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Summary. We developed methods to revive human
hearts, obtained at the time of cardiac transplantation, and study them in the physiology laboratory.
The hearts were arrested with cardioplegic solution
at the time of explantafion and transported to the
laboratory at 4°C. The hearts were perfused with a
human blood based solution whose flow rate, temperature, and ionic concentration were controlled.
Six hearts with various endstage cardiomyopathies
were revived in this manner. Once perfusion was
started, the hearts maintained a steady contractile
state for approximately 30 min during which time
data could be collected. Within this time period we
could measure end-systolic and end-diastolic pressurevolume relations, the time courses of contraction
and relaxation, and the influence of heart rate and
premature stimulation on contractile state. The resuits suggest that evidence of specific cellular abnormalities in human heart disease might be obtained from measurements of global ventricular
performance. Furthermore, the type of abnormality
identified, namely sarcoplasmic reticulum dysfunction, in several forms of cardiomyopathy was in
concordance with results obtained in muscle bath
studies of similarly diseased human and animal
myocardium.
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Most information about abnormalities in myocellular functioning which underlie or accompany the
various cardiomyopathies is derived from studies of
animal models of human heart diseases [1, 2]. The
availability of isolated pieces of human cardiomyopathic myocardium [3-6] has provided the opportunity to test directly whether abnormalities identified in animal models play a role in human heart
diseases, as well as affording the possibility for discovery of as yet unknown human cellular pathophysiologic mechanisms.
Despite significant advances made at the cellular
level, abnormalities in global ventricular function
which might indicate or correlate with specific myocellular abnormalities in human heart disease are
much less well investigated. Furthermore, many
questions remain regarding the nature of abnormalities in systolic and diastolic function in these
diseased states. This is because methods for assessing myocardial function that are currently available
to clinicians are relatively limited and furthermore
cannot, in general, provide information about specific cellular abnormalities.
Methods available in the physiology laboratory
for studying intact whole hearts provide for relatively precise quantification of intrinsic ventricular
systolic and diastolic properties and allow indirect
examination of some cellular processes. Despite the
rather artificial conditions imposed in the laboratory, application of such methods to diseased human hearts might still provide significant insight
into pathophysiologic mechanisms of human heart
diseases.
The purpose of this paper is twofold. First, we
describe methods to revive and study diseased human hearts, obtained at the time of cardiac transplantation, in the physiology lab. Second, we describe and compare the characteristics of 6 hearts
with end-stage cardiomyopathy in terms of their
end-systolic and end-diastolic pressure-volume rela-
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tions, their time c o u r s e s o f c o n t r a c t i o n a n d relaxation, a n d their force-interval relationships. T h e resuits Of these experiments suggest t h a t evidence f o r
s a r c o p l a s m i c reticular d y s f u n c t i o n in h e a r t s with
v a r i o u s f o r m s o f c a r d i o m y o p a t h y c a n be o b t a i n e d
f r o m m e a s u r e m e n t s o f global v e n t r i c u l a r f u n c t i o n .
T h e utility o f the m e t h o d s f o r p r o v i d i n g v a l u a b l e
i n f o r m a t i o n a b o u t c a r d i o m y o p a t h y is d e m o n s t r a t e d .

Methods

Clinical evaluation of transplant patients
No special clinical studies were performed for purposes of the
present investigations. Each of the 6 patients underwent right
and left heart catheterization and coronary angiography as part
of their routine clinical evaluation. Gated blood pool scintigraphy and/or two-dimensional echocardiography were employed
in addition to left ventriculography to assess left ventricular
function, cavity diameter, and wall thickness.

Isolated hearts
Standard surgical procedures were used to establish cardiopulmonary bypass prior to cardiac transplantation. After aortic
clamping, the hearts were arrested with cold (4°C), hyperkalemic
(25 mM KC1) cardioplegic solution and explanted leaving posterior atrial walls and the majority of the ascending aorta in situ.
The hearts were transported from the operating room to the

