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We determined the roles of maximal systolic elastance (Emax)

and theoretical maximum flow (Omax) In the regulation of car-
diac pumping function in early streptozotocln (STZ)-diabetlc
rats. Physically, Emax can reflect the Intrinsic contractility of the
rnyocardium as an intact heart, and Omax has an inverse relation
to the systolic resistance of the left ventricle. Rats given STZ65
rnglkg I,v. (n = 17) were divided into two groups, 1 week and 4
Weeks after induction of diabetes, and compared with untreated
age-rnatched controls (n = 15). Left ventricular (LV) pressure
and ascending aortic flow signals were recorded to calculate
Emax and Omax, using the elastance-reslstance model. After 1 or
4 Weeks, STZ-dlabetlc animals show an increase in effective LV
end-diastolic volume (V""d)' no significant change in peak lso-
Volumlc pressure (p/s omax) , and a decline in effective arterial
Volume elastance (Es )' The maximal systolic elastance Emax Is
reduced from 751.5 ± 23.1 mmHg/ml in controls to 514.1 ± 22.4
rnrnHg/ml in 1· and 538.4 ± 33.8 mmHg/ml In 4-week diabetic
rats. Since Emax equals p/soma/V""c/'l an Increase In V""d. with
unaltered p/somax may primarily act to diminish Emax so that the
Intrinsic contractility of the diabetic heart Is Impaired. By con-
t~ast, STZ-dlabetlc rats have higher theoretical maximum flow
Qmax (40.9 ± 2.8 mils In 1- and 44.5 ± 3.8 mils In 4-week diabetic
rats) than do controls (30.7 ± 1.7 mils). There exists an Inverse
relation between Omax and Es when a linear regression of Omax

On Es Is performed over all animals studied (r =0.65, P < 0.01).
The enhanced Omax is Indicative of the decline in systolic re-
Sistance of the diabetic rat heart. The opposing effects of en-
hanced Omax and reduced Emax may negate each other, and
then the cardiac pumping function of the early STZ-dlabetic rat
heart could be preserved before cardiac failure occurs.
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D iabetes mellitus is a major health problem, and dia-
betes-induced cardiovascular disease contributes
significantly to morbidity and mortality in the dia-

betic population. In addition to the increased incidence of
coronary artery disease and autonomic neuropathy, diabetes
mellitus has proven to be an independent risk factor for
myocardial dysfunction 0, 2). Many reports in the literature
have shown that abnormalities in insulin regulation in strep-
tozotocin (STZ)-diabetic rats may cause disturbances in cal-
cium homeostasis as well as myosin isoenzyme profile (3-
7). In the diabetic heart, myocardial dysfunction is associ-
ated with abnormalities in the sarcoplasmic reticular and
sarcolemmal Ca2

+ transport and with a depression in the
adenosine triphosphatase (ATPase) activities of contractile
proteins. Such changes in the cellular physiology of the
diabetic heart may be responsible for the mechanical defects
that accompany a decline in force generation and a depres-
sion in velocity of shortening (8, 9).

The effects of alterations in calcium metabolism and
biochemical process on cardiac mechanics can be quantified
by making use of the elastance-resistance model (10, 11).
The concept of internal resistance on the ventricular pres-
sure-volume relationship is in an attempt to make the elas-
tance model more consistent with the reality of the dynam-
ics of ventricular ejection. Parameters generated by the elas-
tance-resistance model to characterize the systolic pumping
mechanics of the left ventricle are Emax and Qmax; Emax is
the maximal systolic elastance; Qmax is the theoretical
maximum flow. In the simplest way, the myocardial con-
tractility could be defined as the "potential to do work" that
could reflect the aggregate effects of all mechanisms con-
trolling the activity of the contractile proteins. Any attempt
to characterize the myocardial contractility must take into
account the ability of the muscle to develop tension and to
shorten, which can vary independently of each other, as well
as the rate of onset, overall duration, and the decay of both
of these variables. Emax is considered the elasticity most
sensitive to changes in contractile state and independent of
preload, afterload, and heart rate in a given contractile state
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of the ventricle (12, 13). These support the view that Emax

serves in a given heart to quantify the myocardial contrac-
tility of the left ventricle (14).

