (group A) or moderate (group B) diastolic 
dysfunction, before (C) or during long-term xamo­
terol (XAMO) therapy. There was an inappropriate 
tachycardia and a reduced exercise duration in group 
A, both of wh ich were improved by xamoterol 
therapy. 

patients illustrated in Figure 24-3 received 
xamoterol orally for 3 months (200 mg b.i.d.). 
Exercise tests and ventriculography were then re­
peated under therapy. As can be seen in Figures 
24-5 and 24-6, xamoterol therapy improved 
exercise duration and reduced exercise tachy­
cardia in these patients. Figure 24-6 indicates 
that global systolic pump function was litde 
affected at rest by this therapy, as shown by the 
lack of change in ejection fraction. Diastolic 
function on the other hand, consistendy im­
proved. The typical changes in diastolic pressure­
volume relation during xamoterol treatment are 
illustrated in Figure 24-7. Xamoterol therapy 
significandy reduced the filling press ures (aver­
age reduction in left ventricular end-diastolic 
pressure for the whole group: from 24 ± 7 to 
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FIGURE 24-7. Typical changes in diastolic pressure­
volume loop induced in one patient from group A by 
long-term xamoterol therapy. 

17 ± 7 mm Hg; p < 0.001) and improved the 
dynamic ventricular compliance during rapid 
filling. It is also noteworthy that despite the 
preload reduction, regional peak filling rates 
improved significantly in areas with a reduced 
distensibility (Figure 24-8). Since a preload 

reduction normally reduces the filling rate [26}, 
this observation suggests that xamoterol therapy 
had significantly improved myocardial distensi­
bility in these areas. Further , when preload 
changes were taken into account, the global 
peak filling rate appeared improved during 
treatment (see Figure 24-6). Again, the parallel 
improvement in exercise tolerance and in dia­
stolic function during xamoterol therapy adds 
another argument in favor of the functional 
importance of these alterations of diastolic 
function. Finally, it is interesting to note that 
myocardial lactate extraction fraction increased 
during treatment with xamoterol, from 20 ± 
17 to 30 ± 15 % (p < 0.01), whereas lactate 
extraction tended to be reduced in a similar 
group of placebo-treated patients (22 ± (j to 6 
± 20%). Thus, the improvement in diastolic 
function was accompanied by an indirect evi­
dence that underperfused areas mayaiso have 
improved their aerobic metabolism. 

Other therapeutic interventions have been 
shown to improve myocardial diastolic function 
acutely in patients with ischemic heart disease, 
either in basal state or after angina. They 
include administration of calcium-antagonists 
such as nifedipine, verapamil, or nicardipine [9, 
lO, 11, 34} or the infusion of other inotropes 
such as milrinone [35}. The mechanisms by 
which these agents can improve diastolic dis­
tensibility are beyond the scope of this review. 



252 PART IV. CLINICAL DISORDERS OF DIASTOLIC RELAXATION AND COMPLIANCE. 

Regional 

PFR 
-1 s 

Time 
to PFR 

ms 

2.5 

2.0 

1.5 

600 

500 

NORMAL 
SEGMENTS 

c x 

ABNORMAL 
SEGMENTS 

c x 

400~ __ ~ __ ~ ____________ ~~~ __ _ 

Mean ± SEM 

Xamoterol and milrinone could improve the cal­
cium reuptake of the sarcoplasmic reticulum 
through cyclic adenosine monophosphate medi­
ated mechanisms. Calcium antagonists may 
reduce myocardial ischemia and myoplasmic 
calcium-overload, responsible for the increased 
diastolic tone. Intravenous administration of 
nicardipine performed in separate groups of 
patients with angina pectoris improved myocar­
dial metabolism acutely, reducing regional 
lactate production evaluated by the infusion of 
radiolabeled lactate, and reducing amino-acid 
release. Ir is tempting to consider that such an 
improvement in aerobic metabolism was respon­
sible for the selective improvement in regional 
relaxation observed after nicardipine infusion in 
other studies [9, 1O}. Whatever mechanisms are 
involved, these promising results show that it is 
possible to improve diastolic function in patients 
with ischemic heart disease, and that this may 
have useful clinical consequences. 

Conclusions 
Regional diastolic dysfunction in coronary 
artery disease appears to be caused by an incom­
plete inactivation of the myocardium in under-

• P<0.001 

FIGURE 24-8. Effects of xamoterol (X) on regional 
peak filling (PFR) rate and on time to peak filling 
rate. Despite the significant preload reduction during 
treatment, peak filling rate was unchanged in normal 
segments and improved in areas with impaired dis­
tensibility. C = before xamoterol therapy. 

perfused areas. The alterations in diastolic 
behavior of the left ventricule, such as asyn­
chronous diastolic wall motion, prolongation of 
isovolumic relaxation, reduced peak filling rate, 
and shifts of the pressure-volume relation, are 
likely to be the direct consequences of impair­
ment in regional myocardial relaxation. In ad­
dition, the alterations in dynamic ventricular 
compliance that are evident during severe 
ischemia and even in the basal state when large 
myocardial areas are underperfused chronically, 
appear able to limit the functional capacity of 
these patients. 
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An extensive literature exists that describes the 
acute changes in hemodynamics and left ventri­
cular function following coronary occlusion in 
animals [l-4}. Much less, however, is known in 
humans. Extrapolating results from animals to 

humans is potentially difficult, because in hu­
mans preexisting atherosclerotic coronary dis­
ease and a unique distribution of collateral 
circulation [5-7] may influence the findings. 
Until recently, measurement of left ventricular 
geometry and hemodynamics early after an 
abrupt occlusion of a major coronary artery has 
not been feasible in humans. Percutaneous 
transluminal coronary angioplasty (PTCA), 
however, now provides a unique opportunity to 
study the time course of these variables during 
the transient interruption of coronary flow in the 
baUoon occlusion sequence in patients with 
single-vessel disease and without angiographi­
caUy demonstrable collateral circulation [8-1 O}. 

Study Population and Protocol 

STUDY POPULATION 
After a preliminary study to confirm the absence 
of effects of nonionic contrast media (metriza-

Grossman, William, and LorelI, Beverly H. (eds.), Diastolic 
Relaxation ofthe Heart. Copyright © 1987. Martinus Nijhoff 
Publishing. All rights reserved. 

mide [Amipaque}) on left ventricular function, 
permission was obtained from the Thoraxcenter 
Ethics Committee to perform left ventricular 
angiography during balloon inflation at PTCA. 
All patients involved in the study gave informed 
consent, and no complications related to the 
research procedure occurred. Fourteen patients 
with coronary artery disease undergoing PTCA, 
with the following selection criteria, were 
studied: 

1. Isolated, obstructive lesion of one coronary 
artery (10, left anterior descending; 3, right 
coronary; 1, left circumflex), without angio­
graphically demonstrable collateral circula­
tion. 

2. Normalleft ventricular wall motion at rest, 
as determined at prior diagnostic catheter­
ization. 

3. No intraventricular conduction abnormali­
ties on the resting electrocardiogram (ECG), 

Four patients had mild essential hypertension 
and an elevated left ventricular end-diastolic 
pressure (LVEOP ~ 25 mm Hg). Standard 
antianginal therapy was allowed until the day of 
the study. 

Ouring the PTCA procedure, the number of 
transluminal occlusions performed per patient 
was 4.9 ± 2.2 (mean ± [SO}). The average 

255 
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duration of each occlusion was 51 ± 12 second 
and the total occlusion time during the whole 
procedure was 252 ± 140 seconds. 

STUDY PROTOCOL 
Left ventricular press ure was recorded during 
ventriculography (30-degree right anterior obli­
que view at 50 frames/second) carried out before 
baUoon dilatation, at a mean occlusion time of 
20 seconds during the second dilatation, at a 
mean occlusion time of 48 seconds during the 
fourth dilatation, and at a mean of 12 minutes 
after the last dilatation. Angiography during 
the fourth dilatation was performed in only 10 
patients. A total of three to ten occlusions were 
performed, and the duration of baUoon inflation 
ranged from 15 to 75 seconds. Each consecutive 
baUoon inflation was made only when end­
diastolic press ure and left ventricular pressure­
derived isovolumic parameters of contractility 
and relaxation, wh ich were available on-line 
during the procedure {11, 12}, had returned 
to basal values. Care was taken to maintain 
uniform patient position relative to x-ray equip­
ment during sequential angiograms, wh ich were 
performed with the breath held in shaUow 
inspiration. 

Methods 

ANALYSIS OF PRESSURE-DERIVED 
INDICES DURING SYSTOLE AND DIASTOLE 
Left ventricular pressure was measured with a 
Millar micromanometer catheter and digitized 
at 250 samples/second. Combined analog and 
digital filtering resulted in an effective time 
constant of less than 10 msee. This employed an 
updated version of the beat-to-beat program 
described previously {11, 12}. 

Peak left ventricular pressure, L VEDP, peak 
negative dP/dt, peak positive dP/dt, and the 
relation between dP/dt/P and P linearly extra­
polated to P = 0 (V max) were computed on line 
after a data acquisition of 20 seconds. 

A new technique has been implemented for 
the off-line beat-to-beat calculation of the 
relaxation parameters {13}, using a semilo­
garithmic model: 

The Po and T parameters are estimated from a 

linear least-squares fit of LnP = -t/T + LnPo, 
starting from the time of peak -dP/dt: 

a. fit of first 40 msec (n = 8), tau 1, biexponen­
tial {13}. 

b. fit after the first 40 msec (n = 8), tau2, 
biexponential (13}. 

e. fit of aU points (n = 8), T, monoex­
ponential. 

Isovolumic relaxation period was defined as the 
time interval between the aortic valve closure 
and the mitral valve opening. This latter was 
defined during left ventriculography, as occurr­
ing in the last frame preceding the entry of 
nonopacified blood into the left ventricle from 
the left atrium. The left ventricular pressure 
corresponding to this frame was considered to 
reflect left atrial pressure {14}. 

ANALYSIS OF REGIONAL AND GLOBAL 
LEFT VENTRICULAR FUNCTION 

Ejecting Dynamies. A complete cardiaccycle 
was analyzed frame by frame from each angio­
gram. The ventricular contours were automati­
caUy detected by an analysis system {15} and the 
instantaneous volume calculated according to 
Simpson's eule. End-diastolic and end-systolic 
volumes, cardiac index, stroke index and ejec­
tion fraction, and the derivative of volume 
relative to time (dVldt) were derived. End­
diastolic press ure was defined as that point on 
the pressure trace at which the derivative of the 
pressure first exceeded 200 mm Hg/second {11} 
and in aU cases coincided with the maximal 
measured left ventricular volume. 

End-systole was defined, with reference to 
the pressure tracing, at the occurrence of the 
dicrotic notch of the central aortic pressure. To 
analyze the regional left ventricular function, 
the computer generated a system of coordinates 
along which the left ventricular waU displace­
ment is determined frame by frame in 20 seg­
ments (Figure 25-1). The definition of the 20 
segmental coordinates was derived from the 
mean trajectories of endocardial sites in 23 
normal individuals {16} and generalized as a 
mathematical expression amenable to automatie 
data processing (17, 18}. 

Segmental volume was computed from the 
local radius (R) and the height of each segment 
(1/10 of left ventricular long axis length (L}) 
according the formula: 2~ JtR 2L. When 



25. TRANSLUMINAL OCCLUSION 257 

C. R DISPl..ACEIlENT a..vES 
L VS0936~A82-- ----------- ------ ---.wri:-,HCif-- ----siTts ---

FIGURE 25-1. End-diastolic and end-systolic leh 
ventricular contours, as detected by the automated 
analysis system. On these silhouettes is super­
imposed a system of coordinates along which seg­
mentalIeft ventricular wall displacement is detected. 
Left ventricular wall velocity (first derivative of wall 
displacement) is derived from these data. ed-end­
diastole; es-end-systole; od-onset of displacement; 
v(ed-es)-mean ejection-phase wall velocity; d(max)­
maximal inward wall displacement; mvo-mitral valve 
opening. 

A B 

FIGURE 25-2. Method for computing regional con­
tribution to ejection fraction (CREF): volume of each 
segment (slice volume) is computed according to the 
formula shown in the figure. The systolic volume 
change is derived from the regional displacement and 
is mainly a consequence of the decrease of radius (R) 
of a half slice, which is expressed by the x-component 
(dx ) of the displacement vector (d). L-left ventricular, 
long-axis length, extending from base to apex. 
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normalized for end-diastolic volume, the systo­
lic segmental volume change can be considered 
as a parameter of regional pump function 
(Figure 25-2). Ouring systole this parameter 
expresses quantitatively the contribution of a 
particular segment to global ejection fraction, 
termed regional contribution to global ejection 
/raction or CREF (17). The sum of the values for 
all 20 segments equals the global ejection 
fraction . 

Segmental wall velocity was computed as the 
first derivative of the instantaneous displace­
ment function. Mean ejection phase wall velo­
city (V) for each segment was calculated from 
end-diastole to end-systole (Ved-es) (Figure 
25-1). 

Filling Dynamics. Peak segmental inward and 
outward velocity was calculated as the first 
derivative relative to time of the segmental wall 
displacement after a three point smoothing 
function had been applied to the data (see Figure 
25-1). Peak ejection rate was taken as the 
lowest dV/dt after end-diastole; peak global 
filling rate as the peak dV/dt after mitral valve 
opening and the time to peak filling rate was the 
time interval between the aortic valve closure 
and the peak dV/dt. The time interval was 
measured between the occurrence of the global 
peak filling rate and the peak velocity of seg­
mentaloutward displacement (Figure 25-3). 
We defined ~ßtl as the sum of the absolute 
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values of the time differences between global 
peak filling rate and peak velocity of segmental 
outward displacement; E~tl/Dt was E~tl> nor­
malized for diastolic time. We defined ~L\t2 as 
the sum of the absolute values of the time dif­
ferences between aortic valve closure and peak 
segmental inward displacement (see Figure 
25-3) and ~L\tiET was ~L\t2, normalized for 
ejection time. The terms ~L\tl' ~L\t/Dt; 
~L\t2> ~L\tiET are thus indexes reflecting 
variations in the synchrony of ventricular filling 
and contraction, respectively. 

Diastasis. This part of the study includes the 
10 patients (1 female and 9 males) who under­
went a PTCA of a left anterior descending 
coronary artery stenosis. One of the 10 patients 
was excluded because the small number of avail­
able data points due to a higher heart rate pre­
cluded analysis of the diastolic function. Thus 
simultaneous left ventricular pressure and 
volume were obtained after a median occlusion 
of 20 seconds (range 15-27) during the second 
dilatation in nine patients and after a median 
occlusion of 48 seconds (range 46-59) during 
the fourth dilatation in five patients. 

· . 
:D(max) 
=.,J 
• · · · 

'= ." GPFR: :dL/dt · .. · .. · .. 

FIGURE 25-3. Segmental wall displacement and its 
first derivative are superimposed co show the tem­
poral relationship between inward and outward 
phases with the aortic valve closure (A VC). The time 
intervals (~t) between AVe and the maximal 
inward wall displacement, D(max), and between the 
occurrence of global peak filling rate (GPFR) and the 
peak velocity of outward displacement (<lUdt) were 
measured in every segment. 

In this subset of patients, the length 'Üf the 
20 segmental radii defined by the model was 
measured frame by frame and among them, we 
selected for analysis six radii located either in 
the core of the ischemic segment (anterior, 
anterolateral, and apical radius), or in the non­
ischemic segment (anterobasal and posterobasal 
radius), as well as the inferior radius imme­
diately adjacent to the ischemic segment (Figure 
25-4). The linear correlation coefficients be­
tween repeated measurements of radius length 
in 20 patients ranged from 0.96 to 0.99 (SEE = 
0.4 to 1.4 %) for the same operator and from 
0.91 to 0.99 (SEE = 0.4 to 2.3%) for two dif­
ferent operators. 