laboratory in a cold (4-5°C) physiological electrolyte solution.
The time from the initiation ofcardioplegic arrest to the start of
coronary perfusion in the laboratory was not more than 40 rain.
The procedures used to prepare the hearts for study in the
laboratory were modifications of the techniques described by
Suga and Sagawa for studying isolated canine hearts [7, 8]. The
chordae tendineae were severed from the mitral valve and a
metal adaptor, used to hold the heart to a volume servo-system,
was sutured to the mitral annulus. The right and left coronary
arteries were individually cannulated with stiff 7F polyethylene
tubing which was held in place by suturing to the aortic root.
These two cannulas were then connected to the arterial port of
the perfusion system.
The perfusion system (Fig. 1) was composed of a bubble
oxygenator and heater (Harvey, model H200), a blood filter
(Shiley), and a peristaltic pump (Harvard Apparatus, model
1215). Coronary venous blood was collected by a large funnel
which returned blood to the venous port of the oxygenator.
Arterial flow rate was controlled by the finger pump. Coronary
perfusion pressure was measured approximately 10 cm upstream
from the coronary arterial catheter by a Statham P23 transducer. Perfusion pressure was maintained between 100 and 120
mmHg by a servo-system. The temperature of the perfusate was
maintained at 37°C. The perfusate was a mixture of recently
outdated human packed red blood cells (not type matched) and
a physiological Ringers solution, with a resulting hematocrit of
approximately 20%. The final ionic concentrations in this solution were: 5.55 mM glucose, 140 mM Na, 3.5 mM K, 1.25 mM
Ca, 1.15 mMMg, 24 mMHCO3, 1.2 mMP04, and 125 mMCI.
Hollow fiber dialysis was employed to maintain a constant
electrolyte content of the blood-perfusate mixture, which was a
standard dialysate of composition identical to those of the Ringers solution described above. This was connected to the perfusion system as indicated in Fig. 1.

P*~tJtra

Fig. 1. Experimental methods. Right and left coronary arteries
are cannulated with the arterial line of the perfusion system.
Ionic content ofperfusate is regulated by hollow fiber dialysis. A
servosystem is used to measure and control left ventricular
volume
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Volume servo-system
A volume servo-system was used to control ventricular volume.
This system has been described in detail previously [8]. Briefly, a
linear motor controlled the position of the piston o f a rollingdiaphragm cylinder. A compliant balloon was secured to a rigid
tube which was connected to the outflow port of the cylinder.
The balloons were made out o f surgical gloves as follows. Each
of the fingers was ligated at the site of insertion into the palm
and cut off. The glove was then turned inside out to provide a
smooth surface for interfacing with the endocardium. The unstretched volume of the balloons was measured at roughly 300
cm 2, except for the balloon made for the one heart which had a
small cavity volume for which the unstretched balloon volume
was 200 cm z. The volume of the balloon material was measured
by displacement of water and was roughly 15 cmz. All reported
ventricular volumes accounted for this balloon wall volume.
The cylinder, connecting tube, and balloon were filled with
water. A linear displacement transducer sensed the position of
the piston, thus producing a signal proportional to the balloon
volume and therefore ventricular volume. This signal was used
in a negative feedback loop for comparison with a volume command signal that represents the desired instantaneous volume.
The error signal resulting from this comparison was supplied to
a power amplifier, which in turn powered the linear motor.
Ventricular pressure was measured by a semiconductor pressure
sensor positioned inside the ballon.
The hearts were paced by means of bipolar epicardial leads
placed near the left ventricular apex. The pacing stimuli were
supplied by a digital computer which allowed for variable pacing
rates as well as a wide variety of pacing patterns.

Pathology
Following the in vitro studies, right and left ventricular weights
were obtained. The hearts were then fixed in 10% buffered
formalin for a minimum of 24 h. The hearts were then cut in
transverse 1.5 cm thick slices, and LV free-wall thickness was
measured at the level of the mid papillary muscle.
Each case had one histologic section taken from LV anterior,
posterior, and lateral walls and interventricular septum. Interstitial fibrosis was measured by a point counting technique using
a 122 grid reticle at 400X magnification. Pilot studies indicated
that no significant differences in amounts of interstitial fibrosis
were present in the various right and left ventricular samples.
The percentage of myocardial area occupied by interstitial
fibrosis was then calculated by taking the mean of ten randomly
selected high power fields examined in the LV free-wall sample.
Only the centrally located, circumferential fibers were examined
so that uniform measurements could be made and compared to
one another.

Experiment protocol and data analys&
Under the conditions described above, the hearts contracted in
a steady manner for a period of roughly 30 min, over which time
all protocols were executed. After this period there was a clear
decline in systolic pressure generation. Four complete experiments were performed on each of the hearts.
First, the isovolumic end-systolic and end-diastolic pressurevolume relationship (ESPVR and EDPVR, respectively) were
determined by slowly lowering ventricular volume over an approximately 1-2 rain period while pacing at a constant rate o f 40
beats/min in the restrictive (RCM), hypertrophic (HCM), and
ischemic cardiomyopathic (ICM) hearts and a more physiologic
rate of 70 beats/min in the dilated cardiomyopathic (DCM)
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hearts (the reason for the difference in heart rate will be made
clear later). The highest volume was selected to provide an enddiastolic pressure of approximately 30-35 mmHg. End-systolic
pressure was defined as peak isovolumic pressure. The slope,
E~x, and volume axis intercept, Vo, of the ESPVR were determined by applying linear regression analysis to the data obtained.
The EDPVR can be represented, as suggested previously [9],
by an equation of the following form:
Ped = kVed~

