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Abstract

It is known that long-standing volume overload on the left ven-
tricle due to mitral regurgitation eventually leads to contractile
dysfunction. However, it is unknown whether or not correction
of the volume overload can lead to recovery of contractility. In
this study we tested the hypothesis that depressed contractile
function due to volume overload in mitral regurgitation could
return toward normal after mitral valve replacement. Using a
canine model of mitral regurgitation which is known to produce
contractile dysfunction, we examined contractile function longi-
tudinally in seven dogs at baseline, after 3 moof mitral regurgi-
tation, 1 mo after mitral valve replacement, and 3 mo after
mitral valve replacement.

After 3 mo of mitral regurgitation (regurgitant fraction
0.62±0.04), end-diastolic volume had nearly doubled from
68±6.8 to 123±12.1 ml (P < 0.05). All five indices of contrac-
tile function which we examined were depressed. For instance,
maximum fiber elastance (E..,lF) obtained by assessment of
time-varying elastance decreased from 5.95±0.71 to 2.25±0.18
(P < 0.05). The end-systolic stiffness constant (k) was also
depressed from 4.2±0.4 to 2.1±03.

3 mo after mitral valve replacement all indexes of contrac-
tile function had returned to or toward normal (e.g., E.F
3.65±0.21 and k 4.2±03). Weconclude that previously de-
pressed contractile function due to volume overload can im-
prove after correction of the overload. (J. Clin. Invest. 1991.
87:2153-2161.) Key words: apolipoprotein(a) * lipoprotein(a) -

restriction fragment length polymorphism

Introduction

It is known that chronic volume overload due to mitral regurgi-
tation can cause left ventricular contractile dysfunction (1, 2).
However, it is unknown whether correction of this volume
overload can lead to repair of the contractile deficit. Our lack of
knowledge regarding the restoration of contractile function
after correction of mitral regurgitation stems from two major
problems: (a) no studies have been reported that followed pa-
tients longitudinally from the period when contractility was
normal through the period of contractile dysfunction to the
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period of potential recovery; and (b) it is difficult to measure
contractility in humans particularly in mitral regurgitation
where large changes in loading conditions from the preopera-
tive to the postoperative state make standard load-sensitive
ejection phase indexes of ventricular function difficult to inter-
pret (3). Preoperatively enhanced preload and systolic unload-
ing of the left ventricle (via the low impedance pathway into the
left atrium) augment ventricular ejection performance (4, 5).
Postoperatively, ejection performance falls because restoration
of mitral competence reduces preload and increases afterload
(6, 7). Disruption of the chordal attachments of the valve to the
papillary muscles may further worsen ventricular function (8).

Once ejection fraction falls after mitral valve repair or re-
placement it remains persistently diminished (9, 10). Whyejec-
tion performance is persistently reduced is unclear but it is
probably either due to persistent contractile dysfunction or due
to persistently elevated afterload, decreased preload, or a com-
bination of all three. Resolution of these issues would require
measurement of contractile function and loading conditions
serially during the progression and regression of the disease.
Preferably load-independent contractile indices should be used
but these require load manipulation in their derivation (3, 1 1)
and thus are difficult to apply repeatedly to ill patients.

Wehave recently developed a canine model of mitral regur-
gitation which produces left ventricular contractile dysfunction
(12, 13). In this model, animals can be followed under con-
trolled conditions in a longitudinal fashion and load can be
manipulated to generate contractility indexes more easily than
in humans. The current study was performed to (a) test the
hypothesis that timely reversal of the volume overload in mi-
tral regurgitation can lead to repair of the contractile deficit
which occurs and (b) examine the interaction of load, contrac-
tility, hypertrophy, and ejection performance during the course
of the disease and after its correction.

Methods

Study design. Standard hemodynamic parameters, ejection perfor-
mance, loading conditions, and contractile function were studied longi-
tudinally in seven previously unreported upon, parasite-free dogs in the
control baseline state, at 3 mo of chronic mitral regurgitation, 1 mo
after mitral valve replacement, and 3 mo after mitral valve replace-
ment. Since the study was longitudinal each animal served as his own
control. To help avoid the confounding influences of resting adrenergic
tone all parameters were always studied during beta blockade at every
time period (13-15). Because contractile function was examined dur-
ing light anesthesia, we picked an anesthetic combination, droperidol-
fentanyl-nitrous oxide, which previously has been demonstrated to
cause little effect on contractile function ( 16).

Measurement of contractile function. Simply stated, contractility is
the ability of the myocardium to generate force independent of loading
conditions. Unfortunately, no simple method for measuring this pa-
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rameter is universally agreed upon as the most accurate. The use of
time-varying elastance to assess left ventricular function is relatively
load independent and sensitive to acute changes in contractility (1 1).
This technique in turn has given way to the end-systolic afterload-
volume relationship, the slope of which (EEs) is a measurement of
contractile function (17, 18). Unfortunately, the end-systolic after-
load-volume relationship is affected not only by changes in contractil-
ity but also is sensitive to changes in left ventricular volume (15, 19,
20). Correction of slope of this relationship by multiplying its slope by
either end-diastolic volume or mass has been advocated (19). Multipli-
cation by end-diastolic volume accounts for addition of sarcomeres in
series (the intended correction) but may be biased by increased preload
thus producing an overcorrection. Multiplication by mass seems more
logical since the intent is to correct for the addition of new sarcomeres
(hypertrophy). End-systolic stiffness has also been proposed as a useful
index of contractile function (15, 21, 22). This load-independent index
which relates end-systolic stress to end-systolic strain is dimensionless
and thus is not affected by changes in heart size. The derivation of the
end-systolic stiffness constant is presented in the Appendix. Stress-
shortening relations also have been used to examine left ventricular
function (9, 23, 24). Ejection fraction is dependent upon preload, con-
tractile function, and afterload. By plotting ejection fraction against
afterload, the effects of afterload are accounted for and thus the rela-
tionship is a better expression of contractile function than ejection
fraction alone.