For the evaluation of the global chamber stiff­
ness, the left ventricular pressure (P) and 
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FIGURE 25-4. The end-diastolic (ED) and end­
systolic (ES) contours of a left ventriculogram during 
transluminal occlusion are displayed with the system 
of the 20 radii along wh ich regional wall displace­
ment was determined. For the analysis of regional 
diastolic function, we selected radi i 6, 9, and 10 
within the ischemic zone, radii 3 and 16 within the 
nonischemic zone, and radius 19 in the adjacent 
inferior zone. 

volume (V) data obtained every 20 msec starting 
at the lowest diastolic press ure and ending at the 
end-diastolic pressure were fitted by a simple 
elastic model: P = a(IlV + C, where a = 
intercept (mm Hg), ß = constant of elastic 
chamber stiffness, and C = baseline pressure 
(mm Hg). The three constants of this equation 
(a, ß, C) were determined using an iteration 
procedure until the beat nonlinear curve fit was 
obtained [19]. 

For the evaluation of the regional chamber 
stiffness, the left ventricular pressure and the 
segment radius length (L) data were fitted in a 
similar way for each of the six (1, 2, ... n) 
analyzed segmental radii,: 

where ßn represents the regional elastic stiffness 
constant for a given radius. The same approach 
was applied previously by others to pressure­
length relations obtained either by ultrasonic 
subendocardial crystals [20} or by contrast ven­
triculography [21, 22}. 

Statistical Analysis. Results are given for all 
patients and the subgroup analyzed after 50 
seconds of occlusion as either mean ± so or as 
median values using analysis of variance for 

repeated measurements. Comparisons between 
preangioplasty, postangioplasty, and 20-second 
occlusion conditions were performed in 10 
patients. The data obtained before angioplasty, 
after 50-second occlusion, and after angio­
plasty were compared in the appropriate sub­
group of five patients. In hoth cases, when 
overall significance was found, multiple com­
parisons were used to delineate wh ich paired 
comparisons were significantly different at the 
0.05 level. The relationship between peak 
filling rate and the regional indexes reflecting 
asynchrony of contraction and filling were 
analyzed by regression analysis. 

Results 

GLOBAL LEFT VENTRICULAR FUNCTION 
DURING SYSTOLE AND DIASTOLE 
Volumes, pressures, and derived parameters 
measured before, during, and after transluminal 
occlusion are listed in Table 25-l. There was 
no important change in heart rate during the 
PTCA procedure. The pattern of change in peak 
left ventricular pressure, LVEOP, peak positive 
dP/dt, and V max, however, suggests a progres­
sive depression in myocardial mechanics with­
out any indication of an early peak. 

In contrast, within four of five beats after 
occlusion, adeformation appeared in the ascend­
ing limb of the negative dP/dt curve (Figure 
25-5), and in the next 10 seconds this deforma­
tion in the negative dP/dt curve gradually 
increased so that the irregularity in the negative 
dP/dt curve reached the same height as peak 
negative-dP/dt which had progressively, de­
creased to its nadir. In the next 20 to 50 
seconds, peak negative dP/dt began co return 
towards control levels with aresolution of the 
irregularity in the ascending limb of negative 
dP/dt. As 50 seconds, peak negative dP/dt 
recovered to 77% of the preocclusion value, and 
the deformity was no longer present. 

This deformation of the negative dP/dt signal 
at the early phase of the occlusion means that 
the time course of left ventricular pressure decay 
deviates substantially from the monoexponen­
tial model usually proposed and it means also 
that asynchronous contraction or relaxation may 
be involved at the very beginning of the trans­
luminal occlusion. Therefore biexponential fit­
ting of the pressure curve was computed during 
the isovolumic relaxation, primarily on the basis 
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TABLE 25-l. Global Systolic Function Before PTCA, 20 and 50 Seconds After the Onset ofOcclusion, and After PTCA 

Before PTCA 20-Second 50-Second After PTCA 
Occlusion Occlusion 

Total Group Subgroup (total group; (subgroup; Subgroup Total Group 
Variables (n = 14) (n = 9) n = 14) n = 9) (n = 9) (n = 14) 

Heart rate (bpm) 62 ± 16 59 ± 18 61 ± 13 62 ± 14 63 ± 11 64 ± 11 
End-diastolic volume 

(mllm2) 81 ± 15 79 ± 14 81 ± 15 81 ± 16 78 ± 11 77 ± 11 
End-systolic volume 

(mllm2) 31 ± 9 29 ± 7 37 ± 9b 41 ± 9b 26 ± 15 27±7" 
Stroke volume (mllm2) 50 ± 11 49 ± 11 44 ± 12- 39 ± 14- 52 ± 10 50 ± 9 
Ejection fraction (%) 61 ± 8 62 ± 6 54 ± 8b 48 ± 12b 66 ± 6 64 ± 7 
Mean systolic ejection 

rate (mllsec) 129 ± 24 127 ± 24 125 ± 32 116 ± 67 165 ± 48 147 ± 27 
Peak ejection rate 

(mllsec) 251 ± 97 255 ± 106 222 ± 69 185 ± 61- 248 ± 77 240 ± 68 
Time to peak ejection 

rate (msec) 172 ± 44 175 ± 50 172 ± 56 153 ± 34 170 ± 88 166 ± 76 
Peak ejection rate 

(SV/sec) 5 ± 1 5.4 ± 1 5 ± 0.7 5 ± 0.9 5 ± 0.6 4.7 ± 0.6 
Peak ejection rate 

(EDV/sec) 3 ± 0.8 3.3 ± 0.9 2.7 ± 0.5 2.3 ± 0.5b 3.2 ± 0.5 3 ± 0.5 
End systolic press ure 

(mmHg) 95 ± 18 92 ± 22 90 ± 19 98 ± 24 91 ± 15 90 ± 14 
Peak L VP (mm Hg) 154 ± 30 151 ± 35 142 ± 29 145 ± 37 148 ± 24 147 ± 21 
Peak Positive dP/dt 

(mmHg- 1) 1403 ± 304 1356 ± 257 1312 ± 320 1278 ± 317 1442 ± 384 1412 ± 333 
Vm_x (S-I) 39 ± 9 40 ± 8 39 ± 9 34 ± 10- 43 ± 12 42 ± 11 
Taul (msec) 55 ± 8 55 ± 6 79 ± 17b 68 ± 16b 56 ± 7 54 ± 7 
Tau2 (msec) 44 ± 7 43 ± 7 51 ± 8' 59 ± 8b 45 ± 8 45 ± 9 
IRP msec 71 ± 18 77 ± 18 85 ± 16- 80 ± 17 77 ± 16 71 ± 15 
MVO pressure 

(mmHg) 19 ± 5 18 ± 3 23 ± 8 25 ± 6a 19 ± 5 21 ± 6 
MVO volume (mllm2) 37 ± 9 35 ± 7 41 ± 9- 45 ± lOb 30 ±6 31 ± 8 
Peak filling rate (mllsec) 311 ± 83 296 ± 84 234 ± 82- 225 ± 93- 297 ± 117 277 ± 109 
Time to peak filling rate 

(msec) 128 ± 20 133 ± 22 145 ± 38 151 ± 26 130 ± 18 126 ± 23 
Peak filling rate (SV/sec) 6.5 ± 1 6 ± 0.9 5.9 ± 1 6±2 5.8 ± 0.8 5.7 ± 1 
Peak filling rate 

(EDV/sec) 4 ± 1 3.7 ± 0.8 3 ± 8- 2.8 ± 0.7b 3.8 ± 0.9 3.6 ± 1 
Pmin(mm Hg) 10 ± 5 8±3 11 ± 4 16 ± 6b 8±5 8±4 
Volume at P min (mllm2) 51 ± 13 48 ± 11 53 ± 10 55 ± 10 45 ± 11 45 ± 9 
MR VI (mllsec) 179 ± 82 198 ± 78 98 ± 78b 104 ± 69b 161 ± 131 138 ± 113 
EDP(mm Hg) 22 ± 8 18 ± 6 22 ± 7 29 ± 5b 21 ± 5 20 ± 6 
EDV(mllm2) 81 ± 15 79 ± 14 81 ± 15 81 ± 16 78 ± 11 77 ± 11 

" p < 0.05, compared with before PTCA, paired Srudent·s t test. 
b p < 0.005, compared with before PTCA, paired Srudent·s t test. 
PTCA = percuraneous transluminol coronary angioplasty; SV = stroke volume; EDV = end-diastolic volume; L VP = le{t ventricular 
pressure; dP/dt = rate of change of pressure; V rn"x = maximal velocity of the contracrile element (dPdt/P linearly exrrapolated ro P = 0); 
Tau, and tau, = time constant of relaxation (biexponential fitting) Tau" fit of the first 40 msec; Tau, fit after 40 msec); IRP = isovolumic 
relaxation period; MVO = mitral valve opening; P rn;n = minimalieft venrricular diasrolic pressure; MR VI = mean rate of volume inflow 
during the time interval between MVO and P min; EDP - end-diastolic pressure. 
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FIGURE 25-5. Effects of coronary artery occlusion 
on left ventricular pressure (mm Hg) and positive 
and negative dP/dt (mm Hg/sec). The break in the 
recording at beat 15 corresponds to inflation of the 
balloon. On the left side are displayed the left ven­
tricular press ure and positive and negative dP/dt of 
individual beats {l5, 18,21, and so forth], while the 
natural logarithm of the press ure is shown on the 
right side. Notice the decrease in negative dP/dt 
associated with an irregularity in the upstroke of the 
negative dP/dt curve. After 30 seconds (beat 42), 
peak negative dP/dt starts to return toward a more 
normal shape of the signal. 

that the pressure curve when plotted on semi­
logarithmic paper was noted to follow two 
straight lines rather than the one predicted by 
the monoexponential mode. 

The first half of Table 25-1 summarizes the 
results of the relaxation parameters. An example 
of the frame-to-frame analysis of left ventricular 
volume before and during ischemia induced by 
balloon inflation is shown in Figure 25-6 with 
its derivative (dV/dt). The global indexes of the 

ejection phase decreased during the two periods 
of coronary occlusion; the ejection fraction fell 
from 61 % to 54% over 20 seconds (p < 0.005) 
and from 62% to 48% (p < 0.005) over 50 
seconds, this reduction being mainly due to the 
increase in end-systolic volume over 20 seconds 
(from 31 ± 9 mVm2 to 37 ± 9;P < 0.005) and 
50 seconds (from 29 ± 7mVm2 to 41 ± 9; P < 
0.005). Consequently, the stroke volume was 
significantly decreased from 50 ± 11 mVm2 to 
44 ± 12 (p < 0.05) during the first period of 
occlusion and from 49 ± 11 mVm2 to 39 ± 14 
(p < 0.05) during the second. A slight but not 
significant reduction in peak ejection rate was 
observed over 20 seconds, but after 50 seconds it 
was decreased from 255 ± 106 mVm2 to 185 
± 61 (p< 0.05) (Figure 25-7). Normalization 
for end-diastolic volume and stroke volume did 
not render the change in peak ejection rate at 20 
seconds significant. In parallel to the prolonga­
tion of taUt and taul> the isovolumic relaxation 
period increased from 71 ± 18 msec to 85 ± 
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FIGURE 25-6. A. Left ventrieular volume eurves for the same patient, derived from angiographie volumes 
every 20 msee throughout a complete eardiae eyde, before and during transluminal ocdusion. B. Instantaneous 
left ventrieular volume derivative (dV/dt) eurves for the same patient, measured every 20 msee throughout a 
eomplete eardiae eyde, before and during transluminal ocdusion. During isehemia a decrease in peak dV/dt 
was observed. ED = end-diastole, (. = isehemia; 0 = eontrol). 
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FIGURE 25-7. Individual and mean ehanges 
(±SEM) in peak ejection (;lte and peak filling rate 
during transluminal oeclusion (20 msee). Only the 
peak filling rate showed a signifieant decrease during 
the early phase of coronary oeclusion. NS = not 
signifieant . 

16 (p < 0.05) over 20 seconds and from 77 ± 
18 msee to 80 ± 17 (p = NS) over 50 seeonds. 
The left ventricular pressure at the time of 
mitral valve opening increased from 19 ± 
5 mm Hg to 23 ± 8 (p = NS) over 20 seconds 
and from 18 ± 3 mm Hg to 25 ± 6 (p < 0.05) 
over 50 seconds. Peak filling rate was redueed 
from 311 ± 85 mI-sec to 234 ± 82 (p < 0.05) 
after 20 seconds of ischemia and from 296 ± 
84 mllsecond to 225 ± 93 (p < 0.05) after 50 
seconds. When normalized for stroke volume, 
peak filling rate was unchanged after 20 and 50 
seconds of occlusion, whereas after normaliza­
tion for end-diastolic volume (EDV) it was 
significantly decreased after 20 (from 4 ± 1 
EDV/second to 3 ± 0.8; P < 0.05) and 50 
seconds (from 3.7 ± 0.8 EDV/second to 2.8 ± 
0.7; p < 0.005). The mean rate of volume 
inflow, measured during the earIy filling period 
between the mitral valve opening, and the 
occurrence of minimal diastolic pressure, de­
clined significantly both at 20 (from 179 ± 
82 mllsecond to 98 ± 78; P < 0.005) and 50 
seconds (from 198 ± 94 mllsecond to 104 ± 
69; p < 0.005) from the onset of occlusion. 
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The left ventricular volume at the lowest 
diastolic pressure as weIl as at end-diastole did 
not change significantly during and after angio­
plasty while the lowest diastolic (p < 0.05) and 
the end-diastolic (p < 0.01) press ures were 
increased in the subgroup of patients studied 
after 50 seconds of anterior descending coronary 
artery occIusion. The increase in press ure rela­
tive to volume during transluminal occIusion 
resulted in an upward shift of the entire 
pressure-volume relation, as shown for two 
representative patients (patients 2 and 7) in 
Figure 25-8A and 25-8B. In only two instances 
(patients 6 and 9), did we observe a shift down­
ward and to the right of the pressure-volume 
relation. 

The calculated parameters of global chamber 
stiffness showed a similarIy increased constant of 
elastic stiffness (ß) after 20 seconds as weIl as 
after 50 seconds of occIusion (Table 25-2). The 
baseline pressure (C) increased significantly (p < 
0.01) only after 50 seconds of coronary occlu­
sion. No change in the intercept (a) was 
observed (see Table 25-2). All patients but one 
showed an increase in chamber stiffness during 
coronary occIusion which, after the procedure, 
returned to values not significantly different 
from the preangioplasty value. However, the 
postangioplasty elastic constant remained higher 
than the control value in five instances. This is 
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FIGURE 25-8. Diastolic pressure-volume relation in two representative patients. Note the upward shift of the 
relation during coronary ocdusion. In patient 2(A), the postangioplasty relation returned towards control, 
whereas it remains shifted upwards in patient 7 (B). open squares = preangioplasty; dosed cirdes = 20-second 
ocdusion; dosed squares = 50-second ocdusion; open cirdes = postangioplasty. 
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TABLE 25-2. Global Left Ventricular Chamber Stiffness (Simple Elastic Model)a 

Intercept (a) 
(mm Hg) 

ALL patients (n = 9) NS 
Pre-PTCA 4.6 ± 4.9 
20-second occlusion 1.2 ± 3.3 
Post-PTCA 1.2±1.5 

Subgroup (n = 5) NS 
Pre-PTCA 5.3 ± 5.9 
50-second occlusion 0.2 ± 0.3 
Post-PTCA 1.9 ± 1.8 

Constant of 
Elastic Stiffness (ß) 

b 

0.0273 ± 0.017 
0.0621 ± 0.026b 

0.0529 ± 0.037 

0.0214 ± 0.007 
0.0605 ± 0.015 b 

0.0396 ± 0.027 

Baseline press ure (C) 
(mmHg) 

NS 
-1.4±9.5 

5.2 ± 8.3 
2.8 ± 4.7 

-5.8 ± 7.4 
9.4 ± 2.7c 

0.8 ± 5.6 

" Values given are mean ± 1 standard deviation; overall and paired (vs. pre-PTCA). 
b p < 0.05. 
, P < 0.01. 
PCTA = percutaneous cransluminal coronary angioplasty; NS = not significant. 

further illustrated in Figure 25-8 as the pres­
sure-volume relation obtained after the proce­
dure is nearly superimposed on the control curve 
in patient 2 (Figure 25-8A) whereas the post­
angioplasty curve remains shifted upwards in 
patient 7 (Figure 25-8B). 