(1)

where Pea and VCd are end-diastolic pressure and volume, respectively; ct is a dimensionless constant, and k is a proportionality
constant. An expression of the form of Eq. (1) is desireable for
assessing diastolic cardiac chamber stiffness because, as pointed
out by Mirsky [9], a suitable index for comparing the chamber
stiffness of different ventricles is provided by the slope of the
relation between P~ and V~a(dPddV~d). If Eq. (1) is the assumed relation between P.a and VCd, then ct is obtained as this
index; thus ct is an index of ventricular wall stiffness which is
independent o f chamber size. The values of k and ct were determined from the acquired data by linear regression analysis after
taking the natural log of both sides of Eq. (l).
Second, we compared the time courses of pressure generation
and relaxation among the hearts. For each heart we set enddiastolic pressure at approximately 20 mmHg and recorded a
steady-state beat. From this we determined the time to peak
pressure (using the onset of the QRS complex to mark the onset
of the contraction) and r, the exponential time constant o f the
decline in pressure during diastole. Determination o f r was
made by a Taylor series method of nonlinear least-squared error
estimation [10] applied to the recorded pressure wave starting at
the point where pressure had fallen half the way between endsystolic pressure (P,s) and P~d.
Third, the influence of steady-state heart rate on isovolumic
pressure was determined with ventricular volume held constant.
The hearts were paced at rates between 40 and 100 beats/min
and changes in end-systolic and end-diastolic pressures were
noted.
Finally, left ventricular extrasystolic (ES) and postextrasystolic (PES) responses were measured with the ventricles contracting isovolumically. The hearts were paced at a steady rate
of 70 beats/min, which corresponds to a basic cycle length o f 860
ms. After a steady mechanical state was established for at least
15 beats, two test stimuli were introduced; first, an ES stimulus
at a variable test pulse interval (TPI); and second, a PES stimulus
at a fixed interval of 1200 ms after the first. After recording the
paired ES and PES mechanical responses to a given TPI, the
sequence was repeated with progressively shorter TPIs between
1200 and 400 ms. To summarize the force-interval properties of
the different hearts, we plotted "mechanical restitution curves"
[1 !], which are plots of the relation between TPI and developed
pressure (expressed as a percent of the steady-state developed
pressure) on the ES contraction.
All data were digitized at a sampling rate of 200 Hz and
analyzed off-line.

Results

Clinical profiles
The pertinent clinical data on the 6 patients whose
explanted hearts were studied are summarized in
T a b l e 1. T h r e e o f t h e p a t i e n t s w e r e d i a g n o s e d w i t h
dilated cardiomyopathy
(DCM), one with hypertrophic cardiomyopathy (HCM), one with ischemic
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Table 1. Summary of invasive and noninvasive patient data
Case Sex Age
(years)

Dx

EDD HR
CI
EF
(cm) (min -1) (l/min/m2) (%)

AP
PAP
PCWP
CAD ECGFindings
(mmHg) (mmHg) (mmHg)

Ia

M

49

DCM

7.4

95

2.12

20d

105/60

70/28

18

-

2a

M

3c

F

31
28

DCM 8.2
RCM 4.2

105
100

2.35
1.90

16~
66e

110/80
95/75

47/28
62/45

38
35

-

4b

F

46

DCM

6.4

110

1.10

10~

105/84

45/32

30

-

5~

M

45

ICM

5.6

130

NM

40~

1 0 0 / 6 4 55/22

30

+

6a

M

46

HCM

5.5

95

2.80

25¢

110/60

23

+

44/22

1° AV Block, Left
anterior hemiblock
Left axis deviation
LVH with nonspecific ST-T
changes
IVCD ofnongpecifictype
Right axis deviation, Inferoposterior MI
1° AV Block,
LBBB, transient
2 : 1 AV Block

Catheterization performed at aTheJohns Hopkins Hospital, bThe National Institutes of Health, or CWalter Reed Hospital.
AP, aortic pressure (systolic/ diastolic); CAD, evidence of coronary artery disease by angiography (" +" indicates yes, " - "
indicated no); CI, cardiac index; Dx, clinical diagnosis; EF, ejection fraction (by dgated blood pool scan, ~contrast ventriculography, or fechocardiography); EDD, end diastolic cavity short axis diameter of left ventricle by echo; HR, heart rate at rest;
IVCD, intraventricular conduction delay; NM, not measured; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge
pressure; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; RCM, restrictive cardiomyopathy; ICM, ischemic
cardiomyopathy; AV, atriat-ventricular; MI, myocardial infarction; LVH, left ventricular hypertrophy