The quantity in Qmax is the amount of outflow gener-
ated by the ventricle if it were to eject under zero load
condition, and it is inversely related to the ventricular in-
ternal resistance (11, 15). An inverse relationship between
Qmax and percentage of slow myosin ATPase activity has
been observed, suggesting that isomyosin composition may
be one of the determinants of ventricular resistive behavior
(16). Moreover, Qmax has also proven to be sensitive to
changes in effective arterial volume elastance (Ea ) that is
derived from left ventricular (LV) end-systolic pressure and
stroke volume (17, 18). Thus, the systolic elastance and
resistance could describe two independent facets of the LV
as a mechanical pump.

Although the effects of diabetes on cardiac mechanics
in rats, even in rats with early development of diabetes, have
been documented (7, 8, 19, 20), the systolic mechanical
behavior of the ventricular pump has never been explored in
terms of the systolic elastance and resistance. We hypoth-
esized that changes in specific cardiac proteins and calcium
metabolism in diabetes might be associated with impair-
ments in cardiac systolic mechanics in terms of Emax and
Qmax' Therefore, the goal of the current study was to ex-
amine how great the effects of diabetes are on those Emax

and Qmax in rats with diabetes and their relations in the
regulation of systolic performance in early STZ-diabetic
rats. We also treated a group of diabetic rats with insulin to
establish whether changes in cardiac systolic mechanics
were reversible. The novelty of this study is that one can
distinguish the effect of Qmax from that of Emax on the
pumping function of an early STZ-diabetic rat heart.

Materials and Methods
Experimental Preparations. Male Wistar rats

weighing 200-250 g at the age of 2 months were used to
induce diabetes mellitus in this study. Diabetic rats were
induced by a single tail vein injection of STZ at a dose of 65
mg/kg (Sigma Chemical Co., St. Louis, MO). STZ was
dissolved in 0.1 M citrate buffer (pH 4.5). Control rats were
given an intravenous injection of the vehicle. Forty-eight
hours after the injection, induction of diabetes in the STZ-
injected rat was confirmed by positive urine glucose using
Ames Keto-Diastix (Miles Inc., Elkhart, IN). Untreated dia-
betic rats were divided into two groups: Group I, 1 week
after induction of diabetes (n = 9) and Group II, 4 weeks
after induction of diabetes (n = 8). Animals after induction
of diabetes were treated daily with subcutaneous injections
of insulin (Novo Nordisk NS, Bagsvaerd, Denmark) for 4
weeks, and are referred to as Group III (n = 8). Urine
glucose tests were carried out weekly, and insulin doses
were adjusted to maintain negative urine glucose levels
(21). The initial insulin doses were 2 U/day, and the largest
were 6 U/day at the end of the experimental period. Un-
treated, age-matched rats (n = 15) served as the control group.

All data collected from STZ-diabetic rats were compared with
those of untreated controls. The animal experiments were con-
ducted according to the "Guide for the Care and Use of Labo-
ratory Animals", and were approved by the Laboratory Animal
Care Committee of the National Taiwan University.

Measurements of Hemodynamic Data. Each rat
was intraperitoneally anesthetized with pentobarbital so-
dium (35 mg/kg). Tracheotomy was performed to provide
artificial ventilation with a tidal volume of 5-6 ml/kg and a
respiratory rate of 50-70 breaths/min. The chest was opened
through the right second intercostal space. An electromag-
netic flow probe (model 100 series, internal circumference
8-10 mm; Carolina Medical Electronics, King, NC) was
positioned around the ascending aorta to measure the pul-
satile aortic flow. A Millar catheter with a high-fidelity
pressure sensor (model SPC 320, size 2F; Millar Instru-
ments, Houston, TX) was used to measure the pulsatile
pressure waves. Before insertion, the pressure sensor was
prewarmed in 37°C saline for at least 1 hr. The catheter was
inserted via the isolated right carotid artery into the ascend-
ing aorta to measure aortic pressure, and was then moved
into the LV to record LV pressure. Total peripheral resis-
tance of the systemic circulation (Rp ) was calculated as
mean aortic pressure (AoP m ) divided by cardiac output
(CO). After being withdrawn from each rat, the catheter was
reimmersed in the bath to check for baseline drift. At the
end of the experiment, the pressure reading from the sensor
submerged in the saline of less than 10 mm in depth was
used as the zero pressure reference. The electrocardiogram
(ECG) of lead II was recorded with a Gould ECG/Biotach
amplifier (Gould Electronics, Cleveland, OH).

