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Abstract

Several indexes of myocardial contractility have been proposed to
assess ventricular function in the isovolumetrically beating isolated
heart. However, the conclusions reached on the basis of these indexes
may be influenced by ventricular geometry rather than contractility
itself. The objective of the present study was to assess the performance
of widely used contractility indexes in the isovolumetrically beating
isolated heart in two experimental models of hypertrophy, the sponta-
neously hypertensive rat (SHR) and infrarenal aortocava fistula. Com-
pared to normotensive controls (N = 8), SHRs with concentric hyper-
trophy (N = 10) presented increased maximum rate of ventricular
pressure rise (3875 ± 526 vs 2555 ± 359 mmHg/s, P < 0.05) and peak
of isovolumetric pressure (187 ± 11 vs 152 ± 11 mmHg, P < 0.05), and
decreased developed stress (123 ± 20 vs 152 ± 26 g/cm2, P < 0.05) and
slope of stress-strain relationship (4.9 ± 0.42 vs 6.6 ± 0.77 g/cm2/%).
Compared with controls (N = 11), rats with volume overload-induced
eccentric hypertrophy (N = 16) presented increased developed stress
(157 ± 38 vs 124 ± 22 g/cm2, P < 0.05) and slope of stress-strain
relationship (9 ± 2 vs 7 ± 1 g/cm2/%, P < 0.05), and decreased
maximum rate of ventricular pressure rise (2746 ± 382 vs 3319 ± 352
mmHg, P < 0.05) and peak of isovolumetric pressure (115 ± 14 vs 165
± 13 mmHg/s, P < 0.05). The results suggested that indexes of
myocardial contractility used in experimental studies may present
opposite results in the same heart and may be influenced by ventricular
geometry. We concluded that several indexes should be taken into
account for proper evaluation of contractile state, in the
isovolumetrically beating isolated heart.
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Introduction

Myocardial hypertrophy represents an
important adaptive mechanism to hemody-
namic overload (1). However, in addition to
cell growth there are many structural changes
that lead to myocardial remodeling and ven-

tricular failure. Therefore, the assessment of
myocardial contractility has a major impor-
tance when cardiac hypertrophy is present.

Contractility is a very complex property
of the muscle, which plays a major role in
heart performance, together with preload,
afterload, heart rate, and rhythm. Because all
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of these factors are interrelated and cannot
be fully controlled under physiological con-
ditions, there is no ideal index of contractile
state that can be used without restrictions.
Therefore, in vitro preparations that allow
the control of these variables are useful for
the analysis of contractility. It should be
pointed out that contractility can be described
in terms of either force or flow generation
capacity and that any specific index may
emphasize one property over the other. For
instance, the indexes derived from the
isovolumetrically beating isolated heart meas-
ure only the ability of the myocardium to
develop force, since there is no flow (1-4).
These indexes are extensively used to ana-
lyze the association between myocardial hy-
pertrophy and contractility (1-3). However,
even when using these highly controlled con-
ditions, researchers have reported conflict-
ing results. In fact, myocardial hypertrophy
has been described as a condition associated
with decreased, unchanged, or even increased
contractility when heart failure is absent
(2,3,5-14). The possible causes for these
discrepancies are many and may include the
type of hypertrophy, the animal used in the
study, the time course of the overload-in-
duced hypertrophy, and the indexes used to
measure contractility. For example, Murad
and Tucci (15) considered peak isovolumet-
ric developed pressure to be unreliable for
the assessment of myocardial contractility in
pressure overload-induced concentric hyper-
trophy in rats, favoring the developed stress
index. These investigators did not consider
ventricular dilation. In contrast, Brower et
al. (2,3) used peak isovolumetric pressure
and the pressure-volume relation in the iso-
lated hearts to measure myocardial contrac-
tility in volume overload-induced left ven-
tricular hypertrophy in rats. In addition, maxi-
mal rate of pressure rise and stress-strain
relationship have also been used by several
investigators to assess myocardial contrac-
tility in the hypertrophied rat heart (6,7,15-
17). Both pressure-volume and stress-strain

relationships provide a load-insensitive meas-
ure of contractile state. The former may re-
flect contractility in terms of cardiac pump
and the latter, in terms of muscle capacity of
force generation.

The objective of the present study was to
analyze the performance of widely used con-
tractility indexes in the isovolumetrically
beating isolated heart, in two experimental
models of hypertrophy associated with ei-
ther pressure or volume overload.

Material and Methods

All investigations were performed accord-
ing to the Guide for Care and Use of Labora-
tory Animals published by the U.S. National
Institute of Health and were approved by the
Animal Research Committee of the Medical
School of Botucatu, SP, Brazil.