cardiomyopathy (ICM), and one with restrictive
cardiomyopathy (RCM). Two of the D C M hearts
had grossly dilated left ventricular (LV) cavities
(cases 1, 2), and one (case 4) had a mildly dilated
cavity size. The cavitary diameter o f the R C M heart
was within normal limits, and those o f the H C M and
the ICM hearts were mildly enlarged. Resting heart
rate was similar in all patients (rang 95-110 beats/
min) except in ICM where H R was 130. LV ejection
fractions were low ( 1 0 % - 2 0 % ) in patients with
DCM, HCM, and ICM and " n o r m a l " (66%) in the
patient with RCM. Aortic pressures were slightly low
and pulmonary arterial pressures were elevated in all
patients. In all patients, the p u l m o n a r y capillary
wedge pressure and the pulmonary artery diastolic
pressures were elevated, There was no evidence o f
significant coronary artery disease by angiography
in the R C M or D C M hearts. The I C M patient required an intraaortic balloon pump for the last 12 h
prior to transplant. All patients presented with endstage class IV congestive heart failure and were accepted into the cardiac transplantation program at
The Johns Hopkins Hospital.

End-systolic pressure-volume relationships
Each ventricle was studied under conditions o f isovolumic contraction. Left ventricular volume was
set for an end-diastolic pressure of approximately 30
m m H g and then lowered slowly. The end-systolic
pressure o f each beat was measured and plotted as a

function of ventricular volume. The results are presented in Fig. 2. As can be seen, the working range of
left ventricular volume in two of the dilated cardiomyopathic hearts was considerably larger than that
o f the restrictive cardiomyopathic; while that o f the
third D C M heart and the I C M and H C M hearts
were only mildly elevated. Each o f the end-systolic
pressure-volume relations (ESPVR) were reasonably
linear over the range o f volumes investigated; however, all the ESPVRs except that o f the R C M heart
did tend to be convex to the volume axis. The results
o f linear regression analysis of end-systolic pressure
versus end-systolic volume are presented in Table 2.
Eraax, the slope o f the ESPVR, was lower for each o f
the D C M , ICM, and H C M hearts t h a n for the R C M
heart, Vo, the calculated volume axis intercept, was
likewise larger.

End-diastolic pressure-volume relations and diastolic
stiffness
The end-diastolic pressure-volume data points and
the regression curves fit to the data according to Eq,
(1) are presented in Fig. 3a. The estimated values for
k and ~ for each heart are summarized in Table 2. In
comparing the values obtained for the parameter ~,
this mathematical analysis indicates that despite the
large differences in the end-diastolic pressure-volume
relations, the ventricular wall stiffness index o f the
D C M and R C M hearts were comparable, whereas
that of the H C M and ICM hearts were somewhat
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(alternating long and short dashed
line), and hypertrophic heart (dashdot line). Dots are actual data points
and lines are linear regression lines
fit to the data

Table 2. Summary of results from isolated heart studies
Case

1
2
3
4
5
6

Dx

DCM
DCM
RCM
DCM
ICM
HCM

Heart weight
(gin)

668
487
339
377
400
525

End-systolic

End-diastolic

Ema~

Iio

(mmHg/ml)

(ml)

0.49
0.41
2.81
0.82
0.66
1.11

137
231
24
67
107
112

Tmax
(ms)

T

(ms)

In(k)
- 24.2
- 31.3
- 13.5
- 26.8
- 37.1
-45.2

4.8
5.7
4.0
5.7
7.65
9.32

290
300
510
280
410
430

66
88
137
72
132
122

Weights represent that of the right and left ventricle of each heart• ~, as in Eq. (1); Dx, diagnosis; E . . . . end-systolic elastance;
In(k), natural log of k in Eq. (1); T . . . . time to peak isovolumic pressure at a heart rate of 40 beats/min; r, time constant of
relaxation at a heart rate of 40 beats/rain; Vo, volume at which end-systolic pressure is 0 mmHg

greater. This is emphasized in Fig 3b, where the three
overlapping end-diastolic pressure-volume relations
of panel a are shown more clearly. The relation for
the D C M heart (solid line) shows a slightly more
compliant chamber than in the other two hearts.

Magnitude and time course of ventricular pressure
generation
Isovolumic ventricular pressure curves from the
RCM heart, one representative D C M heart, the
ICM heart, and the HCM heart measured under
comparable conditions (heart rate 40 beats/min, and
end-diastolic pressure approximately 20 mmHg) are
presented in Fig. 4. As shown, the magnitude and
duration of contraction varied significantly among
the hearts. The peak pressure was 89 mmHg in RCM,
86 m m H g in DCM, 78 mmHg in HCM, and only 65
m m H g in ICM. The time to peak tension, Tmax, was

290 ms in the D C M heart versus 510 ms for the
RCM heart, and intermediate for the other two
hearts.
Relaxation was quick in-the DCM heart and
comparably slow in the other hearts. Tma. and r of
each of the six hearts are presented in Table 2. Note
the similarity in the data of the H C M and ICM
hearts• The slower time courses of contraction and
relaxation in the RCM, HCM, and ICM hearts resuited in a much larger overall duration of the isovolumic pressure wave, being approximately twice
as long as compared to the DCM hearts as illustrated
in Fig. 4.