The analogue waveforms were sampled at 500 Hz using
a l2-bit simultaneously sampling analog-to-digital (ND)
converter interfaced to a personal computer. Selection of
signals of 5-10 beats at steady state was made on the basis
of the following criteria: i) recorded beats with optimal
velocity profile that was characterized by a steady diastolic
level, maximal systolic amplitude, and minimal late systolic
negative flow; ii) beats with an RR interval (cardiac cycle
length) less than 5% different from the average value for all
recorded beats; and iii) exclusion of ectopic and postectopic
beats. The selective beats were averaged in the time domain
using the peak R wave of ECG as a fiducial point. The
resulting LV pressure and ascending aortic flow signals
were subjected to further analysis using the procedure pre-
viously reported (17, 18, 22). First, the isovolumic pressure
curve was obtained from the instantaneous pressure of an
ejection contraction by a curve-fitting technique. Next, the
elastance-resistance model with the estimated isovolumiv
pressure was applied to measure the systolic mechanical
behavior of the ventricular pump.

Estimation of the Isovolumic Pressure from al1
Ejecting Contraction. To estimate the isovolumic pres-
sure curve P;so(t) from an ejecting beat, a nonlinear least-

squares approximation technique developed by Sunagaw''
and colleagues (23) was used:
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tion contraction and the estimated isovolumic contraction in
the pressure-time diagram.

Prediction of the LV Pressure Using an Elas-
tance-Resistance Model. Model-derived pressure of
the LV pet) can be calculated by using the elastance-
resistance model if the model parameters are previously
identified (25, 26). The relationship between instantaneous
LV pressure, flow, and isovolumic pressure can be written
as follows:

where VeP) is instantaneously ejected volume computed by
numerically calculating the running integral of the aortic
flow signal Q(t). Q max is the theoretical maximum flow
(i.e., the amount of outflow generated by the ventricle if it
were to eject under zero load condition). Veed is an effective
LV end-diastolic volume that is the volume difference be-
tween LV end-diastolic volume (Ved) and the zero-pressure
volume axis intercept (Va). PisoCt) is the isovolumic pressure
obtained by occluding the ascending aorta near the sinuses
of Valsalva at the end of diastole. Herein, Piso(t) is replaced
with Piso(t) that is derived from the measured pressure of an
ejecting contraction by making use of Equation 1.

Both Veed and Q max are the model parameters that re-
main to be determined by curve-fitting techniques. Camp-
bell and colleagues (10) found that Equation 2 can be used
to fit the measured LV pressure of an ejecting beat very
well, if the fitting interval is tej< t < tpisomax' where tej is the
onset of ventricular ejection and tpisomax is the time of peak
isovolumic pressure. The normalized root-mean-square ep is
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Where Pidmax is an estimated peak isovolumic developed
pressure, w is an angular frequency, c is a phase shift angle
of the sinusoidal curve, and Pd is the LV end-diastolic pres-
sure. The parameter Pisomax is the estimated peak isovolu-
rnic pressure that is the sum of Pidmax and Pd' Piso(t) is
obtained by fitting the measured LV pressure curve seg-
lUents from the end-diastolic pressure point to the peak posi-
tive dPldt and from the pressure point of the peak negative
dPldt to the same level as the end-diastolic pressure of the
preceding beat (24). The peak of the ECG R wave is used to
identify the LV end-diastolic point. The upper panel of Fig-
Ure 1 schematically represents the relation between the ejec-