In the current study, the slope of the end-systolic afterload-volume
relationship (EEs), this relationship corrected for changes in left ventric-
ular mass by multiplying Emby myocardial mass (EEsc), time-varying
fiber elastance (E,,aF), end-systolic stiffness, and stress-shortening rela-
tions were all used to investigate contractility. Afterload was approxi-
mated as systolic wall stress. The data used to derive these indices
(except the stress-shortening relations) were obtained from simulta-
neously recorded 300 right anterior oblique cineangiograms (60
frames/s [FPS]) and high-fidelity micromanometer-tipped catheters.
As in previous studies, we inflated a balloon in the inferior vena cava
and deflated it during cineangiography (13, 14). Balloon deflation pro-
duced a beat by beat change in systolic pressure allowing us to construct
the end-systolic relationships from multiple variably-loaded beats ob-
tained during a single ventriculogram. As in a previous study, we used
end-ejection volume and dicrotic notch pressure to construct the end-
systolic stress-end-systolic volume relationship (15). Because these as-
sumptions in mitral regurgitation have inherent limitations and be-
cause of recent concerns regarding the disassociation of end-systole
from end-ejection in mitral regurgitation (25), we also examined time-
varying fiber elastance (1 1, 26). Fiber elastance is similar to chamber
elastance but uses stress instead of pressure as the expression of after-
load. Since stress examines the distribution of the pressure over the
geometry and wall thickness present, it may better reflect the forces on
individual fibers in situations' where hypertrophy is involved than
chamber elastance. The concept of time-varying elastance is that as
time progresses from the beginning of systole, elastance increases until
it is maximum usually at a point near the end of systole. As such, the
slope of the line relating a change in stress to a change in volume,

E() = V(t)
V(t) O

(where E is elastance, t is the point in time during the cardiac cycle, Vis
ventricular volume, V0 is the volume present at 0 stress, and a is stress)
reaches its maximum value (E..^F) at this point in time. Wedeter-
mined (E.,lF) by examining each isochrone corresponding to the 16.6-
ms intervals of the angiographic frames. By matching volume and pres-
sure at these points in time, we were able to calculate stress and then
plot stress and volume obtained from the multiple variably loaded
beats for each isochrone. Linear regression was used to obtain the slope
of these isochrones (Fig. 1) and the maximum slope was determined
as E n r o n h t

The normal stress-ejection fraction relationship was determined in
10 normal beta-blocked dogs using similar anesthetic conditions (see
below) to the mitral regurgitation study dogs. This relationship was
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Figure 1. Stress and volume are plotted for four differently loaded
beats at synchronized points in time (isochrones). This figure demon-
strates the time (t), the slope E(t), and the correlation coefficient (r) for
an early isochrone (50 ms) and for the five isochrones approaching
and including E,,.,F Actual data points are shown only for three
isochrones for clarity.

used to generate the linear regression of ejection fraction and stress and
the 95%confidence limits of that relationship. The stress, ejection frac-
tion coordinates taken from a standard ventriculogram performed be-
fore vena caval occlusion for the animals in the current study were
plotted against this normal relationship before mitral regurgitation,
after 3 moof mitral regurgitation, and 3 moafter mitral valve replace-
ment.

Instrumentation. Anesthesia at all determinations of contractility
was induced with fentanyl-droperidol (Innovar Vet, Pitmen-Moore,
Washington Crossing, NJ) 0.15 ml/kg. The animals were then tra-
cheally intubated and placed on a respirator (Harvard Apparatus G.,
Inc., S. Natick, MA) and breathed a mixture of nitrous oxide and oxy-
gen (N20/02 ratio, 3: 1). After 5 min of mechanical respiration, arterial
blood gases were examined and the respirator settings adjusted to pro-
duce normal ventilation and oxygenation. A cutdown was performed
over the left cervical vessels. The left external jugular vein and left
carotid arteries were isolated. A Swan-Ganz catheter (American Ed-
wards Laboratories, Irvine, CA) was inserted into the left jugular vein
and advanced to the pulmonary artery for the purposes of measuring
pulmonary artery pressure, pulmonary capillary wedge pressure, and
cardiac output (thermodilution technique). A 25-mm balloon catheter
(Mansfield Scientific Inc., Mansfield, MA) was advanced also from this
vein into the inferior vena cava to be used later to alter loading condi-
tions. A 5-French pigtail catheter was advanced from a carotid artery to
the left ventricle for the purposes of left ventricular contrast injection
and pressure recording. This fluid-filled catheter was attached to a mer-