Effect of increasing heart rate
With the left ventricles contracting isovolumically,
the heart rate was increased stepwise by ventricular
pacing from 40 to 100 beats/min. For the D C M
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heart shown in Fig. 5b, the peak pressure decreased
by 16°,/o as heart rate was increased over this range.
At a heart rate of 100 beats/min, a minimal degree of
incomplete relaxation was noted, with a rise in minim u m diastolic pressure o f approximately 2 m m H g .
In contrast, for the R C M heart (Fig. 5a) there was a
progressive and pronounced decrease in peak pressure with increases in heart rate, falling 37% between
heart rates o f 40 and 100 beats/min. In addition,
incomplete relaxation was noted for the R C M heart
at rates as low as 50 beats/min. With stepwise increases in heart rate f r o m 40 to 100 beats/rain, re-

Fig. 4. Isovolumic pressure from comparable end-diastolic
pressures in the restrictive cardiomyopathic (RCM) heart at a
volume of 56 ml (dashed line), the ischemic cardiomyopathic
(ICM) heart at a volume of i 89 ml (dottedline), the hypertrophic
cardiomyopathic (HCM) heart at a volume of 174 ml (dash-dot
line) and one of the dilated cardiomyopathic (DCM) hearts at a
volume of 261 ml (solid line, case 1), illustrating the slower time
course of contraction and relaxation in the RCM, HCM, and
ICM hearts. Heart rate was 40 beats/min in all hearts. See
Table 2 for further analysis

laxation became increasingly incomplete, resulting
in an increase in m i n i m u m diastolic pressure o f 20
m m H g . The decrease in peak systolic pressure coincident with the increase in m i n i m u m diastolic pressure with increasing heart rate from 40 to 100 beats/
min resulted in an overall reduction in developed
pressure o f 60%. The influence .of heart rate on the
performance o f the H C M and I C M hearts was similar to that observed in the R C M heart (46% decrease
in developed pressure for H C M and 36% for ICM),
with both exhibiting an increasing degree o f incomplete relaxation as heart rate was increased.
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Extrasystolic and postextrasystolic responses
The responses to ES and PES stimulations for a
D C M heart and the R C M heart are shown in Fig. 6.
With a long TPI of 1000 ms, which was longer than
the basic cycle length of 860 ms, the ES peak pressure for the D C M hearts was greater than that of the
preceding steady-state response. With decreases in
TPI, the ES peak pressure decreased, becoming less
than the steady-state contractile force when TPI was
shorter than the basic cycle length. With short TPIs
and small ES peak pressures, the PES peak pressures
were greater than those of the steady-state contractions. Note also that PES contractile strength, as
measured by peak developed pressure, increased as
the TPI decreased.
In contrast, the R C M heart demonstrated no decrease in peak developed pressure on ES stimulation
and no potentiation on PES stimulation as shown in
Fig. 6. With long TPIs and extra time for relaxation,
the end-diastolic pressure fell to a level which was
lower than that of the preceding steady-state beat,
again indicating incomplete relaxation at a heart
rate of 70 beats/min for the R C M heart. As a result
of the slow time course of the pressure wave, the ES
contractions became fused with the preceding steadystate contraction. At an interval of 500 ms, the R C M
heart was refractory to stimulation, whereas in the
D C M heart a premature contraction could be elicited
at a TPI as short as 425 ms.
The H C M and ICM hearts exhibited forceinterval relations which were qualitatively similar to
that of the D C M hearts, but were quantitatively
different. In Fig. 7 we present the "mechanical restitution curves" for a typical D C M heart, the H C M
heart (which was quantitatively similar to that of the

recordings illustrating the influence
of heart rate on isovolumic pressure
(L VP) development for a the restrictive cardiomyopathic (RCM) heart
and b a typical dilated cardiomyopathic (DCM) heart (case 3, Table
2). Note that heart rate exhibited a
greater negative inotropic effect on
the RCM heart. Also note that a
strong influence of heart rate on the
end-diastolic pressure is seen only in
the RCM heart

ICM heart), and for the R C M heart, all measured
with the same basal heart rate of 70 beats/min. D C M
contractile strength was low with short TPIs and
rose monotonically to a level of approximately 135 %
steady-state contractile strength at a TPI of 1500 ms.
This pattern is qualitatively similar to the mechanical
restitution curves measured in hearts of normal dogs
[11] and human patients [12]. As discussed above,
the R C M heart did not demonstrate any change in
pressure with changes in TPI. The mechanical restitution curve of the H C M and ICM hearts were
between that of the R C M and D C M hearts when
TPI was less than the steady-state pacing interval,
and were similar to that of the D C M hearts at intervals greater than the steady-state pacing interval.