(3)
±[P(i) - p(i)]2

i=1 P
e =-

p n

where P(i) and hi) are the sampled values of observed and
model-calculated pressure of the LV, respectively. Initial
values of the parameters, Veed and Qmax, are chosen first.
The Neider-Meade simplex algorithm (27) is then used to
iteratively adjust Veed and Qmax to minimize the normalized
root-mean-square value. The parameters coincident with the
minimum objective function are taken as the model esti-
mates of the systolic pumping mechanics of the LV. The LV
systolic elastance E(t) can be calculated by the formulation
of E(t) = Piso(t)IVeed' The maximal systolic elastance Emax
is, therefore, quantified in terms of its maximal value, Emax
= Pi.wmaxlVeed and the internal resistance R in terms of the
theoretical maximum flow Qmax' R(Piso) = Pi.vo(t)IQmax'

Fitness of the data generated by the model is judged by
the magnitude of ep and by indic~s from a linear regression
of the model-generated pressure P(i) on the measured pres-
sure P(i). Two indices are used to evaluate the goodness-
of-fit: the coefficient of determination, ,J, and the standard
error of the estimate, SEE. We look for ,.z to be close to I
and for SEE to be on the order of less than 5% when ex-
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figure 1. The solid curves show the measured LV pressure wave-
aorrn (upper panel) and ascending aortic flow signal (lower panel) in
i COntrol rat. In the upper panel, the dashed line represents the
sOvolumic pressure curve at an end-diastolic volume, which,is esti-

~ated by fitting a sinusoidal function to the isovolumic portions of the
easured LV pressure.
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Figure 2. The measured data (solid line) and model-generated data
(dashed line) when the elastance-resistance modet'ls fitted over
taj < t < tp/somax' Little distinction can be made between the model-
generated and observed data. The LV pressure is normalized to the
estimated isovolumic pressure.

pressed relative to the mean of pressure observations (28).
Figure 2 shows the similarity between the computed and
measured pressure waveforms during the fitting interval
tej < t < tpisomax'

Effective Arterial Volume Elastance as Arterial
Chamber Property. The effective arterial volume elas-
tance (Eo) could be calculated as follows. The peak isovo-
lumic pressure of the LV at the end-diastolic volume is
estimated by Equation 1. The pressure-ejected volume loop
can be obtained by the time integration of aortic flow and
the measured LV pressure (Fig. 3). Drawing a tangential
line from the estimated peak isovolumic pressure to the
right corner of the pressure-ejected volume loop yields a
point referred to as end-systolic equilibrium point (29). The
pressure of the LV at this end-systolic equilibrium point is
the LV end-systolic pressure. Thus, the slope of the end-
systolic pressure versus stroke volume relation (i.e., Pe/SV;
the dashed in Fig. 3) represents the effective arterial volume
elastance Eo (30).

Statistics. Results are expressed as means ± SE. No
differences in all hemodynamic parameters studied were
observed between 1- and 4-week control rats, and then all
control data were consolidated. Differences between the
three diabetic and control groups were detected using one-
way analysis of variance (ANOVA). Where differences
were found, significance was determined with Dunnett's
test for multiple comparisons with a single control. Statis-
tical significance is defined at the level of P < 0.05.
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Figure 3. Drawing a tangential line from the estimated peak lsovo-
lumic pressure to the right corner of the pressure-ejected volume
loop yields a point referred to as the end-systolic equilibrium point.
The pressure of the left ventricle at this point is the LV end-systoliC
pressure (Pas)' The slope of the dashed line connecting the end-
diastolic point to the end-systolic equilibrium point represents the
effective arterial volume elastance (Ea).

Results

As expected, after the f3 cell of the islet of Langerhans
was destroyed by STZ, STZ treatment to rats resulted in
consistent hyperglycemia that persisted over the period of
the experiment. In addition, STZ-diabetic rats had lower
body weights and LV weights when compared with controls
(Table I).