REGIONAL INDEXES OF LEFT 
VENTRICULAR EJECTION AND FILLING 
AND REGIONAL PRESSURE-RADIUS 
LENGTH RELATIONS 
The profound effect of a 20-second occlusion of 
the left anterior descending artery (LAD) on left 
ventricular wall motion and its time sequence is 
shown in Figure 25-9. The delay in onset of dis­
placement with respect to end-diastole as well as 
the timing relationship between the aortic valve 
closure and the occurrence of the maximal wall 
displacement is illustrated in Figure 25-9. The 
onset of displacement of the anterior and inferior 
wall was not significantly affected after 20 
seconds of LAD occlusion. On the contrary, the 
moment of maximal wall dis placement for the 
anterior wall shifted from end-systole to early 
diastole. The anterolateral segment (nos. 6 and 
7) and the apical segment (nos. 9 and 10) of the 
anterior wall, as well as the apical segment (nos. 
20 and 19) of the inferior wall appeared to be 
most affected. Parallel to this shift in peak 
inward wall displacement, a delay was observed 
in the occurrence of peak velocity of outward 
displacement (dUdt) with respect to aortic valve 
closure, particularly in the apical region (seg­
ments 10 and 20 in Figure 20-10). The 
absolute value of the dUdt was reduced in the 
ischemic segments (Figure 25-10). In the non-

ischemic segments, a compensatory increase in 
dL-dt was observed. 

To test whether this decrease in the absolute 
value of dUdt was in fact intrinsically related 
to a reduction in the amplitude of the peak 
outward displacement, we normalized segmen­
tal dUdt for the corresponding value of maxi­
maloutward displacement. After normalization 
we observed an increase in the ischemic seg­
ments, whereas no major changes were apparent 
in the nonischemic segments (see Figure 25-10). 
Therefore, a relationship between the asyn­
chrony of segmental dUdt and the reduction of 
global peak filling rate was sought by measuring 
the sum of the absolute values of the time dif­
ferences from global peak filling rate to the 
occurrence of peak dLidt in each of the 20 seg­
ments (~ßtl)' This sum increased significantly 
during both the first (from 572 ± 194 msec to 
940 ± 264; P < 0.005) and the second 
occlusion (from 546 ± 198 msec to 842 ± 224; 
p< 0.005, as weIl as ~ßtl/Dt, thus indicating 
an asynchrony in filling (Table 25-3). To 
elucidate whether the decrease in global peak 
filling rate was related to the asynchrony in 
regional peak filling rate rat her than to other 
causes, we correlated global peak filling rate 
with ~ßtl and found a significant negative 
correlation (r = -0.68; P < 0.001), demons­
trating that a greater degree of asynchrony was 
associated with a reduction in peak filling rate 
(Figure 25-11). To determine whether the 
asynchrony in regional filling was an isolated 
phenomenon or the effect of a temporal non­
uniformity in inward wall displacement, we 
quantified this systolic nonuniformity by mea-
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FIGURE 25-9. Left panel: Time relationship be­
tween aortic valve closure and the occurrence of 
maximal inward wall displacement before and after 
20 msec of occlusion of the left anterior descending 
artery (LAD). Middle panel: Time relationship 
between aortic valve closure and the occurrence of 
peak velocity of segmentaloutward displacement 
before and after 20 seconds of occlusion of the left 
anterior descending artery. Right panel: Global peak 
filling rate (PFR). 

TABLE 25-3. Measuremenr ofRegional Asynchrony in Inward and Outward Wall Displacemenr 
Before PTCA, 20 and 50 Seconds After the Onset ofOcclusion, and After PTCA 

Before PTCA 20-Second 
Occlusion 

Total Group Subgroup (total group; 
Variables (n = 14) (n = 9) n = 14) 

I: !1 t1 (msec) 572 ± 194 546 ± 198 940 ± 264b 

I: !1 t2 (msec) 965 ± 348 948 ± 415 1442 ± 314b 

I: !1 t1/diasrolic time 1.1±0.7 1.3 ± 0.8 1.8 ± 0.8b 

I: !1 t2/ejection time 2.6 ± 0.9 2.8 ± 0.7 4.2 ± 0.9b 

a p < 0.05, compared with before PTCA, paired student's ± test. 
b p < 0.005, compared with before PTCA, paired Student's t test. 

50-Second After PTCA 
Occlusion 
(subgroup; Subgroup Total Group 
n = 9) (n = 9) (n = 14) 

842 ± 224b 495 ± 179 645 ± 355 
1472±370a 985±171 978 ± 281 

1.9 ± Ib 1.3±0.7 1.2 ± 0.6 
4.5 ± 0.9a 3 ± 0.9 2.8 ± 0.8 

I: fj. tl = sum of the time intervals between global peak filling rate and peak velocity of segmentaloutward displacement (dUdt); I: fj. t, = 
sum of the time intervals between aortic valve c10sure and segmental peak inward displacement . 
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FIGURE 25-10. Left panel: Mean changes in peak 
velocity of segmentaloutward displacement (dUdt) 
in 10 anterior and 10 posterior segments before and 
during occlusion of the left anterior descending 
artery. Right panel: Mean changes in the ratio 
dUdtlmaximal outward displacement in 10 anterior 
and 10 posterior segments before and during occlu­
sion of the left anterior descending artery. 

suring the time relationship between end-systole 
and the occurrence of the segmental peak inward 
displacement . The sum of the absolute time 
differences between aortic valve closure and the 
peak regional inward wall displacement (~L\t2) 
was used as an index of systolic asynchrony, 
and during coronary occlusion both ~L\t2 and 
~L\tiET increased in the same fashion as ~L\tl 
and ~L\ttfDt (see Table 25-3). In addition, we 
found a significant correlation (r = 0.66; P < 
0.001) between ~L\t2 and ~L\tl (Figure 25-
12), suggesting an interdependence between the 
asynchrony of contraction and the abnormalities 
of filling dynamies. Further supportive evidence 
for the interrelationship between contraction 
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FIGURE 25-11. The negative correlation between 
the global normalized peak filling rate and the ~L\ 
tj/diastolic time (DT) as an index of segmental 
asynchrony in filling, in patients with left anterior 
descending artery disease. EDV = end-diastolic 
volume. 
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and filling was given by the significant negative 
correlation between the global peak filling rate 
and L~t2 (r = -0.73; P < 0.001) (Figure 
25-13). 

Thus the greater the asynchrony in the pat­
tern of contraction, the greater the decrease in 
peak filling rate. All these data indicate that the 
asynchrony in the occurrence of the regional 
filling, with subsequent decreases in peak filling 
rate, reflects nonuniformity of left ventricular 
contraction and occurs within 20 seconds of the 
onset of ischemia. To further elucidate the 
dynamic interplay between asynchrony in con­
traction and abnormalities in the earIy diastolic 
phase, we correlated ~~t2 with parameters of 
the relaxation phase and these latter parameters 
with the peak filling rate. A significant correla­
tion was observed between ~~t2 and tau] (r = 
0.75, P < 0.0001) and between tau] and the 
duration of isovolumic relaxation period (r = 
0.58; P < 0.0001). On the other hand, no 
correlation or only weak correlations were 
observed between parameters of the relaxation 
phase and peak filling rate (Table 25-4). 

Regional Pressure-Radius Length Relation. 
There was no significant difference during the 
procedure in the length at end-diastole of the 
various segmental radii. Plots of the left ventri­
cular pressure against a representative radius 
within the ischemic segment (radius 6,9, or 10) 
are shown in Figure 25-14. During occlusion, 
the slope of the pressure-radius length relation 
increased; this was often accompanied by an 
upward shift. The postangioplasty curves either 
showed areturn towards the control relation or 
remained parallel to the curves during occlu­
sion. The latter was mainly observed in patients 
4, 6, 7, and 9, all of whom had persistent global 
increased chamber stiffness after the procedure, 
as mentioned earlier. 

TABLE 25-4. Correlation Between Parameters 
ofLeft Ventricular Relaxation and Filling 

Comparison 

TauI-PFR 
TaurPFR 
I RP-PFR 
MVO*-PFR 

• = press ure . 

Correlation Coefficient 

-0.33 

-0.152 
-0.53 
-0.23 

p value 

0.06 

0.37 

0.009 
0.2 

PFR = peak filling rate; IRP = isovolumic relaxation period; 
MVO = mitral valve opening. 
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FIGURE 25-12. The correlation between the L~ t] 
index of segmental asynchrony in filling and the ~L\ 
t2 index of segmental asynchrony in contraction. 
This correlation suggests an interdependence be­
tween the asynchrony of contraction and abnormal 
diastolic filling properries. 
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FIGURE 25-13. The negative correlation between 
the global normalized peak filling rate and the ~L\ 
t2/ejection time (ET ) as an index of segmental 
asynchrony in contraction, in patients with left 
anterior descending arrery disease. EDV = end­
diastolic volume. 

These relations were fitted with the same 
elastic model used for caIculation of the global 
chamber stiffness. The changes in the constant 
of regional chamber stiffness (ßn) showed a 
marked and persistent increased stiffness in the 
ischemic segment as weIl as in the adjacent 
inferior segment (radius 19). The regional 
stiffness in the nonischemic segments was not 
significantly affected by the coronary occlusions 
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FIGURE 25-14. Plots of left ventricular pressure against the radius length in the ischemic zone. During 
occlusion, the slope of this relation increased as compared to preangioplasty. The increased slope was mosdy 
accompanied by an upward shift. The postangioplasty curves showed either areturn towards the control 
relation or remained parallel to the curves observed during occIusion (patients 4, 6, 7, 9). (Symbols are the 
same as in the Figure 25-8.) 
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(Table 25-5). There were also no significant 
changes in the nonlinear elastic constant (ßn). 
Similar shifts in the baseline pressure (C) as for 
the global diastolic function were observed since 
the same left ventricular press ure data were used 
for both calculations of global and regional 
chamber stiffness. 

Discussion 

MYOCARDIAL ISCHEMIA, TRANSIENT 
ASYNERGY, AND ALTERED RELAXATION 
The earliest (1-15 seconds after occlusion) and 
most sensitive hemodynamic indicator of re­
gional perfusion deficit proved to be an impair­
ment in early relaxation, with an extreme pro­
longation of tau l, the time constant of the early 
relaxation phase. If the premise of the two time 
constant models previously described [13} is 
correct, then the early change in taul with 
constant tau2 represents an exacerbation in the 
asynchrony of relaxation. 

This is illustrated by the change in negative 
dP/dt and wall displacement induced by a 
20-second coronary occlusion (Figure 25-15). 
Within four or five beats after occlusion, a 
distinct deformation appears in the ascending 
limb of the negative dP/dt curve and in the next 
10 seconds this deformation reaches the same 
height as peak -dP/dt, which in the meantime 
has progressively decreased to its nadir. Accom­
panying this change in negative dP/dt, the 
ischemic segments exhibit a biphasic inward­
outward wall displacement that occurs after 
valve closure and peak negative dP/dt. During 
the remainder of relaxation and rapid filling, the 
ischemic segments display a second wave of 
inward wall displacement. The beginning of 
this second wave of inward wall displacement in 
early diastole corresponds closely in time to the 
irregularity in dP/dt. In the same way, the peak 
inward displacement of the control segment is 
consistently observed near the notching in the 
dP/dt. Shortly after this point, the pressure 
ceases to have a relaxation time constant tau 1 

and abruptly switches to taU2' On the other 
hand, after 50 seconds of occlusion the majority 
of the ischemic segments were akinetic, exhibi­
ting an increased regional stiffness, whereas 
tau l, the time constant of the early relaxation 
phase tended to return toward less abnormal 
values. At 50 seconds, the deformity in negative 
dP/dt was no longer present. 

MODELS OF ASYNERGY AND 
IMPAIRED RELAXATION 
The connection between transient asynergy, 
myocardial ischemia, and alteration in the time 
course of relaxation was pointed out as early as 
1969 by Tyberg and coworkers [23}, who de­
signed an experimental model consisting of two 
papillary muscles in series. They demönstrated 
that when one muscle of the pair was hypoxic, 
but still contracting, it was disturbing the time 
course of the total tension fall generated by the 
two muscles, much more than when one of the 
muscles in series was not contracting at all and 
infinitely stiff [23}. More recent studies in 
conscious animals after experimental coronary 
occlusion have indicated that ventricular dys­
synchrony due to late systolic contraction aod 
relaxation in different regions can produce 
marked effects on the linearity and maximal rate 
of pressure fall in the left ventricle {21, 23-25}. 
The time course and magnitude of changes in 
global parameters of left ventricular function 
following coronary occlusion in our patients are 
similar to those previously reported in conscious 
animals after experimental coronary occlusion 
[1, 2, 25}. Progressive and gradual decreases in 
parameters of systolic function accompani~ 
very early changes in the rate of left ventricular 
pressure decay. The biexponential approxima­
tion of the isovolumic press ure fall is consistent 
with an asynchrony of regional myocardial con­
traction or relaxation {l3}. Changes in para­
meters of isovolumic press ure fall were most 
pronounced during the first half of occlusion and 
slightly less at the end of occlusion. In our 
study, one of the earliest changes in epicardial 
wall motion was a decrease in the extent of 
shortening while velocity of early shortening 
was maintained. These results are similar to the 
earliest changes of motion of left ventricular 
mid-wall ultrasonic crystals during ischemia in 
conscious dogs as reported by Pagani and 
colleagues {l}. 

Our angiographic observations suggest that a 
similar phenomenon occurs in the intact human 
heart during acute ischemia. At 20 seconds, 
there was late systolic outward displacement' of 
the ischemic and active inward displacement of 
the nonischemic segments. Conversely, the 
early diastolic inward dis placement of the ische­
mic segments must correspond to an accelerated 
outward displacement of the normal segm~nt. 
Ultimately, the ischemic zone after 20 seconds 
of ischemia appears to act as an additional elas-



25. TRANSLUMINAL OCCLUSION 271 

TABLE25-5. Regional Left Ventricular Chamber Stiffness (ßn) 

Zone/Radius 

All patients (n = 9) 
Pre-PTCA 
20-second occlusion 
Post-PTCA 

Subgroup (n = 5) 
Pre-PTCA 
50-second occlusion 
Post-PTCA 

a p < 0.05. 
b P < 0.01. 

Nonischemic 
Anterobasall3 Anteriorl6 

NS NS 
1.59 3.92 
3.03 4.03 
2.73 2.59 
NS NS 
1.59 3.45 
4.13 4.81 
1.98 3.71 

+ = the statistical significance was borderJine at the 0.05 level. 