Pathology
At the end of each study, the hearts were subjected to
gross and microscopic examination using standard
pathologic techniques. All hearts demonstrated
biventricular hypertrophy (see Table 3 for wall thickness and ventricular weights). Significant obstructive coronary artery disease was found only in the
ICM and the H C M hearts.
When the R C M heart was sectioned transversely
at the level of the mid papillary muscle, a striking
circumferential paleness was noted in the mid wall
myocardium, most prominent in the left ventricular
lateral wall. Microscopic examination revealed no
infiltrative process in these areas, but instead, a diffuse interstitial fibrosis which accounted for approximately 14% of the total cross-sectional area of the
left ventricular wall. This degress of fibrosis was in
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Fig. 6a, b. Isovolumic pressure (LVP) measurements showing
the influence of the interval between beats on a restrictive cardiomyopathic (RCM) heart (upper tracings) and on b a dilated
cardiomyopathic (DCM) heart (case 3, Table 2) (lower tracings).
The hearts were paced at a rate of 70 beats/rain until a steady
mechanical state was established. Two test stimuli were introduced, the first at a variable test pulse interval (TPI in ms,
specified at the top of each panel) and the second at a fixed
interval of 1200 ms after the first. In each panel, 2 steady-state
contractions and then the 2 test contractions are shown. Note
that at a TPI of 500 ms, the RCM heart was refractory to
stimulation; while in the DCM heart, a contraction could still be
elicited
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Fig. 7. Mechanical restitution curves from dilated (DCM),
restrictive (RCM), and hypertrophic eardiomyopathic (HCM)
hearts. Contractile strength, plotted as a function of the test
pulse interval, is expressed as a percent of the peak pressure (P
MAX) on the preceding steady-state contractions. The mechanical restitution curve of the ischemic cardiomyopathy (ICM)
heart was nearly identical to that of the HCM heart, and is
therefore not plotted

Table 3. Summary of pathologic data from the 6 human hearts
Case

LVW
(gms)

LVW/BW
(gm/kg)

Wall thickness
(cm)

Interstitial fibrosis
(%)

1
2
3
4
5
6

486
280
143
250
250
400

7.02
3.00
2.38
5.21
3.57
5.27

1.5
1.4
1.1
1.2
1.5
1.7

4.1
1.7
13.7
1.5
1.2
1.1

Wall thickness taken at the level of the mid-posterior papillary muscle in pathologically fixed state. LVW, left ventricular weight;
BW, total body weight
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contrast to the less than 5% fibrosis noted in the
interstitium of the DCM hearts (Table 3). In addition to the greater degree of fibrosis there was also
a striking degree of myocardial fiber disarray noted
in the RCM myocardium which was absent in the
other hearts.
The interventricular septum of the HCM heart,
instead of being asymmetrically hypertrophied, was
thinned and predominantly composed of fibrous
tissue. This finding was most likely the result of
previous ischemic injury which was documented
clinically by an extensive resting perfusion deficit on
201-thallium scintigraphy. Despite the large scar in
the septum, there was muscle fiber disarray and
hypertrophy evident in the basal portion of the
septum, characteristic of myocardial hypertrophy.
The ICM heart exhibited hypertrophic changes
in non-infarcted regions, in addition to extensive
fibrosis and scarring related to multiple previous
transmural myocardial infarcts.
Discussion

The availability of diseased hearts at the time of
cardiac transplantation provides a unique opportunity for studying the pathophysiology of human
heart disease. We have demonstrated that such hearts
can be revived in the laboratory. The key features
of the experimental methods were (1) the use of
a human blood based perfusate and (2) the use of
hemodialysis to maintain reasonable ionic composition of the perfusate. Systolic and diastolic pressurevolume relationships, time courses of contraction
and relaxation, effects of heart rate, and the forceinterval relationship could all be assessed easily
within a short time.
Naturally, limitations in the methods employed
must be recognized and the data interpreted with
these in mind. First, there is a period of approximately 40 min of hypothermic cardioplegic arrest
with no coronary flow. Although in principle our
efforts optimally preserve the myocardium by current standards, the influence of this period of protected ischemia cannot be evaluated. Second, the
nature of the perfusion system, including the perfusate, may also influence the properties of these
hearts. Thus, we do not claim to have revived these
hearts to the same contractile state that had been
present in vivo immediately prior to explantation.
We expect that these hearts were somewhat depressed, with slower time courses of contraction and
relaxation at the time of study. Finally, at the present time there is no data available from nondiseased
human hearts, with which the present results obtained in diseased hearts can be compared.
In view of the fact that all of the hearts received