The effects of diabetes on basic hemodynamic variables
and arterial chamber properties are shown in Figures 4 and
5. After I or 4 weeks, insulin-deficient diabetic rats had
decreased basal heart rate (HR in Fig. 4A), and increased
cardiac output (CO in Fig. 4B), as well as stroke volume (SV
in Fig. 4C). There was no significant change in mean aortic
pressure (AoPm in Fig. 5A), whereas a decline in total pe-
ripheral resistance (Rp in Fig. 5B) was observed in STZ-
diabetic rats. As for the chamber properties of the arterial
system, animals with insulin deficiency showed a signifi-
cant fall in Eo (Fig. 5C).

The results of fitting the elastance-resistance model to

LV pressure showed little distinction between the model-
generated and measured signals. The averaged values for ep

as an indication of the quality of fit was 0.0032 ± 0.0001, for
,.z was 0.9850 ± 0.0021, and for SEE was 2.68% ± 0.17%·
These results indicate that the model parameters were esti-
mated with good quality in analyzing the cardiac systolic

. mechanics with the elastance-resistance model.
Figures 6 and 7 depict the effects of diabetes on cardiaC

systolic mechanical behavior that is characterized by Ern~
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Table I. Body and Heart Weight and Glucose Levels in Control and STZ-Induced Diabetic Rats-
NC OM 1 week OM 4 weeks OM + INSULIN

(n =15) (n =9) (n =8) (n =8)

BOdy weight (g) 335.6 ± 18.9 278.9 ± 12.48 271.3 ± 6.1b 347.5 ± 9.2
LV weight (mg) 690.4 ± 29.5 588.8 ± 30.4 8 577.8 ± 12.9b 699.1 ± 12.2
~ucose (mg/dl) 128.1 ± 8.5 416.7 ± 19.4b 457.6 ± 10.2b 217.1 ± 14.4b

Note. All values are expressed as means ± SE. No differences in body weight, LV weight, and blood sugar were observed between 1- and
4-week control rats, and then all control data were consolidated. All data collected from STZ-diabetic rats were compared with those of
untreated controls. NC, age-matched controls; OM, STZ-diabetic rats; OM + INSULIN, insulin-treated rats of diabetes.
: p < 0.05 compared with controls.

p < 0.01 compared with controls.
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Igure 4. Effects of diabetes on basal heart rate, cardiac output, and stroke volume. All values are expressed as means ± SE. No differences
n HR, CO and SV were observed between 1- and 4-week control rats and then all control data were consolidated. All data collected from
STZ-diabetic rats were compared with those of untreated controls. Insulin-deficient diabetic rats had decreased HR (A), and increased CO (8)
as Well as SV (C). The diabetes-related changes in HR, CO, and SV could be prevented by the treatment with insulin. NC, age-matched
COntrols; OM, STZ-diabetic rats; OM + INSULIN, insulin-treated rats of diabetes.

and Q max' Neither LV end-systolic pressure (Pes in Fig. 6A)
nor estimated peak isovolumic pressure (Pisomax in Fig. 6B)
was affected by diabetes after 1 or 4 weeks of injection of
StZ. However, the amount of V eed (Fig. 6C) in insulin-
deficient diabetic hearts was much greater than that in con-
trol, nondiabetic hearts. Since E max is determined by the
ratio of Pisomax to V eed, STZ-diabetic rats had lower E max
(514.1 ± 22.4 mm Hg/ml in l-week diabetic rats and 538.4
:I: 33.8 mm Hg/ml in 4-week diabetic rats) than did controls
(751.5 ± 23.1 mm Hg/ml), shown in Figure 7A. When nor-
illalized for LV weight, E max of the diabetic heart (i.e.,
crnaxn = EmaxlLV weight in Fig. 7B) was still significantly
lower than that of the control heart. By contrast, STZ-
d!abetic rats had higher Qmax (40.9 ± 2.8 ml/sec in l-week
dIabetic rats and 44.5 ± 3.8 ml/sec in 4-week diabetic rats)
than did controls (30.7 ± 1.7 ml/sec), shown in Figure 7C.
~here was an inverse relation between Q max and Eo when a
hnear regression of Qmax on Eo was performed over all
animals studied (r = 0.65, P < 0.001; Fig. 8).
. Administration of insulin to STZ-diabetic rats resulted
~n ~eight gains and lowering of serum glucose (Table I). All