cury-calibrated strain gauge (P23 AA, Statham Instruments, Inc. of
Puerto Rico, Hato Ra, PR). A dual-tipped Millar micromanometer
catheter (Millar Instruments, Houston, TX) was advanced through the
same artery into the left ventricle so that one transducer was positioned
in the left ventricle and the second transducer was positioned in the
aorta. These transducers, which had been externally calibrated and
balanced were then matched to the mercury calibrated fluid-filled left
ventricular catheter. At this time beta blockade was accomplished by
intravenous infusion of esmolol, 0.5 mg/kg for 3 min followed by a
constant infusion of 0.3 mg/kg for the remainder of the study. The
adequacy of beta blockade was confirmed by infusion of isoproterenol
0.5 ug/kg per min which failed to increase heart rate by more than 4
beats/min in any case. Once beta blockade was induced, pulmonary
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artery pressure, pulmonary capillary wedge pressure, aortic pressure,
and left ventricular pressures were recorded. Cardiac output was ob-
tained in triplicate. A standard ventriculogram to obtain resting ejec-
tion fraction, wall stress, cardiac volumes, and mass was then filmed
(60 FPS) in the 300 right anterior oblique position (Cardio Diagnostics,
Philips Medical Systems, Sherton, CT) using nonionic contrast mate-
rial. After this ventriculogram a 1 5-min recovery period was allowed.
Then a "contractility ventriculogram" was performed (13, 14). This
ventriculogram, recorded simultaneously with left ventricular and aor-
tic pressures, was used to obtain the volumes, dimensions, and thick-
ness changes needed to generate the indexes of contractility. During
this run the inferior vena cava balloon was first inflated and then de-
flated. Simultaneously with deflation, cineangiography was performed.
The beat-to-beat increase in systolic pressure was matched to a beat-to-
beat increase in end-systolic volume (and a decrease in end-systolic
thickness). With the exception of the site of catheter insertion, this
procedure was followed identically in all animals at baseline, at 3 moof
chronic mitral regurgitation, at 1 mo after mitral valve replacement,
and at 3 moafter mitral valve replacement.

Creation of mitral regurgitation. After the contractility ventriculo-
gram was performed, the pigtail catheter and Millar catheters were
removed and a 20-cm sheath was inserted into the carotid artery and
advanced across the aortic valve into the left ventricle. Pulmonarycapil-
lary wedge pressure, pulmonary artery pressure, and left ventricular
pressure were again recorded. Then a urologic stone grasping forceps
(Cook Urological Inc., Spencer, IN) was advanced through the sheath
to the mitral valve apparatus. The forceps was used to grasp chorda
tendineae, the forcible retraction of which caused chordal rupture ( 12,
13). Enough grasps were made to produce severe mitral regurgitation.
Whenpulmonary capillary wedge pressure had risen to 20 mmHgand
forward stroke volume had been reduced by 50%, severe mitral regurgi-
tation was believed present. Severity was confirmed by ventriculo-
graphy during which volumes and cardiac outputs were obtained al-
lowing us to visualize the severity of the regurgitation and also to calcu-
late regurgitant fraction. After this last ventriculogram, the cervical
vessels and skin incision were repaired and the animals were recovered
from anesthesia. The animals were then followed longitudinally under
the supervision of the veterinary care staff. At all times animals were
cared for adhering to or surpassing the animal care guidelines of the
American Physiologic Society.

Mitral valve replacement. 1 wk after the 3-mo determination of
hemodynamics and contractile function, the animals underwent mitral
valve replacement. Anesthesia was induced with intramuscular injec-
tion of droperidol-fentanyl (0.15 ml/kg). Animals were then tracheally
intubated and placed on a mechanical ventilator. Before extracorporal
circulation, anesthesia was maintained by inhalation of 0.5% isoflurane
and constant infusion of sufentanil 0.2 .g/kg per min. A radial artery
cannula was inserted to monitor arterial blood pressure and a central
venous catheter was inserted for an infusion of drugs and for the mea-
surement of central venous pressure. A left thoracotomy was per-
formed. After pericardiotomy, the heart was suspended in a pericardial
cradle. The right atrium and right femoral artery were cannulated and
the cannulae connected to extracorporal circulation in the standard
fashion. After cross-clamping the aorta, cardioplegia was induced by
intracoronary installation of cold hyperkalemic cardioplegic solution.
The animal was cooled to 280C. Mitral valve replacement was per-
formed via a left atriotomy using a 21-, 23-, or 25-mm pericardial
xenograft prostheses (Ionescue-Shiley Inc., Irvine, CA). The chordae
tendineae were severed. The valve was sown to the mitral annulus
using a continuous suture. The average cross clamp time was 32±4
min. After removal of the cross clamp, air was evacuated and the left
atriotomy was closed. Defibrillation was performed using internal pad-
dles and discharge of 10-15 J. The animal was warmed to 350C and
was then separated from extracorporal circulation. The thoracotomy
and femoral vessels were repaired. Anesthesia after surgery was main-
tained with intravenous infusion of sufentanil (0.2 gg/kg per min)
which was gradually decreased over 12 h and supplemented with ace-
promazine. Over the next 24 h the animals underwent constant super-
vision by one of us (Dr. Carabello, Zile, Ishihara, or Nakano). Arterial

blood gas determinations and electrolytes were obtained hourly and
corrected as necessary. 24 h after surgery all animals were able to be
extubated and all intraarterial and intravenous cannulae removed. The
animals were then followed longitudinally for 3 mo with determina-
tions of contractile function occurring at 1 and 3 mo.

Effects of acute mitral regurgitation on indexes of contractile func-
tion. Initially we feared that the hemodynamic insult produced by
acute mitral regurgitation would not permit the animals to tolerate the
contrast load of a second contractility ventriculogram. Thus, the con-
tractility indexes are not available at the acute mitral regurgitation
stage for the seven animals undergoing mitral valve replacement. How-
ever, because the issue of whether or not the production of acute mitral
regurgitation might damage the left ventricle is an important one, we
examined the end systolic stress-volume relationship and the end-sys-
tolic stiffness relationship before and after the production of acute mi-
tral regurgitation in a second group of five dogs. These animals were
instrumented in an identical fashion to the seven animals undergoing
mitral valve replacement and all procedures were identical to the meth-
ods reported above.