193
the same treatment, it seems appropriate that despite
the lack of data from normal hearts, certain conclusions may be drawn about human cardiomyopathy
by comparing the behaviors of hearts of various
disease classifications.
Three of the hearts studied were classified by
standard clinical criteria as DCM, one as primary
noninfiltrative RCM, one as ICM, and one as idiopathic HCM. One of the hearts (case 4) fits into the
classification recently defined as "mildly dilated
cardiomyopathy" [13] on the basis of the clinical
data. The clinical findings of the RCM patient were
very similar to those described by Siegel et al. [14]
and by Benotti et al. [15] who noted no specific
pathologic etiology for the restrictive pathophysiology. It should be kept in mind that there are multiple etiologies for restrictive cardiomyopathy and the
results of the present study on a heart with a noninfiltrative idiopathic form of the disease cannot be
extrapolated to other hearts within the restrictive
classification, i.e., those for which a specific etiology
is known. The ICM heart exhibited hypertrophic
changes which are consistent with previous experimental and clinical reports [16-19]. As for RCM,
however, end-stage ischemic cardiomyopathic disease in general encompasses a wide spectrum of
pathophysiologic entities, and the results of the present study should not be generalized. With regards
to the HCM heart, ischemic damage was evident;
thus, it is not certain whether the results obtained in
this heart reflect hypertrophic pathophysiology or
"ischemic" pathophysiology. It is our view that the
findings relating to the time course of contraction
and force-interval relations in this heart reflects
hypertrophic pathophysiology, because these "dynamic" properties reflect muscle properties of the
ventricle and are not likely to be influenced by structural features of the ventricle [20, 21]. In contrast,
end-systolic and end-diastolic properties would certainly be affected by the extent of ischemic damage.

End-systolic pressure-volume relationship
There has been longstanding interest in characterizing the end-systolic pressure-volume relationship
(ESPVR) in man as a means of evaluating the contractile state of patients [22, 23]. Early studies in
isolated dog hearts suggested that the slope of the
ESPVR, Emax, would provide a sensitive index of
ventricular chamber contractility, because it changed
in response to inotropic agents and was relatively
insensitive to the pre- and afterloading conditions
imposed on the heart [7, 24]. However, results of
recent studies highlight at least three qualities which
limit the clinical utility of this index [25], and the
data of the present study relate to two of these. First,
the ESPVR has been shown, in dog hearts, to be
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linear only within a fairly wide, but limited, range of
contractile states [26]. In the present study we observed slight nonlinearities of ESPVRs in all but the
RCM heart. As emphasized above, the hearts were
probably in a somewhat depressed contractile state
compared to pre-explantation; nevertheless, this result at least raises the possibility of nonlinear ESPVR
in diseased state. Second, means of normalizing Ema x
for the size of the heart have been investigated, but
not perfected [27]. This is important, because the
relatively larger Emax determined for the RCM heart
as compared to the DCM hearts may have resulted
primarily from the differences in chamber size rather
than differences in intrinsic muscle contractile
strength. This was suggested by the similarities in
systolic pressure generation at comparable enddiastolic pressures in the DCM and RCM hearts.
Finally, the afterload dependence of the ESPVR has
come to be appreciated from studies performed on
hearts in situ [28, 29]. This issue was not addressed in
the current study.
End-diastolic pressure-volume relationship

The end-diastolic pressure-volume relation of each
ventricle was described well by a power function
equation (P = kV ~) previously proposed by Mirsky
[9], despite marked differences in volume ranges between the hearts. This permitted comparison of diastolic ventricular wall material properties through a
comparison of ~. The similarity of the values of this
normalized ventricular wall stiffness coefficient in
RCM and DCM hearts indicates that the differences
in passive end-diastolic pressure-volume relations
may in large part be due to the differences in chamber geometry or architecture (interstitial fibrosis)
rather than diastolic muscle properties. The stiffness
coefficients of the ICM and H e M hearts were greater
than the other hearts; we have no simple explanation
for this finding.
Time course o f contraction and relaxation

Our finding of slow time courses of pressure generation and relaxation in the RCM heart is consistent
with the indirect findings in clinical studies in which
the properties of restrictive cardiomyopathic hearts
were compared to those with constrictive pericarditis, and presumably normal ventricular function.
Khullar and Lewis [30] observed a significantly
greater left ventricular ejection time interval in patients with RCM as compared to those with constrictive pericarditis. This finding would be compatible with a longer time to peak pressure. Hirota et
al. [31] observed that the time constant of decay of
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pressure during relaxation was significantly greater
in patients with RCM as compared to patients with
constrictive pericarditis. The value obtained in vitro
in the present study in the RCM heart (140 ms) was
quantitatively similar to those measured in vivo by
Hirota et al. in patients with RCM (approximately
100 ms). Grossman et al. [32] have reported slowing
of relaxation in hearts of dilated cardiomyopathy
compared to normal, but we cannot assess whether
relaxation in the hearts we studied was abnormal in
the absence of data from normal human hearts.
Recently, Gwathmey and Morgan [33] have shown,
in an experimental model of pressure overload hypertrophy, a lengthening in time to peak isometric
pressure and an accompanying lengthening in the
duration of the simultaneously measured aequorin
light signal. Based on their results, these authors
concluded that an alteration in cellular handling of
calcium was present in the myocardium. These findings have since been confirmed in human myocardium [34]. Similarly, we observed a prolongation in
the time to peak pressure in the RCM, ICM, and
HCM hearts which suggests altered calcium handling
in these disease states.
Heart rate