aSIC hemodynamic variables returned to baseline after a
4-Week treatment with insulin (Figs. 4 and 5). Furthermore,

insulin treatment had apparent effect on the systolic me-
chanical behavior of the ventricular pump as measured by
V eed (Fig. 6C), E max (Fig. 7A), and Qmax (Fig. 7C).

Discussion

The most striking findings of this study are that there is
an increase in Q max and a decrease in Emax in the early
STZ-diabetic rat heart. The opposing effects of enhanced
Q max and reduced E max may negate each other, and thus the
cardiac pumping function of the early STZ-diabetic rat
could be preserved before cardiac failure occurs.

Effects of Diabetes on the Contractile Statusof
the LV. As mentioned earlier, both the peak isovolumic
pressure Pisomax and the effective LV end-diastolic volume
V eed determine the maximal systolic elastance Emax that
equals PisomaxiVeed' Because no alteration is noticed in
Pisomax, a significant rise in V eed may primarily act to di-
minish E max in the early STZ-diabetic rat heart. This result
implies that the diabetic myocardium is incapable of pro-
ducing the pressure force enough to support E max along with
the increased V eed. Thus, an increase in V eed with unchanged
Pisomax suggests that some defects in the myofilament sys-
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Figure 5. Effects of diabetes on mean aortic pressure, total peripheral resistance, and effective arterial volume elastance. All values are
expressed as means ± SE. No differences in AoPm' Rp and Ea were observed between 1- and 4-week control rats and then all control data
were consolidated. All data collected from STZ-diabetic rats were compared with those of untreated controls. Although no significant change
was seen in AoPm (A), STZ-diabetic rats showed a decline in Rp (8) and Ea (C). The diabetes-related changes in Rp and Ea could be prevented
by insulin therapy. NC, age-matched controls; OM, STZ-diabetic rats; OM + INSULIN, insulin-treated rats of diabetes.
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Figure 6. Effects of diabetes on LV end-systolic pressure, estimated peak isovolumic pressure, and effective LV end-diastolic volume. All
values are expressed as means ± SE. No differences in Pas' Pisomax, and Vaad were observed between 1· and 4-week control rats and then
all control data were consolidated. All data collected from STZ-diabetic rats were compared with those of untreated controls. Although no
significant changes were seen in Pas (A) and Pisomax (8), STZ-diabetic heart exhibited an increase in Vaad (C). The diabetes-related change
in Vaad could be prevented by the treatment with insulin. NC, age-matched controls; OM, STZ-diabetic rats; OM + INSULIN, insulin-treated rats
of diabetes.

terns may occur in the early STZ-diabetic rat heart. It has
been suggested that the properties of the contractile unit,
along with the activation process (i.e., availability of Ca2+),

may determine the elastic behavior of the ventricle (11, 12).
The impaired confractile status of the diabetic heart could be
related to abnormalities in calcium metabolism due to de-
fects in the sarcolemmal Na+-Ca2+ exchange (31) and the
Ca+2 uptake of sarcoplasmic reticulum (7, 3~1, Therefore,
alterations in calcium homeostasis or other factors in the
myofilament systems to worsen the Pi.wmax·Veed relation
may profoundly affect Emax' deteriorating the intrinsic con-
tractility of the early STZ-diabetic rat heart.