Calculations. Left ventricular volumes were calculated using the
area length method. Radiographic magnification was corrected using a
phantom image of known dimensions. Wehave previously demon-
strated that this technique produces accurate volumes and masses in
our laboratory (13, 14). In additional studies, angiographic masses de-
rived by subtracting cavity volume from total left ventricular volume
(27) were compared with actual weights of left ventricles from 40 con-
secutive animals killed in our laboratory for a variety of experiments.
The correlation coefficient was 0.96, the slope close to unity (0.98), and
the y-intercept only 3 g.

Regurgitant fraction was calculated as:

SVT - SVFS VT

where RFis regurgitant fraction, SVTis total stroke volume, and SVF is
forward stroke volume. SVT was calculated as angiographic end-dia-
stolic volume minus angiographic end-systolic volume. SVFwas calcu-
lated as the forward thermodilution cardiac output divided by heart
rate. Circumferential wall stress (a) was calculated using the formula of
Mirsky et al. (28):

[1
- - X22x 1,332 dyn/cm2,

where h is wall thickness, p is left ventricular pressure, b is left ventricu-
lar semi-minor axis, and a is left ventricular semi-major axis. Wall
thickness (h) was measured at the left ventricular mid-wall at end dias-
tole. Using the assumption that left ventricular mass is constant
throughout the cardiac cycle, thickness was calculated for subsequent
frames after the method of Hugenholtz et al. (29) from the amount of
left ventricular shortening which occurred. This technique has the ad-
vantage of avoiding factitious changes in left ventricular thickness
caused by rotation of the heart in the chest during systole. Unfortu-
nately, it neglects potential changes in wall thickness caused by cyclic
changes in the coronary circulation (30). However, although the mag-
nitude of such changes on stress calculations is unknown, it is probably
small since blood accounts for 6%of total myocardial volume (31).
End-systolic stress was calculated using end ejection dimensions and
wall thickness matched with aortic dicrotic notch pressure.

Statistics. Because of the small number of observations made at
each time period, the nonparametric Friedman's two-way analysis of
variance test was used to find differences between groups (32). If a
difference was found, a Wilcoxon rank order test was then applied to
determine where the differences existed. Dispersion from the mean is
stated as standard error of the mean. The end-systolic stress-volume
relationship (ESSVR)' was developed using linear regression analysis
from the least squares method. In every case and in every determina-

1. Abbreviation used in this paper: ESSVR, end-systolic stress-volume
relationship.
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tion in this study the correlation coefficient exceeded 0.97. The slope of
the ESSVR(Em) was corrected for mass by multiplying this slope by
the angiographic mass obtained at that point in time. The end-systolic
stiffness constant was obtained using a curvilinear fit to the In 1/H,
stress coordinates. The correlation coefficient exceeded 0.97 in all
cases.

Results

At 3 moafter the creation of mitral regurgitation, mitral regur-
gitation was severe with an average regurgitant fraction of
0.62±0.04. 1 moafter mitral valve replacement no animal had
mitral regurgitation as demonstrated by ventriculography. At 3
moafter valve replacement one out of seven animals had devel-
oped moderate perivalvular mitral regurgitation (regurgitant
fraction 0.47), and data for this dog were not included for analy-
sis at 3 moafter mitral valve replacement. Hemodynamic and
volumetric data are presented in Table I. Pulmonary capillary
wedge pressure was more than three times the control value
both at acute mitral regurgitation and after 3 mo of chronic
mitral regurgitation but was not significantly different from
control after mitral valve replacement. Forward stroke volume
fell to approximately one half its control level after acute mitral
regurgitation and remained depressed after 3 mo of chronic
mitral regurgitation. Forward stroke volume then returned to
the control value after mitral valve replacement. Left ventricu-
lar mass increased after 3 mo of mitral regurgitation and fell
significantly 1 moafter mitral valve replacement. Left ventricu-
lar mass tended to rise again 3 mo after mitral valve replace-
ment. End-diastolic volume rose acutely and was almost dou-
ble the control value after 3 moof mitral regurgitation. 1 mo
after mitral valve replacement end-diastolic volume decreased
from the chronic mitral regurgitation value but end-diastolic
volume was still greater than the control value 3 moafter mitral
valve replacement.

Fig. 2 demonstrates the longitudinal progression of the
slope of the ESSVR(EES) and the end-systolic stiffness con-
stant (k) for a single dog. Fig. 3 demonstrates that these indices
of contractile function were greatly depressed after 3 mo of
chronic mitral regurgitation. After mitral valve replacement all
returned to or toward the control value. Fig. 4 demonstrates
isochronal E,..F for the six dogs (excluding the dog with a
paravalvular leak) at baseline, after 3 mo of mitral regurgita-
tion, and 3 moafter mitral valve replacement. E.F decreased
from 5.95±0.71 at baseline to 2.25±0.18 after 3 moof mitral
regurgitation (P < 0.05). After mitral valve replacement Em..,

improved significantly to 3.65±0.21 (P < 0.05). As with EESthe
mean value of E.-F after mitral valve replacement was still
lower (P < 0.05) than the baseline value.