Ischemic Adjacent Nonischemic 
anterolaterall9 Apical10 Inferior/19 posterobasal/16 

a NS NS NS 
3.11 2.93 2.76 4.03 
5.63 4.97 6.59 5.01 
6.45a 7.16 5.98 3.64 
b b b NS 
2.81 1.09 1.52 2.59 
5.39 6.16 7.56a 5.54 
5.59 7.16 6.93 4.35 

ßn = constant of regional elastic stiffness-median values are given, overall and paired (vs. pre = PTCA); PTCA = percutaneous 
transluminal coronary angioplasty; NS = not significant. 
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FIGURE 25-15. Left ventricular wall displacement 
studied in 20 separate segments, ten in the anterior 
(right) and ten in the inferoposterior wall (left). A 
typical example of the relation between segmental 
wall displacement and dP/dt curve is observed before 
PTCA (A) and after 20 seconds (B) of left anterior 
descending artery occlusion: after 20 seconds of 
occlusion, the notch in the dP/dt curve corresponds 
to a second wave of inward wall displacement in the 
anteroapical and inferoapical segments. ED = end­
diastole; ES = end-systole. 
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tic element, in series with the actively contrac­
ting and relaxing nonischemic segment. This 
mechanism is consistent with the model of left 
ventricular pressure relaxation recently proposed 
by our group [13], wh ich assumes that the 
observed time constant tau 1 results from the 
combined action of that fraction of the myocar­
dium in the process of relaxing and the re-
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mammg fraction in which relaxation has not 
yet been initiated. After 40 seconds of ischemia, 
despite paradoxical lengthening (epicardial wall 
motion) throughout systole, early diastolic shor­
tening was still observed consistent with a 
markedly diminished yet persistent tension 
becoming manifest only after a decline in the 
load imposed upon the region by the remainder 
of the effectively contracting ventricle. 

UNCOORDINATED SEGMENTAL 
CONTRACTION AS A CAUSE OF IMP AI RED 
FILLING DYNAMICS 
Variability in the temporal sequence of regional 
left ventricular contraction in normal subjects 
has been previously observed and attributed to 
variations in the sequence of electrical activation 
or to other factors playing an important role in 
determining ventricular geometry such as ven­
tricular volume and fiber orientation {26, 27}. 
In patients with coronary artery disease, the 
completion of ejection was found to be delayed, 
whereas the onset of ejection was not, and the 
severity of coronary artery disease was positively 
correlated with the persistence of these contrac­
tion abnormalities into early diastolic {28}. 
During spontaneous angina, a significant pro­
longation of left ventricular ejection time with 
an accompanying shortening of diastole has also 
been observed {29}. All these observations 
dictate that studies of relaxation and filling in 
early diastole should be correlated with the 
pattern of contraction 

Determinants 0/ Filling Dynamies. It has been 
suggested that the peak filling rate is dependent 
on the rate of left ventricular relaxation and on 
the left atrial pressure DO}. Under normal 
conditions, the relaxing left ventricle produces a 
rapid change in the atrioventricular pressure 
gradient, which is the driving force for inflow 
DI}. Thus a prolonged relaxation phase, as 
observed during acute ischemia, causes a delay 
in the development of the atrioventricular 
press ure gradient, and, consequently, a greater 
left atrial pressure is required to open the mitral 
valve. In fact we observed a consistent delay in 
the relaxation rate occurring 20 seconds after the 
onset of ischemia and concomitantly both the 
isovolumic relaxation per iod and the left at rial 
pressure required for mitral valve opening 
increased. The significant relationship existing 
between Lßt2 and taul and between this latter 
parameter and the duration of the isovolumic 

relaxation period suggests that, during acute 
ischemia, the atrioventricular dynamic interplay 
occurring during the early diastole is affected by 
the asynchronous left ventricular contraction. 
Yellin and coworkers DO} demonstrated in the 
dog that under conditions of similar left atrial 
pressure at valve opening, the prolongation of 
the time constant of relaxation decreases the rate 
and amplitude of filling, whereas under condi­
tions of similar left ventricular press ure during 
relaxation, an increase of left atrial pressure 
increases the amplitude of early filling. Thus the 
lack of correlation between peak filling rate and 
any single parameter of the relaxation phase, 
such as time constants of relaxation, isovolu­
mic relaxation period, or mitral valve opening 
pressure, was expected because these latter para­
meters, during acute ischemia, are changing in 
opposite direction. 

A decrease in peak filling rate has been exten­
sively reported in patients with coronary artery 
disease with or without previous myocardial 
infarction. Until recently no data were available 
in the literature regarding the relationship 
between global and regional left ventricular 
filling. Yamagishi and associates D2} investiga­
ted this relationship using radionuclide angio­
graphy in normal subjects and in patients with 
left anterior descending coronary artery disease 
without previous myocardial infarction and 
found differences in peak filling rate differentia­
ting normal subjects from those with coronary 
artery disease. To explain this difference, they 
analyzed regional filling dynamics and identified 
asynchrony in regional filling as a major deter­
minant of the decrease in peak filling rate. The 
sum of the absolute time differences between the 
global and regional peak filling rates was 
inversely correlated to the global peak filling 
rate and proposed as an index of asynchrony in 
diastolic filling. More recently Bonow and col­
leagues D3} studied with radionuclide angio­
graphy the relationship between regional left 
ventricular diastolic asynchrony and global 
diastolic filling, before and after PTCA in 
patients with single-vessel coronary artery dis­
ease. Before PTCA, impaired global diastolic 
filling was found and was related to regional 
variations in the timing of left ventricular 
relaxation and filling determined by variations 
in phase among sectors and by regional quadrant 
analysis. In addition, they demonstrated a nega­
tive correlation between the magnitude of global 
peak filling rate and the extent of regional 
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asynchrony. Reevaluation 1 day to 1 month 
after PTCA showed an improvement of the 
above mentioned changes in diastolic global and 
regional function. 

Role 0/ Asynchronous Contraction. In the pre­
se nt study, we demonstrated that ischemia 
occurring early during coronary occlusion 
severely alters filling dynamics and that the 
major determinant of this change is asynchrony 
in regional filling. This diastolic asynchrony was 
secondary to a nonuniformity of inward wall dis­
placement, but the crucial question remains 
whether this diastolic asynchrony was a direct, 
intrinsic manifestation of altered relaxation 
properties of the myocardium (inactivation) or a 
consequence of dysfunction of the contractile 
properties of the myocardium (activation) [34, 
35]. 

EFFECT OF CORONAR Y OCCLUSION ON 
LEFT VENTRICULAR CHAMBER STIFFNESS 
AND REGIONAL DIASTOLIC PRESSURE­
RADIUS RELATIONS 
The third major finding of the present study was 
that ischemia induced by complete occlusion of 
the left anterior descending coronary artery 
increased the regional chamber stiffness of the 
ischemic anterior wall, even during an occlusion 
as short as 20 seconds. Parallel to this increase 
in regional stiffness, the global stiffness of the 
left ventricle increased significantly. In experi­
mental studies [36-38}, an increase in global 
chamber stiffness was only seen when the area 
rendered ischemic was large, such as during 
acute occlusion of the left anterior descending 
coronary artery. 

The baseline press ure (constant C) increased 
slightly from -1. 4 to 5.2 mm Hg after 20 
seconds and from -5.8 to 9.4 mm Hg after 50 
seconds of acute coronary occlusion (see Table 
25-2). This increase in baseline press ure reflects 
the upward shift of the diastolic press ure­
volume relation during coronary occlusion, 
which was thus 6.6 mm Hg after 20 seconds 
and 15.2 mm Hg after 50 seconds. 

Twelve minutes after the end of the proce­
dure, including repeated (three to ten) and brief 
(15-75 seconds) occlusions, the parameters of 
global and regional systolic function had re­
turned to baseline, as shown from the indices of 
isovolumic contraction, relaxation, and segmen­
tal wall motion. In contrast, the parameters of 

regional diastolic function were still abnormal 
(see Table 25-5), whereas the constant of global 
chamber stiffness and the baseline pressure 
remained slightly elevated. This suggests the 
postischemic diastolic abnormalities persist even 
when complete recovery of systolic function and 
relaxation has al ready occurred. 

Significance 0/ the Upward Shift in Pressure­
Volume and Pressure-Radius Relations. The 
significance of the upward shift in the press ure­
volume andlor pressure-radius length relations 
is still the subject of controversy. In the various 
previous studies (21, 22, 36-41}, this shift was 
attributed to any or a combination of the fol­
lowing factors: changes in intrinsic diastolic 
myocardial stiffness, delayed left ventricular 
relaxation, loss of elastic recoil due to ventri­
cular asynergy, changes in right ventricular­
pericardial constraints, and coronary perfusion. 
A limitation of the present study is that we 
cannot address directly these specific issues. For 
instance, fitting of the pressure-volume relation 
by a simple elastic model, as we did, does not 
allow one to infer that the intrinsic diastolic 
properties of the myocardium were affected by 
acute coronary occlusion because this would re­
quire analysis of left ventricular stress and strain 
(42}. Regional wall thickness measurements are 
needed, which cannot be obtained accurately at 
20-msec intervals from the left ventricular 
angiocardiograms. Also, the strain data should 
be normalized for a reference unloaded muscle 
length, i.e., at a transmural pressure of 0 mm 
Hg, and this cannot be obtained easily during 
cardiac catheterization in man. 

As far as extrinsic factors are concerned, we 
feel that the coronary perfusion, or the so-called 
"erectile effect," is not likel y to account for the 
increased stiffness of the ischemic segment. 
During coronary occlusion of the left anterior 
descending artery, inflation of the dilatation 
balloon results on average in a 44 % decrease in 
regional blood flow (43}, thereby reducing the 
myocardial wall blood volume. Likewise, the 
postangioplasty measurements were obtained at 
a time where any increased myocardial turgor 
due to reactive hyperemia had dissipated (43}. 
Interestingly, the increase in regional stiffness 
observed in the adjacent inferior segment could 
be related to an increased turgor as the collateral 
flow to that area might increase during left 
anterior descending occlusion (44}. 
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Comparison with Animal Models 0/ Acute Low­
Flow Ischemia. Coronary angioplasty mimics 
the experimental coronary occlusion in the 
animal laboratory and induces transient acute 
low-flow ischemia. In this animal model, Hess 
and coworkers {22} showed that "myocardial 
wall stiffness is increased during complete 
coronary occlusion when there is systolic thin­
ning of the ischemic wall." In these conscious 
chronically instrumented dogs, the ischemic 
alteration in the intrinsic diastolic properties of 
the muscle resulted in an upward shift of the 
pressure-volume curve. They observed an aver­
age 27 % increase in diastolic wall stiffness, 
which compares weIl with the 35% increase in 
global chamber stiffness after 50 seconds of 
anterior descending coronary artery occlusion in 
the present data. It may be emphasized that 
in the animal study, the upward shift of the 
pressure-volume curve was prevented by inferior 
vena caval obstruction. This emphasizes the 
modulating role of the right ventricular loading 
conditions and the ventricular interaction, which 
can offset the increase in pressure. 

Thus, the observed changes in global and 
regional diastolic chamber stiffness are in accor­
dance with previous experimental work [20, 22, 
37}, demonstrating an increase in the myocar­
dial stiffness during coronary occlusion. 

Mechanism 0/ Increased Myocardial Sti//ness. 
The mechanism by which ischemia increases the 
myocardial stiffness remains speculative and 
may depend on the pathophysiology [36} and 
the duration {451 of a given ischemic condition. 
In the acute coronary occlusion model [22, 37}, 
systolic overstretch of the akinetic muscle fibers 
by adjacent nonischemic myocardium was 
thought to be responsible for the diastolic 
thinning of the ischemic wall and the increase in 
resting muscle length. This "creep" effect causes 
the ischemic myocardium to operate at a higher 
point on the pressure-sarcomere length relation 
and thus at an increased stiffness level. Al­
though we observed no significant changes in 
end-diastolic volume throughout the procedure, 
it cannot be excluded that creep may have 
occurred. Echocardiographic evidence of wall 
thinning during angioplasty and during attacks 
of variant angina supports this hypothesis [8, 
46}. The other major mechanism refers to the 
concept of residual diastolic actin-myosin-inter­
action [47}. An increase in cytosolic Ca2 + and a 
decrease in adenosine triphosphate available for 
cross-bridge dissociation could result in the 

presence of an abnormal myocardial "tone." 
This mechanism is unlikely after prolonged 
occlusion because the ischemic segment be­
comes akinetic or dyskinetic and systolic cross­
bridge formation is probably minimal or absent. 
However, after 20 seconds of occlusion, we ob­
served asynchrony and late shortening of the 
ischemic wall [43, 45}, which were shown to 
affect the stiffness of rat heart trabeculae [48}. 
Also, the persistent abnormalities in diastolic 
function seen after the procedure could be 
related to an abnormal myocardial tone despite 
normalization of the rate of relaxation. As 
recently emphasized [21, 36}, such failure of 
complete myofilament inactivation implies a 
reduced extent of relaxation, which is not 
necessarily synonymous with a reduced rate of 
relaxation, as measured from the time constant 
of isovolumic left ventricular press ure decay. 

Finally, it should be realized that the increase 
in the calculated stiffness constant could also be 
related to an increased resistance to early filling. 
It was shown recently in humans that early 
diastolic filling can be kept normal during 
ischemia despite delayed relaxation and loss of 
elastic recoil (increase in end-systolic volume) 
by increasing the left atrial driving pressure 
[49}. U nder these conditions, the diastolic pro­
perties of the myocardium would be better 
characterized by a viscoelastic model rather than 
by a simple elastic stress-strain relation [50, 
51}. 

We used a simple elastic model because the 
present angiocardiographic data did not allow 
proper quantitation of the strain rates, which 
are essential for determining diastolic viscous 
effects. Therefore, our calculated stiffness con­
stant includes both elastic and viscous forces. 
Interestingly, we found similar increases in the 
constant of elastic chamber stiffness after 20 and 
50 seconds of occlusion, whereas left ventricular 
asynchrony and late shortening of the ischemic 
wall were observed only at 20 seconds. This 
increased chamber stiffness observed only at 20 
seconds may only be apparent and related more 
to an increase in viscous resistance to early 
filling, although asynchrony and late shortening 
have been shown to affect the stiffness of rat 
heart [51}. 

CONCLUSION: PTCA AS AN 
ISCHEMIC MODEL? 