Very little is actually known about the effect of heart
rate on intrinsic contractile state of the human heart.
Sonnenblick et al. [3] investigated the influence of
pacing rate in human papillary muscles obtained at
the time of mitral valve replacement from patients
classified as New York Heart Association (NYHA)
class III or IV. In these diseased muscles, the authors
observed little influence of pacing frequency on peak
force generation. In another study, Sonnenblick et
al. [4] used a strain gauge applied to the right ventricular epicardium to study the influence of heart
rate on myocardial force development in patients
undergoing corrective cardiac operations. They
found little influence of heart rate on peak developed
force but did note a decrease in the time to peak
force and an associated increase in the maximal rate
of force development. In the present study, we observed a mild negative inotropic effect of heart rate
in DCM ventricles over a physiological range of
heart rates (Fig. 5). RCM, HCM, and ICM hearts
exhibited a remarkably different response to increased heart rate consisting of marked decrease in
peak pressure and increasing degrees of incomplete
relaxation (which resulted from the long time constants of relaxation). We hypothesize that these differences between D C M and the other hearts reflect,
at the global level, differences in cellular functioning
--specifically, in calcium handling by the different
myocardium.
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Force-interval relationship
The force-interval relationship has recently been
systematically investigated in the clinical setting [12,
35]. The results obtained in the present study from
the DCM hearts are qualitatively similar to the resuits of these studies in that premature extrasystolic
contractions were weaker and were followed by PES
contractions which were stronger than steady-state
contractions. In HCM and ICM the force-interval
relationship was also qualitatively present, but in
contrast to the DCM hearts, there was less decrease
in contractile strength on premature beats and a
slower, more persistent rise in force with lengthened
test pulse intervals. These findings are consistent
with the changes observed by Anderson et al. [36] in
an experimental animal model of hypertrophic cardiomyopathy. In contrast, the RCM heart exhibited
no change in contractile strength with changes in the
interval between beats.
The myocardial force-interval relationship reflects beat-to-beat alterations in the amount of calcium supplied to the myofitaments [37]. It is believed
to result from the finite time required for calcium
sequestered by intracellular storage sites, presumably the sarcoplasmic reticulum, to become available
for release on the next beat [38, 39]. The abnormal
force-interval relation further supports the hypothesis presented above for this RCM heart of impaired intracellular calcium release-sequestration
machinery, i.e., impaired sarcoplasmic reticulum
function. The alterations observed in the forceinterval relation with hypertrophic and ischemic
disease tended towards that of the RCM heart but
were not as drastic.
In a study parallel to the present investigation
Yue and Sagawa [5] investigated the influence of
ryanodine, a substance believed to disrupt normal
release of calcium from the sarcoplasmic reticulum
[40], on the properties of trabecular muscle from the
RCM heart and one of the DCM hearts. In the
DCM muscle, ryanodine reduced contractile force
by about 60%, significantly slowed the time course
of relaxation, and transformed its force-interval behavior from a normal pattern to one similar to that
described above for the RCM ventricle. Under baseline conditions, the RCM muscle exhibited a slow
time course of contraction and relaxation and the
abnormal force-interval relationship noted above.
In sharp contrast to the DCM muscle, ryanodine
had little effect on the behavior of the RCM muscle.
The fact that ryanodine had little influence on the
behavior of the muscle taken from the RCM heart
further supports the concept that SR function was
impaired to begin with. Furthermore, by disrupting
normal SR function in the D C M muscle, ryanodine
appeared to transform the force-interval relation-
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ship and the other physiologic features of the DCM
muscle from that of a normal pattern into that observed in the RCM muscle.

Conclusions
We demonstrated that diseased human hearts obtained at the time of cardiac transplantation can be
revived and studied in a manner similar to the way
isolated canine hearts have been studied in the past
and that a wide range of physiologic data can be
obtained from these hearts. In view of the limited
number of studies performed in the present study,
we cannot draw firm conclusions about the pathophysiology of any disease entity. However, the data
do indicate that evidence of specific cellular abnormalities in human heart disease might be obtained
from measurements of global ventricular performance. Furthermore, the type of abnormality identified, namely sarcoplasmic reticulum dysfunction,
in the RCM, HCM, and ICM hearts was in concordance with results obtained from myocardium of
diseased human hearts and from myocardium of
animals with simulated human heart disease.
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