Sixty-three-week-old male spontaneously
hypertensive rats (SHR group, N = 10) were
used as a model of myocardial hypertrophy
associated with pressure overload. Age- and
sex-matched Wistar Kyoto rats were used as
controls (WKY group, N = 8).

Volume overload myocardial hypertro-
phy was induced in sixteen 20-week-old male
Wistar rats submitted to surgery to create an
infrarenal aortocava fistula (ACF) by the
method of Garcia and Diebold (18), and
maintained for eight weeks. The results were
compared with those obtained for a SHAM-
operated group (N = 11).

All animals were housed under controlled
conditions of light (12-h cycles) and con-
stant temperature (25ºC), with standard rat
chow diet and water ad libitum. Before eu-
thanasia by thiopental sodium, tail cuff blood
pressure was recorded.

Animals were anesthetized with 50 mg/
kg thiopental sodium, ip, and received 2000
IU heparin, ip. The chest was open through a
median sternotomy under artificial ventila-
tion. The ascending aorta was isolated and
cannulated for retrograde perfusion with fil-
tered and oxygenated Krebs-Henseleit solu-



1565

Braz J Med Biol Res 37(10) 2004

Myocardial contractility of isolated rat heart

tion maintained at constant temperature and
perfusion pressure (37ºC and 75 mmHg, re-
spectively). The Krebs-Henseleit solution had
the following composition: 115 mM NaCl,
5.4 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4,
1.15 mM NaH2SO4, 1.2 mM Na2SO4, 25
mM NaHCO3, and 11 mM glucose. The
heart was quickly removed from the chest
and connected to the Experimental Appara-
tus (type 830 Hugo Sachs Electronick, March-
Hugstetten, Germany). The main pulmonary
artery was cut to vent the right ventricle and
a latex balloon was placed into the left ven-
tricle (LV) via the mitral valve orifice. The
proximal end of the balloon previously at-
tached to a plastic cannula was connected to
a three-way stopcock that permitted filling
the balloon with saline and emptying it. The
ventricular pressure was measured with a
23XL transducer and a WindoGraph® re-
corder (Gould Inc., Valley View, OH, USA).
In the isovolumetrically beating ventricle,
paced at 240 beats/min with an artificial
pacer, model 79232 (Hugo Sachs
Electronick), the balloon volume was in-
creased in 0.02 ml increments over a dia-
stolic range of 0-25 mmHg. The pressure
and volume within the balloon were recorded
following each increment and corresponded
to the left ventricular pressure and volume,
respectively. The volume at diastolic pres-
sure zero reflected the ventricular unstressed
volume (V0) and was used as an index of
chamber size. After pressure recordings, the
heart was removed from the perfusion appa-
ratus, atria and great vessels were discarded,
and the ventricles were separated and
weighed.

To assess myocardial peak systolic stiff-
ness in hearts with different LV weight and
size, stress (σ; g/cm²) and strain (ε; %) at the
LV mid-wall were calculated assuming the
LV to be a thick-walled sphere. The follow-
ing equations were used (19):

σ = [1.36 × LVP × LVV2/3]/[(LVV +
0.943 × LVW)2/3];

ε = {[LVV1/3 + (LVV + 0.943 × LVW)1/3]/

[V0
1/3 + (V0 + 0.943 × LVW)1/3] - 1} × 100

where LVV is LV volume (ml), V0 is LVV at
a diastolic pressure of 0 mmHg, LVW is LV
weight (g), and LVP is LV peak isovolumet-
ric pressure (mmHg).

The slopes of linear systolic pressure-
volume (PVR) and stress-strain (SSR) rela-
tionships were used as load-independent in-
dexes of myocardial contractility (2-4,20).
Maximum rate of ventricular pressure rise
(+dP/dt), LVP and developed stress were
also analyzed.

All statistical analyses were performed
using Jandel Sigma Stat 2.0 software. Data
are reported as means ± SD and were com-
pared by the Student t-test, with the level of
significance set at P < 0.05.

Results

Table 1 shows the morphometric data for
rats submitted to chronic pressure overload,
compared to control. Systolic blood pressure
and normalized LVW were significantly in-
creased in SHR compared to WKY. Left
ventricular weight normalized to V0 (LVW/
V0) was significantly higher in the SHR
group, indicating concentric hypertrophy.

SHR presented an increased +dP/dt (3875
± 526 vs 2555 ± 359 mmHg/s, P < 0.05) and
LVP (187 ± 11 vs 152 ± 11 mmHg, P < 0.05).
The developed stress (123 ± 20 vs 152 ± 26
g/cm², P < 0.05) and the slope of the SSR
(4.90 ± 0.42 vs 6.60 ± 0.77 g/cm²/%, P <
0.05) were significantly decreased in the
SHR group compared to the WKY group.
The slope of the PVR (252 ± 120 vs 242 ± 92
mmHg/ml, P > 0.05) was similar in the two
groups (Table 2).