Early Wall Motion During Acute Ischemia: 
How to Interpret? Recently we evaluated the 
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FIGURE 25-16. Angiogram of left anterior descend­
ing bypass graft stenosis and markers before PTCA 
(A). Panels Band C show the inflated angioplasty 
catheter in place in RAO 30° and LAO 60°, 
respectively. Panel D shows changes in epicardial 
marker pair shortening in the region of the bypass 
graft and left ventricular press ure during graft 
occlusion. The W phenomenon is evident. 

beat-to-beat myoeardial shortening ehanges ae­
eompanying acute eoronary oeclusion in one 
patient, who was undergoing PTCA of a eoron­
ary artery bypass graft and in whom pairs of 
epieardial wall markers had been plaeed at the 
time of his original eardiae surgery [45}. Their 
motion refleering epieardial trans verse shor­
tening was eharaererized, in isehemie myocar­
dium, by the early appearanee of a lare systolie 
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lengrhening, followed by an early diasrolie 
shortening (Figure 25-16). We referred co rhis 
biphasie motion as rhe "W" phenomenon due 
to its morphologie eharaereristies, transient 
duration, and frequeney of appearanee in studies 
of endoeardial wall-rhiekness motion during 
regional isehemia. This polyphasie wall-motion 
pattern appears to be similar co that deseribed 
by Wiegner and eoworkers [48}, who studied 
the interaetion of normal and hypoxie myo­
eardial muscles in series. They identified a 
biphasie pattern of motion of rhe hypoxie 
muscle analogous to that observed in the 
isehemie region of the intact lefr ventricle 
(Figure 25-17). The early lengthening phase of 
rhe hypoxie muscle was atrributed to a prema-
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ture onset of force decline, and the second late 
shortening phase was ascribed to either a per­
sisting contractile force of the muscle or a mani­
festation of stored force from elastic recoil of 
previously stretched passive muscle elements. 
Furthermore, they indicated the possible nega­
tive role of late shortening on filling dynamics. 
Similar types of wall motion abnormalities have 
been described in animals {l, 2, 4, 52} and 
during chronic ischemia in humans [53, 54}. In 
our angiographic study, the frame-by-frame 
analysis of the anterior wall displacement during 
brief occlusion of left anterior descending artery 
also showed a variety of biphasic wall motion 
patterns. After 17 seconds of occlusion, some of 
the segments adjacent to the ischemic area ex­
hibited the W phenomenon, whereas the seg­
ment located in the core of the ischemic area 
exhibited a late inward-wall displacement in 
early diastole. This phenomenon was mirrored 
by an accelerated outward displacement of the 
normal segment. Ultimately, the interaction 
between ischemic and nonischemic segments 
results in segmental asynchrony in the occurr­
ence of peak velocity of outward displacement. 
Because this parameter reflects the segmental 
peak filling rate, an asynchrony in segmental 
outward displacement corresponds to the asyn­
chrony in the filling phase with consequent 
changes in the global peak filling rate. 

In summary, our study demonstrates that 
short periods of ischemia, induced by balloon 
inflation, cause an early disruption of the normal 
sequence of inward-outward segmental displace­
ment in the ischemic segments. This phenom­
enon is characterized by an early lengthening 

FIGURE 25-17. Biphasie pattern of motion of isola­
ted hypoxie muscle studied under the eondition of 
normal and hypoxie muscle in series (Modified from 
Weigner et al [48}, with permission. ) 

occurring during late systole with late shor­
tening occurring during early diastole. These 
data in part confirm an "asynchronous contraC­
tion" occurring during brief periods of ischemia 
[55} and, in particular, demonstrate, the close 
relationship eXIstmg between uncoordinated 
contraction and the impairment of filling 
dynamics. 

Are there Clinical Implications for the PTCA 
Procedure? We can conclude that repeated 
complete coronary occlusions of the left anterior 
descending cotonary artery in conscious humans 
are associated with profound alterations in 
diastolic chamber stiffness, which persist weil 
after restoration in myocardial blood flow and a 
normal systolic function. Further work is need­
ed to document the time course of the recovery 
to a normal regional diastolic function and to 
address the responsible derangement of sub­
cellular metabolism because the mechanisms of 
the observed abnormalities are not yet fully 
understood. 

From the clinical point of view, many factors 
have contributed to increase the extent and 
severity of iatrogenic ischemia during angio­
plasty: longer balloon inflation time, dilatation 
of multiple lesions during a single setting and 
inclusion of patients with unstable angina or 
impaired left ventricular function. This has 
prompted studies attempting to modify ische-
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mie ehanges indueed by balloon inflation by 
means of various intervention [9, 56, 57}. 

Along with our previous studies [43, 45], the 
present data suggest that the analysis of diastolie 
funetion may prove to be a sensitive tool in 
assessing the possibly deleterious effeets of re­
peated eoronary oeclusions during angioplasty 
and eould be a useful end point in evaluating the 
effieaey of "eardioproteetive" intervention. 
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26. DIASTOLIC VENTRICULAR 
FUNCTION IN PRIMAR Y AND 

SECONDARY HYPERTROPHY: THE 
INFLUENCE OF VERAPAMIL 

W.H. Bleifeld 

Left ventrieular diastolic funetion is of clinieal 
importanee [l}, beeause disturbed relaxation 
results in impaired left ventrieular filling and an 
inerease of left ventrieular filling press ure with 
breathlessness during exercise or at rest. AI­
though hypertrophy in highly trained athletes 
does not appear to be aeeompanied by abnormal­
ities of systolie or diastolie funetion as evaluated 
from the end-diastolie pulmonary artery pres­
sure [2}, patients with left ventrieular hyper­
trophy due to pressure overload or primary 
myoeardial disease usually manifest inereased 
filling pressure and, depending on the degree of 
their disease, may exhibit clinieal signs of left 
heart failure. 

Calcium ehannel bloeking agents have been 
shown not only to relax vaseular smooth muscle 
[2a}, but also to improve the relaxation of the 
myoeardial muscle [3} and are now widely used 
in the treatment of hypertrophie eardiomyo­
pathy [4, 5}. In the following study, we ex­
amined diastolie funetion in different forms of 
left ventrieular hypertrophy as weIl as the aeute 
and ehronie effeets of verapamil on left ventri­
eular relaxation, hemodynamies and exereise 
eapacity in patients with hypertrophie cardio­
myopathy. 

Patient Population 
For the evaluation of diastolic funetion in left 

Grossman, William, and Lorell, Beverly H. (eds.), Diastohr 
Relaxation 0/ the Heart. Copyright © 1987. Martinus N ijhoff 
Publishing. All rights reserved. 

ventrieular hypertrophy, 76 patients were divi­
ded into three groups: Group I was reeruited 
from 28 healthy subjects (15 males, 13 females), 
and served as the eontrol population. Group 11 
eonsisted of 24 patients (9 males, 15 females) 
with hypertrophie obstruetive eardiomyopathy 
(HOCM). At the time of investigation, no drug 
therapy was given and 22 were in sinus rhythm. 
In Group 111, 24 patients with ehronie pressure 
overload (CPO) were studied. Six patients had 
valvular aortie stenosis, while in the remaining 
18 patients, left ventrieular hypemophy (septal 
and posterior wall thiekness by eehoeardio­
graphy > 21 mm) was the result of arterial 
hypertension (6}. 

In a seeond study, the effeet of O. 15 mg/kg 
intravenous verapamil was assessed in 11 patients 
(5 males, 6 females) with hypertrophie ear­
diomyopathy (HCM), diagnosed by eehoear­
diographie, hemodynamie, and angiographie 
eriteria, before and 7 minutes after injeetion of 
the drug. Coronary artery disease was excluded. 
Six patients had outflow obstruetion at rest or 
after provoeation (HOCM), while five persons 
had no left ventrieular outflow tract gradient 
(HNOCM). In addition, 14 patients with left 
ventrieular hypertrophy as a result of arterial 
hypertension were tested [7}. 

Finally, the effeet of long-term oral therapy 
with verapamil (40 mg three times daily in­
ereasing to 120 mg four times daily for 7 weeks) 
was examined in 18 patients with HCM (12 
HOCH; 6 HNOCM). One patient was in at rial 
fibrillation. Three patients had mitral insuffi­
cieney [8}. 

281 
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Methods Diastole was divided into the following parts: 

For the measurement of instantaneous left ven­
tricular pressures, an 8F-tip manometer was 
inserted into the left ventricle, and pressure 
was recorded simultaneously with the echocar­
diogram. 

M-mode echocardiograms of the left ventricle 
were recorded with a paper speed of 50 mrn! 
second analyzed by use of an x-y-reader and a 
computer [9}' In the noninvasive studies aortic 
valve closure was taken from the first component 
of the second heart sound (A2) in the phonocar­
diogram. The percent of diameter change (FS) 
was calculated from the end-diastolic (DO) and 
the end-systolic (OS) diameters according to the 
following formula: 

DD - DS 0 

DD X 100 = FS( Yo) 

In addition, septal and posterior wall thick­
ness at the time of end-diastole and the velocity 
of circumferential shortening (V cPmaJ were 
calculated. End-diastolic left ventricular dimen­
sion (00) was measured at the peak of the R­
wave and end-diastolic dimension at the time 
point of aortic valve closure. From the difference 
between the time of end-systolic diameter (t­
OS) and the time of mitral valve opening (t­
MO) the interval (t-OS) - (t-MO) was calcula­
ted. The change in regional dimension during 
isovolumic relaxation (OIVR) was measured as 
the difference between the left ventricular 
dimension at the time point of aortic valve 
closure (A2) and that at mitral valve opening. 
The dimensional increase during left ventricular 
filling (OLVF) was measured as the dimensional 
increase from the time point of mitral valve 
opening to the peak of the following R-wave. 
The peak rate of diastolic posterior wall thin­
ning in mrn!second was calculated as dPW minI 
dt. Cardiac output and pulmonary artery pres­
sures were measured with a Swan-Ganz ther­
modilution catheter advanced to the pulmonary 
artery. Cardiac output was measured in tripli­
cate by thermodilution. Pulmonary artery pres­
sure measurements were based on the analysis of 
five consecutive cycles. Arterial blood pressure 
was taken from cuff manometer. Exercise was 
performed on a braked bicycle ergometer with 
the patient supine. Maximal work rate in the 
individual patient was calculated by summing 
the work rate in kmp/min (W) of each exercise 
step achieved. 

l. Isovolumic relaxation (IVR), from closure 
of the aortic valve (AOC/ A2) to opening of 
the mitral valve. 

2. The rapid filling phase (RFP), from opening 
of the mitral valve to the end of the rapid 
early diastolic diameter increase, defined as 
the time when the peak rate of dimension 
had increased to 50% of the maximum. 
Thus, a calculation of the duration of RFP 
(t-RF) and the diameter change during RFP 
(ORP) was possible. 

Results 

DIASTOLIC FUNCTION IN DIFFERENT 
FORMS OF HYPERTROPHY 
Left ventricular diameter-time curves in control 
subjects and patients with pressure-overload are 
shown in Figure 26-1A. It is obvious that the 
IVR time is prolonged in HOCM. There is a 
very early diameter increase at the expense of 
that during RFP. The duration of the RFP was 
decreased, but not significantly prolonged in 
patients with HCM. Almost identical changes 
were observed in patients with CPO compared 
to control subjecrs (Figure 26-18). 

The mean values for all groups are demon­
strated in Figure 26-2, which shows that the 
duration of isovolumic relaxation was signi­
ficantly increased in both HOCM and CPo. 
Ouring the RFP, (Figure 26-3A), the duration 
and diameter change were significantly reduced 
compared to normals. No alterations were 
observed during the slow filling phase and atrial 
contraction (Figure 26-3B) .. 

ACUTE EFFECT OF VERAPAMIL ON 
DIASTOLIC FUNCTION 
To test the hypothesis that verapamil has 
favorable effects on diastolic function of the left 
ventricle, the effect of intravenous verapamil on 
global and regional left ventricular relaxation 
and filling was examined in 11 patients with 
HCM and in 14 patients with left ventricular 
hypertrophy due to arterial hypertension (CPO) 
by the use of echocardiography and phonocardio­
graphy. While parameters of systolic function 
such as heart rate, blood pressure, end-systolic 
dimension, and fractional shortening were not 
altered in patients with HCM after 0.15 mg/kg 
of intravenous verapamil, IVR and the change 
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FIGURE 26-1. Left ventricular (LV) diameter-time 
curves for normal subjects, a patient with hyper­
trophie obstructive cardiomyopathy (HOCM) (A), 
and a patient with chronic pressure overload (CPO) 
(B). ERFP = early rapid filling phase; ESFP = LI 
dD ACP = L2; dD SEP = L3; dD DSMO = L4 . LI 
end diastolic filling period; L2 diameter change 
during atrial contraction; L3 diameter change during 
slow filling phase; L4 diameter change from end­
systolic diameter to mitral opening. 
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FIGURE 26-2. Duration of isovolumic relaxation for 
all groups. HOCM = hypertrophie obstructive car­
diomyopathy; CPO = chronic pressure overload; 
tDS-MO = LI; dD DS-Mo = L2 ; NS = not signi­
ficant. LI time from end systolic diameter to mitral 
opening; L2 diameter change from end systolic to 
mitral opening. 
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FIGURE 26-3 . Data on the rapid (A) and slow (B) filling phase for all groups. HOCM = chronic obstructive 
hypertrophie cardiomyopathy CPO = chronic press ure overload; t RFP = LI; ßD RFP = L2; t SFP = L3; ßD 
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FIGURE 26--4. Influence of verapamil on isovolumic 
relaxation period (IVR), change in regional (reg.) left 
ventricular (LV) dimension, and peak posterior wall­
thinning rate (A); as weil as on other LV filling 
parameters (B). 

in dimension during IVR were decreased signi­
ficantly and the posterior wall thinning rate was 
increased (Figure 26-4A). Totalleft ventricular 
filling time, regional and global dimension in­
creased slightly, but significantly during left ven­
tricular filling (Figure 26-4B). Similar changes 
were observed in patients with CPO (Figure 
26-5A, B). 

EFFECTS OF CHRONIC 
VERAPAMIL ADMINISTRATION 
The results of the acute administration of 
verapamil formed the basis for a furt her study 
evaluating the effeet of chronic high-dose vera­
pamil administration on left ventricular perfor­
mance at rest and during exercise in 18 patients 
with hypertrophie cardiomyopathy (see Patient 
Population). The mean resting intraventricular 
gradient was 53 ± 21 mm Hg and after pro­
vocation 95 ± 49 mm Hg. Before the study, 
medication was stopped for at least 3 days. After 
baseline measurements, verapamil 40 mg three 
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times daily was initiated and increased to a 
maximum of 120 mg six times daily. Repeat 
hemodynamic investigation was performed at an 
average treatment duration of 7 weeks and was 
done 2 hours after the morning dose. The results 
are shown in Figures 26-6 and 26-7. Heart rate 
decreased significantly during rest and maxi­
mum exercise in comparison with baseline, as 
was observed for mean aterial press ure and 
systemic vascular resistance during exercise. 
Stroke volume index increased at rest and 
during maximum exercise. As a consequence of 
the improvement of diastolic filling, pulmonary 
artery end-diastolic pressure was lower in com­
parison with baseline (24 vs . 32 mm Hg) (see 
Figure 26-7), and pulmonary vascular resistance 
was also lower at maximum exercise. The maxi­
mum work rate was improved by about 25 % 
from an average of 626 to 779W. 

Discussion 
The study of patients with different forms of left 
ventricular hypertrophy has shown that primary 
(HCM) and secondary hypertrophy (CPO) are 
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both aeeompanied by impairment of left ventri­
eular diastolie funetion {6} in terms in a pro­
longation of left ventrieular relaxation time. 
This is aeeompanied by an abnormal inerease of 
regional diameter during relaxation eompared to 
healthy patients. Thus, abnormal relaxation is 
nonspeeifie for HCM, but appears co be due co a 
pathologie hypertrophie proeess in the myoear­
dium independent of its eause. 

Previous studies from our own laboratory {2}, 
evaluating the exereise hemodynamies of highly 
trained athletes, showed no abnormal inerease of 
pulmonary end-diastolie pressure as a marker of 
impaired left ventrieular diastolie funetion. 

In the study of acute effeets of verapamil on 
prolonged IVR in patients with HCM and CPO 
{7}, signifieant shortening of IVR and an 
inereased rate of left ventrieular filling were 
observed and were assoeiated with a sm aller 
inerease in regional ventrieular dimension dur­
ing IVR eompared co the measurement before 
verapamil. These ehanges are an expression of 
the improvement in global and regional left 
ventrieular relaxation. None of the extramyo­
eardial determinants of relaxation, such as heart 
rate, systolie pressure, systolie volume, and left 
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FIGURE 26-5 . Effect of verapamil on global (A) and 
regional (B) left ventricular filling in arterial hyper­
tension. Abbreviations as in Figure 26-4. 

atrial pressure {1, 10-14} were alte red following 
the administration of verapamil either in HCM 
or in CPO. Thus, the benefieial effects of 
verapamil on diascolic funetion are not related co 
the speeifie anatomie features of HOCM and 
HCM. 