Effects of Diabetes on the Systolic ResistanCe
of the LV. Change that takes place in another aspect of
cardiac mechanics with diabetes is an increase in theoretical
maximum flow Qmax' Many reports in the literature dem-
onstrated the occurrence in the diabetic myocardium of the
shift of the myosin isoenzyme profile from the fast VJ isO-
form toward the slow V3 isoform (3, 6, 7). One would
expect that this isoenzyme shift in the diabetic myocardium
might cause a decline in Qmax because of the inverse rela-
tion between Qmax and percent slow V3 isoform (16). BY
contrast, we show data quite different from that speculatioll

based on the biochemical changes in the diabetic heart. That
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!o account for differences in LV mass by diabetes, Emax was normalized by dividing with LV weight (l.e., Emax = Ema/LV weight). The LV
I~trinsic contractility was depressed in diabetic rats, as evidenced by the reduced Emaxn (8). On the contrary. nO max exhibite<:J a significant
rise in the diabetic heart (C), suggesting a fall in LV systolic resistance. Diabetes-related changes in Emax• Emaxno and Omax could be
Prevented by insulin therapy. NC, age-matched controls; OM, STZ-cJiabetic rats; OM + INSULIN, insulin-treated rats of diabetes.
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Figure 8. Theoretical maximum
flow Omax plotted against effective
arterial volume elastance Ea. No
significant relation between Omax
and Ea was observed within each
group (P > 0.05). However, an in-
verse relation between Omax and
Ea is evident after pooling the data
of all groups. The solid line is ob-
tained when a linear regression of
Omax on e, is performed over all
animals studied, having the linear
equation Omax = 53.833 - 0.038 x
Ea with r=0.65; P < 0.001.
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is because arterial chamber properties also play an irnpor-
t~nt role in determining Qmax (17, 18, 26). In this study,
either 1- or 4-week STZ-diabetic rats exhibited a decline in
basal heart rate HR and a fall in total peripheral resistance
!?p. Because the effective arterial volume elastance Ea can
be reasonably approximated by the ratio of physical resis-
tance to cardiac cycle length (30), the diminished R; and HR
aCCOunts for the reduction in Ea in diabetes. There existed
an inverse relation between Qmax and E; when a 'linear
regression of Qmax on Ea was performed over all animals

studied (r = 0.65, P < 0.01; Fig. 8). Our data suggest that
the diabetes-related decline in Ea, but not the changes in
myosin ATPase activity, may be the major factor respon-
sible for the increase in Qmax in early diabetes. The en-
hanced Qmax is indicative of the decline in ventricular in-
ternal resistance of the STZ-diabetic rat heart.

Ventricular-Arterial Coupling in STZ-Diabetic
Rats. It has been suggested that the equilibrium stroke
volume SV is directly proportional to both Veed and Em ax and
is inversely related to Rp (30). The ventricular systolic re-
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sistance may also affect performance of the LV under
pathological states (11, 25). In this study, the STZ-diabetic
rat exhibited a decline in Rp and a fall in ventricular systolic
resistance to enhance SV. Ventricular dilatation, as defined
by an increase in Veed , also developed in the diabetic heart
to increase SV. Thus, despite lower basal heart rate and
depressed cardiac contractility, STZ-diabetic rats are able to
enhance stroke volume, causing an increase in blood flow
and maintaining blood pressure as seen in controls. Our data
suggest that at the early stage of the STZ-diabetic rat heart,
the opposing effects of augmented Qmax and reduced Emax

may negate each other, and then the pumping function of the
diabetic heart could be preserved before cardiac failure
occurs.

Effects of Insulin Administration to srz·
Diabetic Rats. In this study, insulin therapy may correct
Veed but maintain Pisomax so that the contractile status of the
early STZ-diabetic rat heart could be prevented. The admin-
istration of insulin to diabetic animals may stimulate the
sarcolemmal Na+-K+-ATPase activity (33) and Na+-Ca2+

exchange in cardiac muscle cells (34), and then result in
calcium homeostasis. Those contribute to the return of the
impaired intrinsic contractility of the diabetic heart to base-
line, as manifested by the regressed Emax• Either HR or Rp

or Eo was also reversed by the administration of insulin to
STZ-diabetic rats. On the other hand, the normalized Qmax

by the diabetic control may cause the return of the ventricu-
lar internal resistance to baseline. Our data suggest that all
abnormalities in cardiac systolic mechanics in the early
STZ-diabetic rat heart may be prevented by insulin therapy.