Fig. 5 demonstrates stress-shortening relations at baseline,
after 3 moof mitral regurgitation, and 3 moafter mitral valve
replacement for the six dogs without mitral regurgitation 3 mo
after mitral valve replacement. At baseline all animals fell
within the confidence limits of the normal relationship. After 3
moof mitral regurgitation, five of six animals fell below and to
the left of the normal relationship indicating a reduction in
shortening for the afterload present suggesting depressed con-
tractility. After mitral valve replacement five of six dogs re-
turned to the normal relationship. The animal that did not
return to normal also had the lowest isochronal EmaXFat MVR3
in Fig. 4. Fig. 6 shows that end-systolic wall stress fell acutely
but increased significantly after mitral valve replacement. End-
diastolic stress (Fig. 7) rose acutely after creation of mitral re-
gurgitation and remained elevated at 3 moof mitral regurgita-
tion. By 3 mo after mitral valve replacement end-diastolic
stress had returned to normal. Left ventricular wall thickness
was 0.81±0.04 cm at baseline, 0.79±0.03 cm after 3 mo of
mitral regurgitation, and 0.81±0.04 cm 3 moafter mitral valve
replacement (P, NS). The ratio of end-diastolic wall thickness
to end-diastolic radius was significantly depressed after 3 moof
mitral regurgitation (from 0.37±0.02 to 0.27±0.02, P < 0.05)
and then rose toward control levels after mitral valve replace-
ment (0.34±0.02, P< 0.05 compared to 3 moof mitral regurgi-
tation). The mass to volume ratio (Fig. 8) was significantly
depressed after 3 moof chronic mitral regurgitation and then
rose significantly after mitral valve replacement.

In the studies examining the effects of acute mitral regurgi-
tation on contractile indexes the average regurgitant fraction
was 0.61±0.03. EES was 4.38±0.44 at baseline and 4.16±0.36
after acute mitral regurgitation (P. NS). The end-systolic stiff-
ness constant, K, was 3.43±0.13 at baseline and 3.39±0.08
after acute mitral regurgitation (P, NS).

Discussion

Contractilefunction before and after correction of volume over-
load. An important finding ofthis study was that while contrac-
tility was depressed after 3 moof volume overload produced by
mitral regurgitation, contractile function returned toward nor-
mal after correction of the volume overload. Although it was
known that prolonged severe volume overload leads to con-

Table L Hemodynamic and Volumetric Data

Control AMR MR3 MVR, MVR3

Heart rate (bpm) 62±4.9 118±7.1* 84±7.1$ 78±5.0* 61±3.4*
Aortic systolic pressure (mmHg) 110±4.6 108±7.1 87±4.2** 109±4.1w 111±4.5'
Pulmonary capillary wedge pressure (mmHg) 5.7±0.5 22±1.5* 21±2.9* 8.0±1.2*§ 7.8±0.8*1
Forward stroke volume (ml) 42±4.1 23±1.7* 26±2.8* 42±2.2*§ 43±4.0*f
Left ventricular mass (g) 95±9.0 95±9.0' 121±9.9* 108±3.6§ 120±4.9
End-diastolic volume (ml) 68±6.8 83±5.1* 123±12.1*$ 88±8.0§ 99±8.2*
Ejection fraction 0.54±0.03 0.67±0.023* 0.53±0.04$ 0.47±0.04* 0.45±0.04**

Abbreviations: AMR, acute mitral regurgitation; MR3, 3 moof mitral regurgitation; MVR1and MVR3, 1 and 3 moafter mitral valve replace-
ment, respectively. * P < 0.05 vs. control; * P < 0.05 vs. acute MR; I P < 0.05 vs. MR3; 11 P < 0.05 vs. MVRI; I assumed.
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Figure 2. (A) The end-systolic stress volume relationship for a single dog at the control baseline state (BASE), after mitral regurgitation was

present for 3 mo (MR3), and 3 moafter correction of the mitral regurgitation. The slope becomes severely depressed during mitral regurgitation
and demonstrates recovery after mitral valve replacement. (B) The end-systolic stiffness constant (k) for the same dog generated from the same
ventriculographic data at the same time periods.

tractile dysfunction, it has been previously unknown whether
correction of this type of volume overload could allow for im-
provement in contractile dysfunction. It was known that after
mitral valve replacement ejection fraction fell and remained
depressed over time. It was unclear however whether this fall in

ejection fraction resulted from depressed contractile state, the
unfavorable change in loading produced by reestablishment of
mitral valve competence, or some combination of these factors
(6, 7, 9, 10). Lack of knowledge concerning the effects of vol-
ume overload correction on contractile function stemmed
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Figure 3. (A) The slope of the end-systolic stress volume relationship (EEs) at baseline (B) after mitral regurgitation was present for 3 mo (MR), 1

mo after mitral valve replacement (iMRR) and 3 moafter mitral valve replacement (3MvR). This slope was significantly depressed at 3 mobut
then increased significantly 1 and 3 moafter mitral valve replacement. However, this slope was still less than the baseline state following mitral
valve replacement. (B) The slope of the end-systolic stress volume relationship corrected for mass (Enc). Other abbreviations are the same as

for A. The corrected slope was significantly depressed at 3 mobut improved significantly 1 and 3 mo after mitral valve replacements. 3 moafter
mitral valve replacement the corrected slope was not different from the baseline state. (C) The end-systolic stiffness constant (k) at the same

four time periods as demonstrated in A and B. This index of contractile function was also depressed at 3 moafter mitral regurgitation but im-
proved significantly after mitral valve replacement and was similar to the baseline state 3 moafter mitral valve replacement.
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Figure 4. Isochronally determined maximum fiber elastance is plotted
at baseline (BASE), after 3 moof mitral regurgitation (MR3), and 3
moafter mitral valve replacement (MVR). The animal that developed
a perivalvular leak is not included.