Experimental studies suggest that impaired 
relaxation of the heart muscle may be eaused by 
a depletion of high-energy phosphate reserves in 
the heart muscle due to hypoxia- or isehemia 
{3, 15}. In fact, thallium seintigrams of patients 
with hypertrophie eardiomyopathy in our own 
laboratory exhibited reversible defeets {l6}. 

The findings of an inerease in regional left 
ventrieular diameter change during IVR in left 
ventrieular hypertrophy eompared to normal is 
in aeeordanee with the angiographie findings of 
Sanderson and eoworkers {lO}, who observed an 
early geometrie alteration of the base of the left 
ventricle during relaxation, suggesting regional 
dyssynehrony of eontraetion and relaxation in 
HCM. The suggestion that a pathologie type of 
hypertrophy, independent of its eause, 1S ae-
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FlGURE 26-6. Hemodynamic parameters at rest and 
at peak exercise before and after long-term (7 weeks) 
verapamil (V) therapy. C = control subjects; n.s. 
not significant. 

companied by an impairment of IVR, and dia­
stolic filling is also underlined by the results of 
Spirito and associates [17]. They found a pro­
gressive increase in the time from minimum left 
ventricular dimension to mitral valve opening 
from mild to severe left ventricular hypertrophy 
compared to normal subjects. Panidis and 
colleagues [18} added an interesting observation 
regarding three patients with apical HCM, in 
whom they showed abnormalities of peak filling 
rate and disturbed systolic function in terms of a 
decrease of left ventricular ejection fraction 
during exercise in this variant of HCM. 

Long-term therapy (7 weeks) with oral vera­
pamil in HCM patients {8} showed a beneficial 
effect on left ventricular hemodynamics at rest 
and during exercise . Whereas left ventricular 
systolic performance in terms of stroke volume 
index improved at rest and at maximal exercise, 
pulmonary artery end-diastolic pressure de-
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FIGURE 2(r.7. Hemodynamic parameters at rest and 
at peak exercise before and after long-term (7 weeks) 
verapmil (V) therapy. C = control subjects; n.s . = 
not significant. 

creased during maximal exercise by 33% com­
pared with baseline. The improvement in 
systolic function is certainly, in part, a conse­
quence of the vasodilating action of verapamil, 
as pointed out by other investigators {19, 20}. 
Similar observations as in our study have been 
obtained by Chatterjee and coworkers {21} and 
Bonow and associates {22}. Exercise perfor­
mance was increased significantly, probably due 
to a fall in pulmonary pressures during exercise, 
which may have resulted in an amelioration of 
dyspnea. 

The efffects of verapamil in terms of improve­
ment of left ventricular relaxation are suggested 
by a shortened IVR, an increased rate of left 
ventricular filling, and the increased velocity of 
left ventricular wall thinning. The significant 
reduction of heart rate during exercise may have 
contributed to the relief of subendocardial 
ischemia. Favorable effects of high-dose, long-
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term verapamil therapy in HCM on left ventri­
cular hemodynamics and exercise capacity have 
also been reported by Spicer and coworkers (23}. 
In 32 patients with HCM treated for an average 
of 13 ± 6 months, a significant decrease in the 
septa1l1eft ventricular posterior wall-thickness 
ratio and a significant shortening of IVR were 
noted. These alterations were accompanied by 
marked symptomatic improvement in terms of 
relief of dyspnea and angina as well as dizziness, 
whereas syncope was not affected. 

As a consequence of these favorable experi­
ences with the short- and long-term administra­
tion of verapamil, this calcium channel blocker 
is now used widely for the therapy of HCM. 
Controversial results with another calcium 
channel blocker, nifedipine, have been reported. 
Although Lorell and associates (24} observed in 
an echocardiographic study an improvement of 
diastolic function in terms of a downward shift 
of the left ventricular diastolic pressure-volume 
curve in the presence of unaltered left ventricu­
lar systolic and diastolic dimensions after the 
administration of nifedipine, Betocchi and col­
leagues (25} could not demonstrate any bene­
ficial effect on left ventricular outflow tract 
obstruction and diastolic function. They ob­
served, in contrast, in patients with normal 
pulmonary arterial wedge pressures and/or signi­
ficant left ventricular outflow tract gradients a 
deterioration following nifedipine. Cserhalmi 
and coworkers (26}, however, found a significant 
reduction in the A/H-ratio in the apexcardio­
gram and symptomatic improvement following 
nifedipine and propranolol. Kurnik and asso­
ciates (27} found no influence of nifedipine on 
myocardial stiffness and elastic stiffness in a 
micromanometric press ure and ventriculographic 
study 30 minutes after administration of nifedi­
pine. They proposed, however, that in those 
patients with signs of ischemia, nifedipine may 
improve left ventricular diastolic filling. 

Thus, it may be reasonable to suggest that, 
depending on the intrinsic properties of the 
particular calcium channel blocking drug on the 
myocardium and on the peripheral circulation, 
differences may exist between the individual 
compounds of this category. Recendy, Suwa 
and coworkers (28} found with diltiazem that 
IVR and the time to peak velocity of circum­
ferential fiber shortening during diastole de­
creased significandy in patients with HCM, and 
rthe peak velocity of fiber shortening was en­
hanced, whereas the beta-blocker propranolol 

had no effect in the same patient population. 
Therefore, further studies will need to elucidate 
the particular properties of the different calcium 
channel blocking drugs on systolic and diastolic 
function in cardiac hypertrophy. 

Summary: To test the hypothesis that impair­
ment of diastolic function is not a pathogno­
monic feature ofHCM, but also present in path­
ologic, secondary cardiomyopathy, 76 patients 
were studied by use of echocardiography and 
phonocardiography, and a semiautomatic analy­
sis of the diametertime course. Because calcium 
channel blockers like verapamil result in a re­
laxation of smooth musc1e and myocardial 
musc1e, the acute effect of 0.15 mg/kg intra­
venous verapamil was examined in 11 patients 
with HCM diagnosed by echocardiographic, 
hemodynamic, and angiographic criteria. Final­
ly, the effect of chronic verapamil therapy (40 
mg three times daily increasing up to 120 mg 
four times daily) on left ventricular hemo­
dynamics at rest during exercise, and on exercise 
capacity was examined in 18 patients with 
HCM. 

IVR was increased significandy in both 
HOCM and CPO compared to normal subjects 
and was accompanied by an abnormal increase in 
left ventricular diameter during relaxation. 
During the absolute and relative rapid filling 
phase, the left ventricular diameter increase was 
reduced compared to the control population. 
Thus, impaired diastolic function in terms of 
prolonged isovolumic relaxation seems to be a 
uniform feature of pathologic left ventricular 
hypertrophy, independent of i ts cause. 

Prolonged left ventricular IVR was shortened 
significandy following the intravenous adminis­
tration of verapamil. This was accompanied by 
a smaller increase in regional left ventricular 
dimension during left ventricular relaxation, 
while the peak rate of posterior wall thinning, as 
weIl as the change in left ventricular dimension 
during the left ventricular filling period and the 
duration of the relative filling period increased 
significandy. Left ventricular hemodynamics at 
rest and during exercise after 7 weeks of oral 
verapamil therapy showed a 33% decrease of 
pulmonary artery end-diastolic pressure during 
maximal exercise (mean 32 mm Hg to 24 mm 
Hg p < 0.001), accompanied by an increase in 
the stroke volume index. Exercise capacity also 
improved significandy. 

From these studies, 'it is conc1uded that vera­
pamil, the prototype calcium channel blocking 
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drug, is an effective therapeutic agent for 
patients with primary and secondary left ven­
tricular hypertrophy. Its effects include en­
hanced diastolic function, improved systolic 
function with reduction of the left ventricular 
outflow tract obstruction, and increase in exer­
eise capacity with reduction of symptoms. Be­
cause controversial results have been reported 
about the effect of nifedipine on diastolic func­
tion, left ventricular hemodynamics, and clini­
cal symptoms, further studies are needed to 

elucidate the particular properties of different 
calcium channel blockers 10 left ventricular 
hypertrophy. 
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27. FAllURE OF INACTIVATION OF 
HYPERTROPHIED MYOCARDIUM: 

A CAUSE OF IMPAIRED LEFT 
VENTRICULAR FILLING IN 

HYPERTROPHIC CARDIOMYOPATHY 
AND AORTIC STENOSIS 

Walter J. Paulus, Stanislas U. Sys, Paul Nellens, Guy R. Heyndrickx, 

and Eric Andries 

Impaired left ventricular filling has been obser­
ved in hypertrophie cardiomyopathy (1-5} and 
in pressure overload hypertrophy (1, 4, 6-12}. 
This impairment oE. left ventricular filling has 
been related to slow left ventricular press ure 
decay (13, 14}, which prolongs isovolumic re­
laxation and impedes left ventricular inflow (15, 
16}. A slow left ventricular pressure decay, per­
sisting into the left ventricular filling phase can 
be explained by a failure of myocardial inactiva­
tion {17, 18}, which causes incomplete myo­
plasmic calcium reuptake and favors persistent 
diastolic cross-bridge interaction and contractile 
tension generation. A failure of myocardial in­
activation of the hypertrophied left ventricle 
could be induced by a shift of certain critical 
proteins involved in excitation-contraction coup­
ling towards isomerie forms with slower enzyme 
kinetics and an altered calcium sensitivity (19, 
20}. 

Calcium channel blocking agents improve 
left ventricular isovolumic pressure decay and 
filling dynamics in hypertrophie cardiomyo­
pathy (5, 13, 17}, possibly by correcting a myo­
cardial calcium-overload state (21-23}, which 
could result from an im balance between myo-

Grossman, William, and LorelI, Beverly H. (edJ.), DiaJtolic 
Relaxation 0/ the Heart. Copyright © 1987. MartinuJ Nijhoff 
PubliJhing. All rightJ reJerved. 

plasmic calcium influx and deficient myoplas­
mic calcium reuptake. To furt her evaluate a 
failure of myocardial inactivation as a cause of 
impaired relaxation and filling of the hyper­
trophied left ventricle, we investigated the in­
fluence of post-extrasystolic potentiation on left 
ventricular relaxation in aortic stenosis and 
hypertrophie cardiomyopathy. Apremature con­
traction increases calcium influx, which aug­
ments calcium availability at the contractile 
sites and causes postextrasystolic potentiation 
(24}. The effect of postextrasystolic potentiation 
on left ventricular relaxation appears to be the 
sum of opposing influences; namely, increased 
intracellar calcium, wh ich delays left ventricular 
relaxation, and smaller end-systolic dimensions 
and load, which enhance left ventricular relaxa­
tion. In the intact dog heart, these opposing 
influences counterbalance, resulting in no over­
all effect of postextrasystolic potentiation on left 
ventricular relaxation (25}. In humans, the 
results are conflicting: in coronary artery disease 
patients, isovolumic and early diastolic left 
ventricular pressure decay were significantly 
slower after postextrasystolic potentiation (26}, 
whereas in noncoronary artery disease patients 
there was no relation between postextrasystolic 
potentiation of contractility and postextrasysto­
lic isovolumic pressure decline (27}. In our 
studies, postextrasystolic potentiation affected 

291 
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left ventrieular isovolumie press ure deeay, left 
ventricular diastolie pressure waveforms, and 
left ventrieular filling dynamies differently in 
patients with pressure-overload hypertrophy or 
hypertrophie eardiomyopathy in eomparison 
with normal eontrol subjeets. 

Isovolumie Left Ventrieular Pressure 
Deeay and Diastolie Le/t 
Ventrieular Pressure-Wave Forms in 
Hypertrophie Cardiomyopathy and 
Pressure-Overload H ypertrophy 
Left ventricular isovolumie relaxation and filling 
dynamies of hypertrophie eardiomyopathy and 
pressure-overload hypertrophy have been analy­
zed by curve fits to isovolumie left ventrieular 
pressure data points to derive a time constant of 
pressure deeay {13, 14, 28, 29}, by sequential 
analysis of diastolie left ventrieular eavity 
volurnes using contrast or radionuclide left ven­
trieular angiograms {2, 5, 12}, by ealculation of 
left ventricular internal dimension lengthening 
or posterior wall-thinning rates from left ventri­
cular eehoeardiograms {3, 4, 6-1l} and by mea­
surement of early diastolie peak flow velocity 
and deeeleration from Doppler mitral flow 
velocity reeordings {30, 31}. 

A single time eonstant derived from a mono­
exponential eurve fit was originally used as an 
afterload independent index of isovolumie left 
ventricular press ure deeay in anesthetized dogs 
{32}. Subsequently, however, the time eonstant 
of isovolumie left ventricular pressure deeay was 
found to be dependent on left ventrieular after­
load in a similar experimental preparation (33, 
34}. Moreover, several mathematieal pit-falls 
and coneeptual problems arose when ealculating 
a time constant of isovolumie left ventrieular 
pressure deeay, espeeially in hypertrophie ear­
diomyopathy and in aortie stenosis {14, 29, 
35}. These problems included: 

1. Deviations from an exponential deeay of 
the isovolumie left ventricular relaxation pres­
sure in hypertrophie eardiomyopathy and aortie 
stenosis. When a variable (e.g., left ventricular 
pressure) deeays exponentially, its first deriva­
tive (e.g., dp/dt) must follow a course that is 
also exponential but of opposite eonvexity. In 
many patients with hypertrophie eardiomyo­
pathy (Figure 27-1) or aortie stenosis (Figure 

27-2), the upper portion of isovolumie left ven­
trieular press ure deeay does not follow an ex­
ponential course beeause the eorresponding 
portion of the negative dp/dt signal is linear 
or has a convexity equal to the left ventricular 
press ure deeay. Similar findings have been 
reported during eoronary oeclusion and after 
intraeoronary isoproterenol infusion {36, 37}. 
Ta overeome the problem of deviations from a 
monoexponential deeay and to improve on the 
eurve fit's eorrelation coeffieient, a biexponential 
curve fit with an infleetion point at 40 msee was 
proposed {38}, the eoneept of a nonzero asymp­
tote of the exponential deeay was introdueed 
{39}, or more elaborate fitting proeedures such 
as polynomial methods were used {17}. 

2. The lack of an exaet marker on the left 
ventricular press ure signal of the starting point 
of the isovolumie relaxation period. Digitization 
of isovolumie left ventrieular pressure data 
points usually starts at peak negative dp/dt, 
wh ich is assumed to eorrespond to the onset of 
the isovolumie relaxation period. In many eases 
of aortie stenosis and hypertrophie eardiomyo­
pathy, peak negative dpl dt does not appear as a 
sharp infleetion but rat her as aseries of tran­
sients with a peak value sometimes oeeurring at 
the beginning and sometimes at the end of the 
seC/es. 

3. Variable endpoints to the eurve fits used 
to ealculate the time eonstant of isovolumie left 
ventricular press ure deeay. Time eonstants of 
isovolumie left ventrieular pressure deeay have 
been ealculated using as endpoint either a left 
ventrieular pressure whieh equaled left ventri­
eular end-diastolie press ure plus 10 mm Hg, or 
a left ventricular pressure whieh equaled the v 
wave of a pulmonary eapillary wedge or left 
atrial pressure traeing. Shifting the end point of 
the eurve fit, however, greatly alters the value of 
the time eonstant of isovolumie left ventricular 
pressure deeay {40}. These findings are relevant 
to hypertrophie eardiomyopathy and aortie 
stenosis, in whieh left ventricular end-diastolie 
press ure is high beeause of redueed left ventri­
cular complianee and in whieh aeeompanying 
mitral regurgitation eould shorten the isovolu­
mie relaxation period. 