The morphometric data obtained for ACF
and SHAM rats are shown in Table 3. Com-
pared to control, the ACF group showed
reduced systolic blood pressure (122 ± 13 vs
154 ± 27 mmHg, P < 0.05) and decreased
LVW/V0 (4.2 ± 0.5 vs 6.7 ± 0.8 mg/ml, P <
0.05). Also, normalized LVW and V0 were
increased in the ACF group (LVW/body
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Table 1. Chronic pressure-overload rats compared to controls.

BW (g) SBP (mmHg) LVW (g) LVW/BW (mg/g) V0 (µl) LVW/V0 (mg/ml)

WKY 482 ± 59 121 ± 7 1.07 ± 0.04 2.24 ± 0.26 282 ± 48 3.91 ± 0.83
SHR 371 ± 21* 204 ± 17* 1.25 ± 0.13* 3.35 ± 0.27* 175 ± 33* 7.14 ± 1.35*

BW = body weight; SBP = tail-cuff systolic blood pressure; LVW = left ventricular weight; V0 = unstressed
left ventricular volume; WKY = Wistar Kyoto rats; SHR = spontaneously hypertensive rats.
*P < 0.05 vs WKY (Student t-test).

Table 2. Isolated heart systolic function indexes in a chronic pressure-overload model.

+dP/dt (mmHg/s) LVP (mmHg) dσ (g/cm2) PVR (mmHg/ml) SSR (g/cm2/%)

WKY 2555 ± 359 152 ± 11 152 ± 26 242 ± 92 6.6 ± 0.77
SHR 3875 ± 526* 187 ± 11* 123 ± 20* 252 ± 120 4.9 ± 0.42*

dσ = developed stress; +dP/dt = maximum rate of pressure rise; LVP = peak of isovolumetric pressure; PVR
= slope of the systolic pressure-volume relationship; SSR = slope of the stress-strain relationship; WKY =
Wistar Kyoto rats; SHR = spontaneously hypertensive rats.
*P < 0.05 vs WKY (Student t-test).

Table 4. Isolated heart systolic function indexes in a chronic volume overload model.

+dP/dt (mmHg/s) LVP (mmHg) dσ (g/cm2) PVR (mmHg/ml) SSR (g/cm2/%)

SHAM 3319 ± 352 165 ± 13 124 ± 22 246 ± 56 7 ± 1
ACF 2746 ± 382* 115 ± 14* 157 ± 38* 130 ± 71* 9 ± 2*

ACF = aortocaval fistula; dσ = developed stress; +dP/dt = maximum rate of pressure rise; LVP = peak of
isovolumetric pressure; PVR = slope of systolic pressure-volume relationship; SSR = slope of stress-strain
relationship.
*P < 0.05 vs SHAM (Student t-test).

Table 3. Chronic volume-overload rats compared to controls.

BW (g) SBP (mmHg) LVW (g) LVW/BW (mg/g) V0 (µl) LVW/V0 (mg/ml)

SHAM 448 ± 42 154 ± 27 0.96 ± 0.08 2.3 ± 0.14 150 ± 28 6.7 ± 0.8
ACF 426 ± 47 122 ± 13* 1.40 ± 0.23* 3.4 ± 0.5* 350 ± 135* 4.2 ± 0.5*

ACF = aortocaval fistula; BW = body weight; LVW = left ventricular weight; SBP = tail-cuff systolic blood
pressure; V0 = unstressed left ventricular volume.
*P < 0.05 vs SHAM (Student t-test).

weight: 3.4 ± 0.5 vs 2.3 ± 0.14 mg/g, P < 0.05
and V0: 350 ± 135 vs 150 ± 28 µl, P < 0.05),
suggesting an eccentric hypertrophy with
LV dilatation.

Developed stress (157 ± 39 vs 124 ± 22 g/
cm², P < 0.05) and SSR (9 ± 2 vs 7 ± 1 g/cm²/
%, P < 0.05) were significantly higher in the

ACF group compared to the SHAM group.
PVR (130 ± 71 vs 246 ± 56 mmHg/ml, P <
0.05), +dP/dt (2746 ± 382 vs 3319 ± 352
mmHg/s, P < 0.05) and LVP (115 ± 14 vs
165 ± 13 mmHg, P < 0.05) were significantly
decreased in the ACF group, compared to
control (Table 4).
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Discussion

In the present study, contrasting results
regarding myocardial contractility were ob-
tained for isovolumetrically beating hyper-
trophied heart depending on the functional
index used. Considering the case of concen-
tric hypertrophied left ventricles, LVP and
+dP/dt would suggest improved contractil-
ity. On the other hand, the same ventricles
would be considered to show reduced con-
tractility when assessed in terms of devel-
oped stress and SSR. These conflicting re-
sults indicate an interesting question about
which indexes should be used in order to
evaluate myocardial contractility in SHR.