Limitations. Rats treated with STZ display many of
the features seen in human subjects with uncontrolled dia-
betes mellitus, including hyperglycemia, polydipsia, poly-
uria, and weight loss (35). However, STZ has the potential
to affect many factors such as endocrine, renal, hepatic,
nervous, cardiac, and vascular factors that may underlie
changes in cardiovascular homeostasis. The results reported
here were obtained in STZ-diabetic rats, and caution should
be noted in extrapolating all findings from STZ-diabetic rats
to human subjects with insulin deficiency. More studies on
different models of diabetes are needed to delineate the
effects of diabetes on the systolic mechanical behavior of
the LV in terms of Qmax and Emax•

There is a concern about the estimation of the isovolu-
mic pressure from an ejection beat. Campbell and col-
leagues (26) demonstrated that the duration of the isovolu-
mic contraction by abruptly clamping the aortic root is sig-
nificantly longer than that of the ejecting contraction.
However, this prolongation was observed mainly at the di-
astole; during the rising phase, there was an overlap of
pressure traces between the isovolumic and .l?iecting con-
tractions (Fig. 2A in Ref. 26). Moreover, Sunagawa and
colleagues (23) showed that the predicted P.isomax has good
correlation with that obtained by actual aortic occlusion.
Because the fitting interval is tej < t < tpisomax' the elastance-

resistance model with the estimated isovolumic pressure
could be used to measure Emax and Qmax'

Another concern is that the elastance-resistance model
is not a perfect model in the evaluation of the LV systolic
mechanics. Hunter and colleagues (12, 36) demonstrated
that besides elastance and resistance, there are at least two
or more processes involved in the description of systolic
mechanical behavior of the ventricular pump. These pro-
cesses may include the volume influence factor and the
deactivation factor. However, Campbell and colleagues (10)
showed that the elastance-resistance model could be used to

fit the measured LV pressure of an ejection beat very well
if the fitting interval is tej < t < tpisomax' Shroff and col-
leagues (11) believe that the elastance-resistance is a useful
model to quantify LV systolic mechanical properties, pro-
vided one clearly understands its limitations.

The depressed myocardial effects (37) and the impaired
gain of baroreceptor reflex function (38) may be exerted by
sodium pentobarbital in rats. Thus, this kind of anesthetic
may be not an ideal anesthetic agent for the use of studying
cardiovascular dynamics in rats. In this report, the results
pertained only to measurements made in the open-chest rat
with pentobarbital anesthesia. This setting induced a fall in
blood pressure and may introduce reflex effects not found in
the closed-chest setting. Just how much pentobarbital anes-
thesia and thoracotomy affect pulsatile hemodynamics in
rats was uncertain. However, studies on other animal mod-
els suggest that the effects are small relative to biological
and experimental variability between animals (39). More
studies are needed to elucidate the differential effects of
anesthetics on the systolic mechanical behavior of the LV in
terms of Qmax and Emax in rats with diabetes.

In summary, the most striking findings of this study are
that there is an increase in Qmax and a decrease in Emax in
the early STZ-diabetic rat heart. An increase in Veed with
unaltered Pisomax may primarily act to diminish Emax so that
the intrinsic contractility of the diabetic heart is impaired.
Moreover, the diabetes-related fall in Eo may be the major
factor responsible for the increased Qmax in diabetes. The
enhanced Qmax is indicative of the decline in ventricular
internal resistance of the STZ-diabetic rat. The opposing
effects of enhanced Qmax and reduced Emax may negate
each other, and thus the pumping function of the early STZ-
diabetic rat heart could be preserved before cardiac failure
occurs. Our data also suggest that all abnormalities in car-
diac systolic mechanics in the early STZ-diabetic rat heart
may be prevented by insulin therapy.
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