In our studies (Tables 27-1, 27-2), left ven­
trieular pressure was digitized from a point 
corresponding to the last peak of the negative 
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FIGURE 27-1. Eleetroeardiogram, left ventrieular mieromanometer-tip-eatheter pressure traeing and its first 
derivative (dp/dt) recorded in a patient with a nonobstruetive form of hypertrophie eardiomyopathy (HCM) 
during normal sinus rhythm (upper panel) and after apremature ventrieular beat (/ower panel). During normal 
sinus rhythm and espeeially after the potentiated beat (second beat 01 the lower panel), the diastolie pressure has an 
abnormal waveform with persistent deeay throughout early and mid-diascole and a minimum diascolie 
pressure, whieh oeeurs just before the onset of the following "a" wave. After the potentiated beat, the diastolie 
pressure waveform beeomes more abnormal with an earlier transition from fase to slow left ventrieular pressure 
deeay. During regular sinus rhythm, the terminal portion of the negative dp/dt signal has a downward 
convexity implying nonexponential deeay of ehe corresponding portion of the left ventrieular pressure signal. 
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FIGURE 27-2. Electrocardiogram, systemic arrerial pressure (upper panel), left ventricular micromanometer­
tip-catheter pressure and its first derivative (dp/dt) (lower panel) recorded in a patient with critical a~rric stenosis 
(AS) (A V A = Aortic valve area = 0.3 cm2) during regular sinus rhythm (upper panel) and after apremature 
ventricular beat (lower panel). The terminal portion of the negative dp/dt signal rises linearly implying non­
exponential decay of the corresponding portion of the left ventricular pressure signal. Peak negative dp/dt does 
not appear as a single sharp inflection but rather as aseries of transients. The time constant analysis was started 
not at the lowest value of the negative dp/dt signal but after the series of transients. After postextrasystolic 
potentiation, the diastolic press ure waveform shifts to an abnormal morphology without a fast-filling wave but 
with persistent slow pressure decay into late diastole (arrow). 

dp/dt signal to a left ventricular press ure value 
which equaled left ventricular end-diastolic 
press ure . A biexponential curve fit was used 
with an inflection point, which could be moved 
in the interval ranging from 30 to 50 msec past 

the starting point of the analysis. The inflection 
point was moved to optimize the correlation 
coefficient of both segments of the biexponential 
curve fit. Such a partitioning of the curve fit into 
two segments allows separation of an upper part 
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TABLE 27-1. Comparison of Hemodynamic Indices ofLeft Ventricular Relaxation in Controls, 
Hypertrophie Cardiomyopathy, and Pressure-OverIoad Hyperrrophy Induced by Aorric Stenosis' 

Control 

Tl (msec) 46.0 ± 1.3(n = 8) 
(38) 

T2 (msec) 40.1 ± 3.0 (n = 8) 
(38) 

<j> (degrees) 71.4 ± 6.4 (n = 11) 

a Values given are mean ± standard error of the mean. 
b p 0.01 vs. eontrol. 

HCM(n = 12) AS (n = 12) 

55.2 ± 8.1 b 53.1 ± 5.6b 

51.6 ± 7.0b 45.8 ± 3.9b 

40.9 ± 7.2b 38.9 ± 5.0b 

HCM = hypertrophie eardiomyopathy; AS = aortie stenosis; TI = time constant of left ventricular pressure deeay from peak negative 
dp/dt to 40 msee after peak negative dp/dt; T2 = time constant of left ventrieular press ure deeay from 40 msee after peak negative dpldt to 
apressure on the downslope equal ro left ventricular end-diastolie pressure; <I> = phase of the first Fourier harmonie of the left ventricular 
diastolic press ure wave. 

TABLE 27-2. Influence ofPostextrasystolic Potentiation on Hemodynamic 
and Doppler-Echocardiographic Left Ventricular Relaxation Indices' 

HCM(NSR) HCM(PESP) AS(NSR) AS (PESP) 

Tl (n = 12) (msec) 
T2 (n = 12) (msec) 

55.2±8.1 53.7±6.8 53.1 ± 5.6 70.4 ± 5.4( 
51.6 ± 7.0 54.8 ± 7.1 45.8 ± 3.9 57.9 ± 3.3c 

<j> (n = 12) (degrees) 40.9 ± 7.2 21.1 ± 6.5b 38.9 ± 5.0 23.1 ± 4.5c 

HCM and AS (NSR) HCM and AS (PESP) 
PFVE (n = 11) (mIsec) 
DEF (n = 11) (m/sec2) 

0.63 ± 0.20 
5.5 ± 0.6 

0.54 ± 0.06b 

3.7 ± 0.7b 

HCM = hypertrophie eardiomyopachy; AS = aortie stenosis; TI, T2, and <I> = time eonstants of upper (TI) and lower (T2) parts of the left 
ventrieular pressure deeay, phase (<1» of the first Fourier harmonie of the left ventrieular diastolie pressure wave; PFVE = peak flow velocity 
in early diastolie; DEF = Deeeieration of early diastolie flow . 
• Values given are mean ± SEM. 
b P < 0.05 vs. NSR. 
, P < 0.01 vs. NSR. 

of left ventrieular pressure deeay, whieh tends to 
deviate from an exponential course in hyper­
trophie eardiomyopathy and aortie stenosis, 
from a lower part, whieh follows an exponential 
decline. Left ventrieular pressure deeay was 
digitized and analyzed up to a left ventrieular 
press ure that equaled left ventrieular end diasto­
lie press ure . By ehoosing this end point, the 
analysis of time eonstants of left ventrieular 
press ure deeay is in continuity with the Fourier 
transform, whieh was applied to the diastolie 
left ventrieular pressure data points. This end 
point is easily definable but fails to separate 
isovolumie left ventrieular pressure data points 
from pressure data points reeorded during left 
ventrieular inflow. This distinetion, however, 
lacks physiologie signifieanee at the myoeardial 
level. Myoeardial relaxation does not proeeed 
isometrieally during the isovolumie relaxation 
period beeause of left ventrieular shape ehanges 
[4l}, whieh alter myoeardial wall tension and 

beeause of the recoil of series elastic elements 
[42} such as interealated dises (43) or eonneetive 
tissue. In our studies the time eonstants (Tl and 
T2) of both segments of a biexponential curve fit 
to left ventrieular press ure deeay were signifi­
eantly larger in patients with hypertrophie 
eardiomyopathy and aortie stenosis eompared to 
control subjeets (see Table 27-1). An optimal 
eorrelation coeffieient (r > 0.99) was always 
aehieved for T2. The eorrelation eoeffieient of 
Tl was lower in hypertrophie eardiomyopathy 
(r > 0.97) and in aortie stenosis (r > 0.98) 
beeause of deviations from an exponential course 
of the upper part of left ventricular pressure 
deeay. 

Diastolie left ventrieular press ure waveforms 
have reeeived less attention and have not been 
assessed quantitatively despite previous reports 
of an abnormal pattern of diastolie left ventri­
eular press ure wave form in some patients with 
hypertrophie eardiomyopathy [13, 14, l7}. 
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FIGURE 27-3. Left ventricular (LV) micromanometer-tip-catheter pressure and M-mode echocardiograms 
recorded in a patient with critical aortic stenosis (AS) (AVA = aortic valve area = 0.5 cm2). The upper left 
panel shows electrocardiogram, systemic arterial (AO) and LV micromanometer-tip-pressures during regular 
sinus rhythm. The upper right panel shows a large-scale, fast-paper-speed recording of the diastolic LV pressure 
waves, wh ich show a persistent decay into late diastole and a point of minimum diastolic LV pressure just prior 
to the "a" wave of the following beat. The small arrow marks the transition on the LV pressure tracing from fast 
to slow pressure decay. This transition is consistent with incomplete myocardial relaxation, possibly related to 
altered calcium sensitivity of proteins involved in myocardial calcium reuptake. The lower left panel shows LV 
press ure and M-mode echocardiogram during regular sinus rhythm. During the abnormal early and mid­
diastolic LV pressure decay there is no septal wall thinning and litde posterior wall thinning. The larger part of 
lengthening of left ventricular internal dimension is caused by the atrial contraction. The lower right panel 
shows apremature beat and the first and second postextrasystolic beat. During the diastole which immediately 
follows the premature beat, the diastolic LV pressure wave returns to anormal configuration and early diastolic 
septal and posterior wall thinning reappears. After the first potentiated beat, the diastolic wave returns to an 
abnormal waveform with a persistent decay into late diastole and a small mid-diastolic LV pressure rise 
superimposed on it. The latter occurs in the absence of any posterior wall thinning, and is suggestive of a 
diastolic aftercontraction, wh ich has been observed in experimental pressure-overload hypertrophy of the ferret 
(19). 

This pressure wave persistently declined into 
mid-diastole without a fast early-diastolic filling 
phase (see Figure 27-1). Such a slow decay of 
left ventricular pressure persisting into mid­
diastole supports the concept of left ventricu-

lar inflow obstruction in hypertrophie cardio­
myopathy {l5} and explains the decreased peak 
left ventricular filling rate and the prolonged 
time to peak left ventricular filling {l-5}. Ir 
remained unclear whether such persistent early 
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diastolie left ventrieular press ure deeay was 
speeifie to hypertrophie eardiomyopathy as a 
eause of impaired left ventrieular filling. We 
reeently observed similar abnormal early dia­
stolie pressure waveforms in patients with 
pressure-overload hypertrophy eaused by aortie 
stenosis (Figure 27-3). This slow early diastolie 
pressure decline explains the previously reported 
reduction of peak left ventrieular filling rate and 
prolongation of time to peak left ventricular 
filling, whieh were observed in pressure-over­
load hypertrophy eaused by aortie stenosis 
{l, 12}. 

The diastolie pressure waveform was quanti­
tatively assessed by Fourier transform of the 
diastolie pressure signal in aseries of normal 
control subjeets and in patients with aortie 
stenosis and hypertrophie eardiomyopathy. Dia­
stolie left ventricular press ure was digitized 
from the end point of the time constant analy­
sis (a press ure on the deseending limb of the 
left ventricular pressure wave equal to left 
ventrieular end-diastolie press ure) to left ven­
trieular end-diastolie pressure. The digitized 
diastolie left ventrieular pressure da ta points 
were subsequently proeessed by Fourier trans­
form. These boundaries of the diastolie pressure 
wave provided an equal starting point and end 
point for the Fourier transform. This turned the 
diastolie pressure wave into a eontinuous vari­
able and avoided diseontinuities, whieh would 
have indueed a loss of resolution of the Fourier 
transform. The phase of the first Fourier har­
monie was an adequate diseriminant between 
diastolie left ventrieular pressure waves reeorded' 
in normal control subjeets and in patients with 
hypertrophie eardiomyopathy or pressure-over­
load hypertrophy eaused by aortie stenosis. The 
slower the early diastolie left ventricular pres­
sure deeay, the lower the value of the phase of 
the first Fourier harmonie. Patients with hyper­
trophie eardiomyopathy or aortie stenosis had a 
signifieantly lower phase value than normal 
control subjects (see Table 27-1). However, 
patients with the lowest phase values did not 
have the longest time constants and the phase of 
the first Fourier harmonie was not signifieantly 
correlated with the time eonstants of left ventri­
cular press ure deeay. Ir therefore appears that 
the rate of left ventricular relaxation and the 
completeness of left ventricular relaxation are 
not neeessarily equally disturbed in hyper­
trophie eardiomyopathy and aortie stenosis. 

A similar dissoeiation between rate and 

extent of left ventrieular relaxation has been 
observed in paeing-indueed isehemia in dogs 
with eoronary stenoses after eaffeine adminis­
tration [44}. Caffeine administration during 
paeing isehemia failed to furt her prolong the 
time eonstant of isovolumie left ventricular 
pressure deeay, but eaused marked upward 
shifting of the diastolie left ventrieular pressure­
volume relation suggestive of persistent dia­
stolie cross-bridge interaction eaused by in­
eomplete muscle inaetivation [45}. Such a 
dissoeiation between rate and extent of left 
ventrieular relaxation eould be explained by 
different effeets of isehemia and of hypertrophy 
on enzyme kineties or on calcium sensitivity of 
eertain eritieal proteins involved in exeitation­
contraction eoupling [20}. When diastolie left 
ventrieular press ure deeay persists into mid­
diastole (see Figures 27-1, 27-3), an infleetion 
point appears on the downslope of the left ven­
tricular press ure reeording, whieh separates an 
upper segment of fast left ventricular pressure 
deeay from a lower segment of slow left ventri­
eular press ure deeay (see arrow in upper right 
panel of Figure 27-3). On simultaneous miero­
manometer reeordings of left ventrieular pres­
sure and Doppler flow reeordings aeross the 
mitral valve, the infleetion point (see thin arrow 
in the last beat of Figure 27-4) appears to be 
unrelated to left ventricular inflow, whieh starts 
earlier, and is therefore unrelated to altered 
viseoelastie properties [46, 47} eaused by left 
ventrieular expansion. The infleetion point more 
likely marks the transition from slow to ineom­
pIe te left ventricular relaxation. The former may 
be explained by slower enzyme kineties, the 
latter by altered calcium sensitivity of eertain 
proteins involved in exeitation-contraetion 
eoupling. 

Postextrasystolie Potentiation Reveals 
Failure 01 Myoeardial Inaetivation in 
Hypertrophie Cardiomyopathy and 
Pressure Overload H ypertrophy 
To evaluate a failure of myoeardial inaetivation 
as a eause of impaired relaxation and filling of 
the hypertrophied left ventricle, we investigated 
the influenee of postextrasystolie potentiation on 
left ventrieular relaxation in hypertrophie ear­
diomyopathy and pressure-overload hypertrophy. 
Apremature eardiae contraetion augments myo-
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FIGURE 27-4 . Left ventricular micromanometer-tip-catheter pressure , dp/dt and Doppler echocardiographic 
mitral-valve flow velocity recorded in a patient with severe aortic stenosis (AS) (AVA = aortic valve area = 0.4 
cm2) . The tracings are recorded during two runs of three premature beats, wh ich are separated by three regular 
sinus rhythm beats. During the diastoles, which follow the first postextrasystolic beat (thick arrows), there is 
abnormal LV press ure decay in early diastole, reduced peak early diastoJic mitral flow velocity, and reduced 
deceleration of early diastolic flow. The abnormal early diastoJic LV pressure decay, observed after the first post­
extrasystolic beat , impedes early diastolic LV inflow. The thin arrow on the last beat marks the transition from 
fast to slow pressure decay . This transition is unrelated to mitral inflow, which starts earlier but is probably 
related to biphasic myocardial tension decay . 

cardial calcium influx. This increases activator 
calcium for the following beat and results in 
potentiation of contractile performance (24]. 
The higher myoplasmic calcium content of the 
potentiated beat challenges the calcium reup­
take capacity of the myocardial inactivating 
system and, in the presence of an inactivation 
dependent relaxation pattern, this could result 
in a slow and eventually an incomplete myocar­
dial relaxation. In the intact heart, the effect of 
postextrasystolic potentiation on left ventricular 
relaxation is the sum of opposing influences; 
namely, enhanced inotropic state and altered 
preload or afterload . In anesthetized dogs, there 
is no overall effect of postextrasystolic potentia­
tion on left ventricular relaxation (25]. In 
patients with coronary artery disease postextra­
systolic potentiation slows isovolumic and early 

diastolic left ventricular pressure decay (26], 
whereas in patients without coronary artery 
disease there is no relation between postextra­
systolic potentiation of contractility and post­
extrasystolic isovolumic pressure decline (27]. 