from the difficulty in longitudinally measuring contractile
function in humans (where a contractility deficit is known to
occur) and also from the fact that few experimental models of
volume overload (where contractile function could be studied
longitudinally) consistently produced contractile dysfunction
(33-38). Further, load-dependent indices of ventricular func-
tion such as ejection fraction are usually used clinically to infer
contractile function. Such indices are particularly limited in
mitral regurgitation because changes in load during mitral re-
gurgitation (increased preload and normal or decreased after-
load) (4, 5) and loading changes following mitral valve replace-
ment (decreased nreload and increased afterload) (6. 7) alter
ejection fraction making it difficult to a

of contractile function. Load-independ
end-systolic afterload-volume relations
tion of load and volume at several diffe
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The dogs in the current study were plotted;,
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Figure 6. End-systolic stress (ESS) is demonstrated at baseline (B)
during acute mitral regurgitation (AMR), at 3 moof mitral regurgita-
tion (3MR), 1 moafter mitral valve replacement (JMVR), and at 3 mo
after mitral valve replacement (3MvR). Systolic stress was significantly
depressed after acute mitral regurgitation. It then rose significantly
after mitral valve replacement and was higher than the control level
3 moafter mitral valve replacement.

Fipply in the assessment method difficult to apply in humans. However, our recently
lent indices such as the developed animal model of mitral regurgitation (which consis-

ship require determina- tently produces left ventricular dysfunction) afforded us the

rent levels making this opportunity to longitudinally study contractile dysfunction us-
ing load-independent and volume-independent indexes of con-
tractility which are more easily applied in the experimental
setting. Each index demonstrated significant depression of con-
tractile function after three months of mitral regurgitation. Im-
portantly, contractile function returned toward normal follow-
ing mitral valve replacement. These findings may have impor-
tant clinical and scientific implications. Clinically our data
suggest that there is a window of time during which depressed

* o\ contractile function can return to normal. Bonow et al. have
indicated such a window might exist for patients with the com-

* bined pressure and volume overload of aortic regurgitation (39,
40). If such a window exists in man it would be important to
refer patients for mitral valve repair or replacement during the

* MR3 period in which dysfunction is still reversible. However, the
* MVR3 presence of such a window may be harder to assess in mitral

regurgitation because of the clinical difficulties in assessing ven-

20
.~ . tricular function in the latter disease. From a scientific stand-

20025030 point, that such a period of reversibility exists, implies that a
basic biologic event (the onset of left ventricular dysfunction) is

tion fraction (EF) stress reversible and the cellular mechanisms by which dysfunction
for 10 control animals. occur and are reversed could be studied during this time pe-

:ft nlnoe (Ra~vo n1 nfltor nod.3 mafteUCrDUJC,Umrv iil
3 moafter mitral valve Limitations to assessment of contractile function. A key

premise of our study is that we are able to measure contractile
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Figure 7. End-diastolic stress (EDS) is demonstrated at the same time
periods as shown in Fig. 5. End-diastolic stress was significantly ele-
vated during mitral regurgitation but then fell to normal after mitral
valve replacement.

function accurately. Contractility is the ability of the myocar-
dium to generate force independent of loading. Although this
concept is simply stated, it is difficult to apply in the intact
ventricle and no measure of contractility has received universal
acceptance because each has its limitations. For instance, iso-
volumic indexes of contractile function such as maximum de-
veloped dP/dTand V. are difficult to apply in mitral regurgi-
tation since no isovolumetric systolic period exists because
blood is expelled into the left atrium very early in systole.

In this study we applied end-systolic indexes to measure
contractile function. These indexes are based on the premise
that a strong ventricle contracts to a greater extent against the
same afterload than a weaker ventricle. By assessing afterload
and some measure of the extent of shortening (such as end-sys-
tolic volume) at several different afterloads, one can obtain the
slope of this relationship. In theory steeper slopes indicate bet-
ter contractile function than flatter slopes. However, several
limitations to this relationship have recently been identified
including (a) curvilinearity, the degree and convexity of which
varies with contractile state (41, 42), (b) dependence on left
ventricular volume (15, 18, 19), and (c) some dependence on
afterload (43). In our hands substitution of stress for pressure
has largely obviated the curvilinearity of the relationship and
we have found it to be highly linear in the range of loads exam-
ined. Wehave attempted to correct for size dependence by
multiplying the slope of the end-systolic relationship by the
mass determined at the same time the relationship was deter-
mined. Additionally, we have examined contractile function
using the end-systolic stiffness constant which is a stress-strain

analysis that is independent of volume and load (15). This in-
dex was concordant with the other indexes in this study.

Because of recent concerns about the uncoupling of end
systole from end ejection in mitral regurgitation (25) we also
examined E,,,.F as defined by the systolic isochrone when the
slope of the stress volume relationship reaches its maximum
(Fig. 1). This technique also demonstrated depressed contrac-
tile function after 3 moof mitral regurgitation with recovery of
function toward normal 3 moafter mitral valve replacement.

Finally, we examined the ejection fraction-stress relation-
ship which corrects ejection fraction which is preload and after-
load dependent for afterload. This relationship also demon-
strated that five of the six animals which completed this study
were depressed after 3 mo of mitral regurgitation. Since the
relationship does not correct for preload, it is possible that the
increased preload present in mitral regurgitation increased the
ejection fraction of the animal that fell in the normal range.
This seems likely since all other indices of contractile function
demonstrated depression of contractility in this animal. After
mitral valve replacement, despite a reduction in preload five of
the six animals returned to the normal ejection fraction-stress
range corroborating the improvement in contractile function
detected by the other indices. The one animal that failed to
return to the normal range also had the lowest isochronal E..,
3 moafter mitral valve replacement.