According to the literature, contractile
indexes decline late in life in SHR, at about
18 months of age, and are associated with
clinical signs of heart failure (21). Since our
data were obtained for 63-week-old rats, we
would assume that myocardial contractility
is still preserved and that the indexes that
indicate either improvement or worsening
are under the influence of other factors, such
as ventricular geometry.

In the presence of concentric hypertro-
phy, the thick-walled ventricle allows in-
creased pressure generation, even without
improved myocardial contractility. In the
heart without hypertrophy, the contractile
state of the LV chamber agrees with the
contractile state of the myocyte (13,14).
However, in the hypertrophied heart, the
contractile state of the LV chamber may
differ from that of the sarcomeres because of
the change in ventricular geometry, allowing
the LV to maintain a normal chamber perfor-
mance even though the sarcomeres may have
a depressed contractile state. On the other
hand, the developed stress index, which in-
dicates the myocardial capacity of force gen-
eration normalized by wall surface area,
would be preferred (15). However, one would
argue that even developed stress has inher-
ent drawbacks. For example, the conversion
of pressure-overload data to stress-strain re-

quires a definitive assumption about the geo-
metrical shape of the left ventricle, which
may greatly change depending on the type of
hemodynamic loading. These considerations
are keeping this issue as a topic of debate
(22-25). In a recent study Esposito et al. (26)
analyzed pressure-overloaded mouse hearts
with or without hypertrophy and showed
that cardiac hypertrophy prevented the in-
crease in wall stress. There was a progres-
sive decrease of PVR and +dP/dt indexes,
which was not influenced by hypertrophy. In
the cited study, the slope of the end-systolic
SSR did not reflect myocardial dysfunction.

In the present study, the PVR indicated
preserved contractile state in 63-week-old
rats, in agreement with Conrad et al. (21).
Therefore, we may conclude that PVR is the
most useful index for evaluating SHR with-
out signs of heart failure. However, it should
be pointed out that the systolic PVR is a
questionable index of contractility in iso-
lated rat hearts. Several investigators have
shown that PVR is curvilinear rather than
linear in rat hearts (27-34). These observa-
tions add even more uncertainty to the evalu-
ation of contractility of the isolated heart.

Controversy persists regarding volume-
overload myocardial hypertrophy, even when
only the infrarenal ACF model is consid-
ered. For example, Liu et al. (6,7) reported
preserved ventricular function when analyz-
ing LV systolic and diastolic pressure, +dP/
dt, and aortic pressure. Noma et al. (5) re-
ported improved contractility by analyzing
LV systolic and diastolic pressure, +dP/dt,
and cardiac output. Recently, Brower et al.
(2,3) analyzed the LV systolic PVR and
concluded that myocardial contractility was
impaired in rats with volume-overload hy-
pertrophy and ventricular dilatation. Al-
though the mechanisms underlying these dis-
crepancies remain unclear, it should be
pointed out that the studies of Liu et al. (6,7)
and Noma et al. (5) were performed using
female rats while Brower et al. (2,3) used
male rats. This means that the differences in
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the results might be related to gender.
The present results regarding ACF rats

showed decreased +dP/dt, LVP and PVR,
suggesting reduced contractility. On the other
hand, developed stress and the slope of the
SSR were increased, a fact that might indi-
cate increased contractility. Regarding the
formula used to calculate stress, it is possible
to consider that hearts with large volumes
present increased wall stress, even with nor-
mal or reduced systolic pressure. Grossman
et al. (35) proposed the use of SSR rather
than PVR to compare hearts of different
sizes. However, in the present study we ob-
served that larger ventricles presented higher
values of developed stress, even when de-

veloped pressure and +dP/dt were lower.
Thus, it seems that in the presence of ventric-
ular dilatation the use of stress-derived in-
dexes should be avoided, at least in the
isovolumetrically beating heart.

The present results show that the indexes
of myocardial contractility most frequently
used in experimental studies, such as LVP,
developed stress and the slopes of both PVR
and SSR may present opposite results in the
same heart and may be influenced by ven-
tricular geometry. We concluded that these
indexes together with dP/dt should be taken
into account for proper evaluation of con-
tractile state, in the isovolumetrically beat-
ing isolated heart.
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