In our studies, postextrasystolic potentiation 
prolonged the time constants Tl and T2 in aor­
tic stenosis but not in hypertrophie cardiomyo­
pathy (see Table 27-2). This difference could 
be accounted for by: 

1. Differences in left ventricular afterload: In 
patients with aortic stenosis, left ventricular 
afterload consists mainly of the resistance of the 
stenotic aortic valve. In patients with hyper­
trophie cardiomyopathy, left ventricular after­
load consists of the arterial impedance in 
nonobstructive forms of hypertrophie cardio-
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myopathy and a late systolic loading increment 
caused by outflow tract obstruction superim­
posed on the arterial impedance in patients with 
an obstructive form of hypertrophie cardiomyo­
pathy. When the left ventricle faces a mainly 
resistive load of a stenotic aortic valve, peak 
myocardial tension occurs earlier in systole at 
the time of peak ejection velocity {48}. In the 
absence of end-systolic loading increments, 
there is no end-systolic im balance between 
myocardial load and myocardial tension genera­
tion and therefore a favorable situation exists in 
aortic stenosis for an inactivation-dependent 
pattern of left ventricular relaxation. Postextra­
systolic potentiation does not alter the resistive 
load of the stenotic aortic valve. After postextra­
systolic potentiation, left ventricular relaxation 
therefore continues to proceed in accordance to 
myocardial inactivation, which is slower because 
of the reuptake of a larger amount of myoplas­
mic calcium after postextrasystolic potentiation. 
Wave reflections {49}, the arte rial capacitance 
{50}, and eventually outflow tract obsttuetion 
{51} cause end-systolic loading increments in 
hypertrophie cardiom.yopathy, which promote 
a load-dependent relaxation pattern of the left 
ventricle. Postextrasystolic potentiation furt her 
augments this end-systolic loading increment 
by a more forceful distention of the large 
arteries, which increases the capacitive com­
ponent of the arterial load, by altering wave 
refleetions and by inereasing outflow tract 
obstruction. This compensates for slower myo­
eardial inaetivation so that the time constants of 
left ventrieular relaxation remain unaltered after 
postextrasystolic potentiation. 

2. The extent of left ventricular hypertrophy: 
in aortic stenosis the left ventricle is uniformly 
hypertrophied, whereas in hypertrophie eardio­
myopathy, left ventricular hypertrophy is vari­
able ranging from limited involvement of the 
basal septum to concentric involvement of the 
left ventricle {52, 53}, In hypertrophie eardio­
myopathy, the normal myocardium can partial­
ly correct for the abnormal relaxation mechanics 
of the hypertrophied portions and offset changes 
of a globalleft ventricular relaxation index like a 
time eonstant of press ure decay. 

After postexrrasystolic potenttatlOn, the 
phase of the first Fourier harmonie was signifi­
cantly increased in patients with aortic stenosis 
and hypertrophie cardiomyopathy but remained 

unaltered in normal control subjects. Small in­
crements of the phase of the first Fourier har­
monie corresponded to slowing of the early 
diastolic left ventricular pressure decay and 
blunting of the fast-filling phase (see Figure 
27-4). Large increments implied a shift of the 
diastolic pressure wave to a waveform with per­
sistent diastolic left ventricular pressure decay, 
an absent fast-filling phase and a minimum 
diastolic pressure, which occurred just before 
the onset of the subsequent a wave (see Figure 
27-1, 27-2). That such incomplete left ventri­
cular relaxation can be induced by postextra­
systolic potentiation is explained by a transient 
failure of myocardial inactivation. This may be 
caused by the increased myoplasmic calcium 
content after postextrasystolic potentiation and 
by alterations of certain critical proteins in­
volved in excitation-contraction coupling that 
developed during the hypertrophy process. The 
excessive systolic load of aortic stenosis causes 
reduced sarcomere shortening, which accelera­
ted the declining phase of the calcium transient 
by increasing the affinity of troponin-C for 
calcium {54}. Such a change of the calcium 
transient could be a signal for induction of 
isoform shifts of certain proteins involved in the 
myocardial activation-inactivation process. 

When larger increments of the phase of the 
first Fourier harmonie were observed after post­
extrasystolic potentiation, the potentiated beat 
was often followed by a transient episode of 
ptilsus alternans {55} (see Figure 27-2). This 
episode of pulsus alternans ean be explained by 
deficient myoplasmie calcium reuptake in the 
diastole that followed the potentiated beat. 
This reduees the amount of aetivator calcium for 
the seeond postextrasystolic beat which there­
fore beeomes the weaker beat of the pulsus 
alternans series. Systolic performance of the 
second postextrasystolic beat was inferior to 
systolic performance during regular sinus rhy­
thm. This implies that incomplete left ventri­
cular relaxation after postextrasystolic potentia­
don is not only related to the increased amount 
of activator calcium after postextrasystolic poten­
tiation but also to a transient depression of the 
calcium reuptake mechanism itself. A transient 
resetting of the calcium sensitivity of the sar­
coplasmic reticular calcium pump could explain 
these findings {56, 57}. 

The abnormal diastolic left ventticular pres­
sure waveform ifter postextrasystolic potentia­
tion raises concern about catheter entrapment, 
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especially at the small end-systolie left ventrieu­
lar volumes whieh are observed during postextra­
systolie potentiation. The following findings 
however argue against eatheter entrapment: 

1. On left ventrieular eavity eehoeardio­
grams reeorded simultaneously with the tip­
mieromanometer left ventrieular pressure signal, 
end-systolie eavity dimensions of the premature 
ventrieular beat and of the potentiated beat were 
equal (see Figure 27-3). Despite equal end­
systolie dimensions, abnormal diastolie left 
ventrieular press ure waveforms were observed 
only after the potentiated beat, and not in the 
diastole that immediately followed the prema­
ture ventrieular eontraetion. This finding argues 
against left ventrieular eatheter entrapment 
caused by small end-systolie left ventrieular 
dimensions as the eause of the abnormal left 
ventrieular press ure waveform after postextra­
systolie potentiation. 

2. Mitral-valve Doppler flow measurements 
reeorded together with the tip-mieromanometer 
left ventrieular press ure signals showed after 
postextrasystolie potentiation a reduction and 
slowing of the early left ventrieular filling phase 
(see Table 27-2). This eoincided with the slow 
early diastolie left ventrieular pressure deeay (see 
Figure 27-4). These simultaneous mitral-valve 
Doppler flow reeordings confirm the funetional 
importanee of the abnormal diastolie left ventri­
eular press ure waveform in terms of left ventri­
eular inflow obstruetion. 

3. Similar diastolie press ure waveforms have 
been reeorded on simultaneous pulmonary eapil­
lary wedge traeings. 

Apart from eatheter entrapment, respiratory 
variations eould influenee the diastolie left ven­
trieular pressure signals. To quantify the in­
fluenee of respiratory variations, the digitized 
data points of the diastoies reeorded during 5 
minutes of eontinuous sinus rhythm and quiet 
respiration were averaged. For eaeh patient the 
average diastole reeorded during regular sinus 
rhythm was subsequently eompared to the dig­
itized data points of diastoies reeorded after 
postextrasystolie potentiation, using statistieal 
rank testing. The influenee of respiratory varia­
tion on the diastolie press ure waveform was 
signifieantly smaller than the alteration in 
diastolie press ure waveform that oeeurred after 
postextrasystolie potentiation. 

Aortic Stenosis: A Modeloflnactivation­
Dependent Relaxation 

Myoeardial relaxation is determined by a dual 
eontrol meehanism, eardiae muscle loading and 
eardiae muscle inaetivation [58}. This hypothe­
sis of a dual control of myoeardial relaxation 
provides a eoneeptual framework but does not 
address the relative importanee of eaeh meehan­
ism as a cause of disturbed left ventrieular 
relaxation observed in eertain pathologie condi­
tions, sueh as hypertrophie eardiomyopathy and 
pressure-overload hypertrophy. Table 27-3 sum­
marizes the influenee of altered left ventrieular 
loading and of altered myoeardial aetivation on 
left ventrieular press ure deeay and filling for the 
normal left ventricle and for the hypertrophied 
left ventricle of hypertrophie eardiomyopathy 
and of pressure-overload hypertrophy indueed 
by aortie stenosis. 

Reducing left ventrieular afterload (see Table 
27-3) reduees the time eonstant of left ventri­
eular press ure deeay of the normal left ventricle 
[33, 34} and of the left ventricle in hypertrophie 
eardiomyopathy [l7}. In aortie stenosis, an 
infusion of nitroprusside suffieient to cause a 
30 mm Hg reduetion of peak left ventrieular 
press ure did not alter the time eonstant of 
isovolumie left ventrieular pressure deeay [59}. 
Load-dependent left ventrieular press ure deeay 
therefore appears to be present in the normalleft 
ventricle and in hypertrophie eardiomyopathy 
but absent in pressure-overload hypertrophy 
eaused by aortie stenosis. The stenotie aortie 
valve imposes a predominantly resistive load on 
the hypertrophied left ventricle and diseonneets 
it from end-systolie loading inerements eaused 
by arterial eapaeitanee or wave refleetions. This 
pattern of left ventrieular loading favors an 
inaetivation-dependent eourse of left ventrieular 
pressure deeay in aortie stenosis. 

Reduetion of left ventrieular afterload im­
proves left ventrieular filling in the normal left 
ventricle and in hypertrophie eardiomyopathy 
[l7} but not in aortie stenosis [59}. This im­
provement of left ventrieular filling in the 
normalleft ventricle and in hypertrophie cardio­
myopathy is explained by the smaller end­
systolie volume, whieh augments internal 
restoring forces or elastie reeoil of the left 
ventrieular wall [58, 60-62}. The presenee of 
elastie reeoil of the left ventrieular wall is 
eonsistent with a load-dependent relaxation 
pattern, whieh makes myoeardial lengthening 
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TABLE 27-3. Influenee of load and aetivation on left ventrieular (LV) press ure 
deeay and filling in hypertrophie eardiomyopathy (HCM) and Aortie Stenosis (AS) 

NML 

Redueing LV afterload T ~ 

PFR i 
Calcium ehannel blocker T ~ 

PFR i 
After PESP T ~ 

PFR ~ 

HCM 

T ~ 

PFR i 
T 

PFR i 
T ~ 

PFR ~ 

~ 

i 

AS 

T ~ 

PFR~ 

T i 
PFR ~ 

(Table 27-2) 

T = rime consranr; PFR = peak filling rare; NML = normal lefr venrricle; PESP = posrexrrasysrolic porenriarion. 

sensitive to the small loading ehanges induced 
by internal restoring forces. The unaltered left 
ventricular filling in aortic stenosis, despite 
smaller end-systolic dimensions during nitro­
prusside infusion, implies that elastic recoil of 
the hypertrophied left ventricular wall does not 
contribute to left ventricular filling. Outward 
wall motion during filling of the hypertrophied 
left ventricle in aortie stenosis is therefore only 
determined by left ventricular inflow, which is a 
function of the instantaneous press ure difference 
between the left atrium and the left ventricle 
{12, 63J. Slow inaetivation-dependent left ven­
tricular press ure decay of the hypertrophied left 
ventricle in aortic stenosis reduces the press ure 
gradient for inflow ac ross the mitral valve in 
early diastole and causes sluggish outward 
motion of the left ventricular wall. 

The influence of myocardial activation on left 
ventricular relaxation was investigated by the 
administration of calcium channel blocking 
agents and by the analysis of left ventricular 
relaxation after postextrasystolic potentiation 
(see Table 27-3). The administration of verapa­
milleaves relaxation and lengthening mechanics 
of cat papillary muscles unaltered [58}, consis­
tent with a load-dependent relaxation pattern. 
In anesthetized dogs, verapamil causes only 
small reductions of the time constant of left 
ventricular relaxation [64}. These changes bave 
been ascribed, however, to improved myocardial 
inactivation and not to alte red left ventricular 
loading. In hypertrophie cardiomyopathy a 
comparative analysis of nifedipine and nitro­
prusside on isovolumic left ventricular relaxa­
tion revealed equal reductions of the time 
constant of left ventricular pressure decay [I7}, 
which implies that nifedipine exerts its bene-

ficial action on left ventricular isovolumic relaxa­
tion through peripheral vasodilatation. In the 
same study the beneficial effect of nifedipine on 
left ventricular filling significantly exceeded the 
effect of nitroprusside despite equal reductions 
in end-systolic dimensions [I7}. This finding is 
consistent with the appearance of an inactivation­
dependent relaxation pattern during the left 
ventricular filling phase. Therefore in hyper­
trophie cardiomyopathy both load-dependent 
and inactivation-dependent features are present 
with a load-dependent pattern of isovolumic 
relaxation and an inactivation-dependent pat­
tern of the left ventricular filling phase. 

The analysis of left ventricular relaxation after 
postextrasystolic potentiation provides further 
evidence about the influence of myocardial 
activation on subsequent relaxation. In the 
normal left ventricle, the time constant of the 
left ventricular press ure decay and left ventricu­
lar filling rate remain unaltered after postextra­
systolic potentiation, consistent with a load­
dependent pattern of left ventricular relaxation 
[25J. In hypertrophie cardiomyopathy, post­
extrasystolic potentiation did not affect the time 
constant of isovolumic relaxation but slowed 
early diastolic left ventricular pressure decay. 
These findings are in line with the effects of 
calcium channel blocking drugs in hypertrophie 
cardiomyopathy; namely, a load-dependent pat­
tern during isovolumic relaxation and a pre­
dominant influence of myocardial inactivation 
during early diastolic filling. In aortic stenosis, 
postextrasystolic potentiation prolongs the time 
constant of left ventricular pressure decay and 
reduces early diastolic left ventricular inflow and 
filling. These effects are consistent with an 
inactivation-dependent pattern of both isovolu-



302 PART IV. CLINICAL DISORDERS OF DIASTOLIC RELAXATION AND COMPLIANCE, 

mic relaxation and early diastolic filling and are 
explained by an imbalance between the in­
creased amount of activacor calcium, wh ich 
enters the myoplasm during postextrasystolic 
potentiation and the depressed inactivation of 
hypertrophied myocardium. 

In conc1usion, the impairment of left ventri­
cular filling in hypertrophie cardiomyopathy 
and in pressure-overload hypertrophy of aortic 
stenosis has been related co slow left ventricular 
pressure decay. This slow left ventricular pres­
sure decay, which prolongs isovolumic relaxa­
tion and impedes left ventricular inflow, is 
probably caused by persistent diascolic cross­
bridge interaction related to a failure of in­
activation of hypertrophied myocardium. This 
failure of myocardial inactivation is deduced 
from: 

1. The absence of load-dependent relaxation 
of the hypertrophied left ventric1e in aortic 
stenosis [59}. 

2. The beneficial effect of calcium channel 
blocking drugs on left ventricular filling in 
hypertrophie cardiomyopathy [l7}. 

3. The worsening of left ventricular filling 
after postextrasystolic potentiation in hyper­
trophie cardiomyopathy and in aortic stenosis 
(see Table 27-2). 

Such a failure of myocardial inactivation, 
which gradually developed during the hyper­
trophy processes, could be explained by altera~ 
tions of enzyme kinetics or of calcium sensitivity 
of certain critical proteins involved in excitation­
contraction-relaxation coupling. 
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