Relationship of left ventricular mass, geometry, wall stress,
and ejection performance. Many investigators believe that
myocardial load is a key determinant of the hypertrophic pro-
cess. Grossman et al. (44) have hypothesized that increased
systolic wall stress leads to concentric hypertrophy where new
sarcomeres are laid down in parallel while increased end-dias-
tolic stress causes eccentric hypertrophy where new sarcomeres
are laid down in series. Our data are consistent with this hy-
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Figure 8. The mass to volume ratio is demonstrated at baseline (B),
after three months of mitral regurgitation (3MR), 1 moafter mitral
valve replacement (IMvR), and 3 moafter mitral valve replacement
(3m"). The mass to volume ratio was significantly depressed after
3 mo of mitral regurgitation but increased significantly after mitral
valve replacement.
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pothesis. In acute mitral regurgitation and after three months
of chronic mitral regurgitation systolic wall stress was reduced
while diastolic wall stress was increased. This corresponded to
an increase in cardiac mass. The hypertrophy which occurred
was eccentric (as the theory of Grossman et al. predicts) as
indicated by a decrease in the ratio of wall thickness to radius
and by a decrease in the ratio of mass to volume. After mitral
valve replacement, wall stress increased in systole but de-
creased in diastole. Correspondingly there was ventricular re-
modeling with a decrease in the eccentric nature of the hyper-
trophy as the ratio of wall thickness to radius and mass to
volume increased. 3 moafter mitral valve replacement, systolic
wall stress was actually higher than baseline. At this point one
might speculate that further remodeling with a greater increase
in wall thickness was needed to offset this increase in systolic
stress. Why this did not occur is unclear.

It is well known that ejection performance has an inverse
relationship to afterload and a direct relation to preload (23,
24, 45, 46). Ejection fraction in this study appeared affected by
preload, afterload, and contractility. Ejection fraction was sig-
nificantly increased after the creation of acute mitral regurgita-
tion when afterload (systolic wall stress) was significantly de-
creased and preload indicated by diastolic stress and end-dia-
stolic volume was increased. Ejection fraction then fell after 3
moof chronic mitral regurgitation when systolic wall stress was
still reduced and diastolic stress was still increased. Here ejec-
tion fraction probably was reduced despite reduced afterload
and increased preload because contractile function was now
also depressed. After mitral valve replacement ejection fraction
continued to be reduced despite improved postoperative con-
tractile function probably because systolic wall stress became
elevated and preload as inferred by diastolic stress returned to
normal. Thus, ejection fraction was dependent upon a com-
plex interaction of loading conditions and contractile state.

Limitations. In this study we matched end ejection volume
with dicrotic notch aortic pressure to obtain end-systolic stress
and end-systolic volume. Although we recognize that in mitral
regurgitation neither point may actually represent end systole,
we chose these points because they were reproducible from
animal to animal and from procedure to procedure. However,
our analysis of time-varying elastance avoids this assumption
and the changes in maximum fiber elastance parallelled the
changes in EEs.

During our mitral valve replacement the chordae tendineae
were severed. Several studies have emphasized the importance
of the mitral valve apparatus in maintaining ventricular func-
tion (8, 47, 48). Clearly some of our results such as high postop-
erative wall stress and depressed ejection performance could
relate to our method of mitral valve replacement. Unfortu-
nately, our study was not designed to answer questions regard-
ing the effects of total chordal detachment on left ventricular
function.

Finally, our model is one of acute severe mitral regurgita-
tion. Although we believe it mimics some types of human pa-
thology such as spontaneous chordal rupture, our model may
not relate to more gradually produced mitral regurgitation as
might occur in rheumatic heart disease.

In summary, we have confirmed our previous reports that 3
moof experimental severe mitral regurgitation leads to a con-
tractile deficit in the left ventricle of the canine. Correction of
volume overload by mitral valve replacement leads to improve-

ment of contractile function. These findings, if they can be
extended to humans, imply that such recovery is possible in
patients with a similar disorder if surgery is performed in a
timely fashion. Further, that contractile function can recover
now raises important scientific questions as to the mechanisms
of this recovery.

After mitral valve replacement, diastolic stress decreased
and systolic wall stress increased as the low impedance pathway
into the left atrium was removed. These changes probably con-
tributed to left ventricular remodeling but remodeling was not
adequate to normalize systolic wall stress. Persistently high sys-
tolic stress in turn was probably a major factor in the reduced
postoperative ejection performance which we noted. Whyele-
vated stress did not lead to the development of a compensatory
increase in wall thickness is unclear and awaits further study.

Appendix

Derivation of the constant of end-systolic stiffness. Strain is defined as
the deformation of a material caused by application of a force. It is
usually expressed in relationship to an unstressed dimension, In (1/ lo),
or area In (A/AO) and is a dimensionless property. Wemake the as-
sumption that the myocardium is.incompressible (49, 50). As such it
has a constant volume which equals its area (A) times its thickness (H).
Thus, changes in area are reflected by changes in thickness. As noted
above, areal strain is defined as In (A/AO). Assuming that the myocar-
dium is incompressible, In (A/AO) can be substituted for by In (1/H/lI
Ho) or In (HO/H). Myocardial stiffness is described mathematically as
the change in stress (da) divided by the change in strain (de)-da/de. By
altering stress (a), one alters strain thereby deriving the u, da/dE rela-
tionship (myocardial stiffness) which should reflect contractile state.
Since the slope of the Is-da/de relationship is defined by increments in
a and da/de, extrapolation to zero strain to define the slope is unneces-
sary. This allows our second key assumption, that In (HO/H) can be
substituted by In (1/H) as the expression of strain in our stress strain
relationship. The stress-strain relationship is curvilinear (15) and ex-
pressed as a = CekI'I/I, where a is stress, c is a constant, and k is the
exponential constant. The constant k reflects myocardial stiffness, kSm,
and thus reflects inotropic state.

Theoretical background. The a-In (1/H) relation is based on
previous studies calculating regional work of the ventricle (22, 51-54).

Calculation of regional work. The mechanical work done by a re-
gion of interest of the ventricular wall (regional work = RW) is the area
under the tension-area curve given by the formula:

RW=-f TdA, (1)

where Tis the isotropic wall tension, A is the area of a regional midwall
layer of the ventricle, and the integral is taken over a cardiac cycle.
Tension = pressure (P) X radius (r), thus tension times area = (P X r)
x r2 = PX r3 (r3 has the same units as volume) PX V, the more
familiar expression of stroke work. The accuracy of RWcalculated by
this method was validated by Goto et al. (55) in the excised cross-circu-
lated heart using a volume servo pump system.

In an ellipsoid model of the left ventricle, tension (T) calculated at
the equator is defined as:

T= 1/2(T*+ T,), (2)

where T., and T7, are the circumferential and meridional components,
respectively, of wall tension at the equator. A relation between T. and
To, is given by Laplace's law,

T*T
pr=T + TO

r R
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where r and Rare the minor and major radii of curvature of the endo-
cardial surface and P is ventricular pressure. The equilibrium of the
forces at the equator in the direction of the long axis yields

TO= rp'(4)

From Eqs. 3 and 4,

T= ~~~Pr, (5)T(-R) ( 2R)

a is the major radius and b is minor radius; r = b and R = a2/b. Thus,

T = bP (6)

Substituting for r and R in Eq. 5,

°"= ( Tal) * (7)

Therefore, T is expressed as

T- T+ T,*I bP+( b2) ]T= 2 =2 [2 +( 2a2)
P~~~~b[3~~~~~~~1~~~(8)

2 [2 2a2](
Since T is isotropic in the plane perpendicular to radius, it takes the
same value for every direction perpendicular to a radius through a
point in the ventricular wall.

Normalization of regional work to a unit volume of myocardium.
Since larger areas of interest of the myocardium can produce more
work than smaller areas of interest, it is necessary to normalize regional
work to a unit volume of myocardium in order to compare areas of
interest (52, 53).

Given an imaginary section of myocardium that has a volume V.,
V. equals the product of area (A) and wall thickness (H), measured
along a straight line (t) perpendicular to the epicardial surface and
passing through a selected point 0, of the section:

Vm= A X H. (9)

Since the myocardium is incompressible, V. is constant. If we wish to
examine regional work (RW) per unit volume (Vm) of myocardium
(RWM), we divide RWbyV. (RW/IV) which equals RW/AH. Thus,
RWM= RW/AH. Recall Eq. 1 RW=- f TdA. Thus,

RWM= (- TdA)/AH

=- - (T/H) (dA/A)
- -f(T/H)(dlnA) (10)

Tension (T), divided by thickness (H), T/H = wall stress (a). Thus,

RWM=- ad In A. (11)

This equation describes the area surrounded by the a-In A loop. The
formula for calculating stress (a) is derived by dividing tension (Eq. 8)
by thickness:

a 2 [ - j2a2/H X 1,332 dyn/cm2 (12)

Meaning of ln A and definition of area strain. The change in In A(d
In A), or dA/A, in the a-ln A relation expresses a relative change in area
("incremental area strain"). Total area strain (e) is given by the follow-
ing equation:

dA
et JdAIA = In A - In AO = In (AIAO),

where AOis the area corresponding to a state of zero stress. Definition of
unstressed area (AO) is required to obtain the complete stress-strain
relationship extrapolated to the x-axis. However, AOis not required in
the analysis of the stiffness (du/de)-stress (a) relationship. As noted
above, myocardial stiffness is defined as the change in stress (do) di-
vided by the change in strain de-d/dE. This relationship only exam-
ines incremental changes in stress and strain to define its slope. Thus,
extrapolation to AOis unnecessary. Therefore, stiffness (dur/dE) is identi-
cal using either definition of strain: In A or In (A/AO). Thus, AOcan be
omitted and area strain is defined as

e = InA. (13)

Use of reciprocal wall thickness (1/H) instead of A. Unfortunately,
changes in a regional area of interest of the myocardium are difficult to
measure. Conversely, wall thickness and changes in wall thickness are
easy to measure by conventional echocardiographic or cineangio-
graphic methods. Thus, substitution of thickness (H) for area (A), if
possible, would increase the applicability of the method. The following
explains how wall thickness (H) can be substituted for area in strain
analysis. The myocardium is incompressible (49, 50). Thus, the vol-
ume of the region of interest (Va) is constant, even though A and H
vary throughout the cardiac cycle. From Eq. 9, A = Va/H, then

In A = In (V./H) = In Vm + In (1/H);

Since Vm is constant, d(ln A) = d In ( 1/H). Thus, one can substitute In
(1/H) for In A. In (1/H) represents strain in the stress-strain relation-
ship.
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