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Abstract

Ventricular enlargement and heart failure are common in patients who survive a myocardial 

infarction (MI). There is striking variability in the degree of post-infarction ventricular 

remodeling, however, and no one factor or set of factors have been identified that predicts heart 

failure risk well. Sympathetic activation directly and indirectly modulates hypertrophic stimuli 

by altering both neurohormonal milieu and ventricular loading. In a recent study, we developed 

a method to identify the balance of reflex compensatory mechanisms employed by individual 

animals following MI based on measured hemodynamics. Here, we conducted prospective studies 

of acute myocardial infarction in rats to test the degree of variability in reflex compensation as 

well as whether responses to pharmacologic agents targeted at those reflex mechanisms could be 

anticipated in individual animals. We found that individual animals use very different mixtures 

of reflex compensation in response to experimental coronary ligation. Some of these mechanisms 

were related – animals that compensated strongly with venoconstriction tended to exhibit a 

decrease in the contractility of the surviving myocardium and those that increased contractility 

tended to exhibit venodilation. Furthermore, some compensatory mechanisms – such as 

venoconstriction – increased the extent of predicted ventricular enlargement. Unfortunately, initial 

reflex responses to infarction were a poor predictor of subsequent responses to pharmacologic 

agents, suggesting that customizing pharmacologic therapy to individuals based on an initial 

response will be challenging.
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1. Introduction

About 85% of the 800,000 Americans who suffer a heart attack (myocardial infarction, 

MI) annually survive the initial event [1]. Survivors often have reduced cardiac function, 

however, and increased risk of hypertrophy and heart failure. Importantly, post-infarction 

heart failure is common (incidence of 16–30%, [2,3]) and difficult to treat (1-year 

mortality of 31–45%, [2,4]). A number of metrics have been proposed to prospectively 

estimate heart failure risk including a range of biomarkers (such as cytokines and matrix 

metalloproteinases [5]) as well as various functional metrics (such as ventricular volume 

and ejection fraction [6–8]). While risk stratification is crucial for patient planning and 

treatment, no one factor or set of factors has been determined that predicts heart failure 

risk well [9–11]. In fact, although post- infarction remodeling correlates broadly with infarct 

size, both echocardiographic [12] and MRI [13] studies show striking variability in the 

degree of eccentric hypertrophy for any given infarct size, particularly among patients with 

moderately sized infarcts (15–25%).

Multiple processes, including both neurohormonal activation and altered biomechanics, 

interact through a network of intracellular signaling cascades to drive the development 

of post-infarction hypertrophy. Many of the signals known to activate hypertrophy are 

associated directly or indirectly with the sympathetic reflexes triggered by infarction [14–

16], suggesting that individual variability in sympathetic activation might account for some 

of the observed variability in remodeling. While sympathetic activation can directly activate 

intracellular pathways that stimulate myocyte hypertrophy, it also indirectly modulates 

hypertrophic stimuli by altering ventricular loading. Post- infarction compensatory reflexes 

sense blood pressure through baroreceptors in the carotid arteries and act to preserve mean 

arterial pressure through an increase in heart rate, an increase in contractility of the surviving 

myocardium, arterial vasoconstriction, and venous vasoconstriction. Other stretch-mediated 

reflexes can modulate the baroreceptor response acutely [17,18], while the kidneys provide 

long-term regulation of blood volume following infarction [19,20]. In our recent study [21], 

we developed a method to identify the balance of post-infarction compensatory mechanisms 

employed by individual animals following infarction based on measured hemodynamics. We 

found marked variability in post-infarction reflex compensation in a published canine study, 

and postulated that this could contribute to variability in ventricular remodeling and provide 

a target for individualizing therapies aimed at reducing that remodeling.

Here, we conducted prospective studies of acute myocardial infarction in rats to test the 

degree of variability in reflex compensation as well as whether responses to pharmacologic 

agents targeted at those reflex mechanisms could be anticipated in individual animals. 

We confirmed that individual animals use very different mixtures of reflex compensation 

in response to experimental coronary ligation. Furthermore, some of those compensatory 

mechanisms – such as venoconstriction – tend to elevate left ventricular volumes and 

increase peak circumferential stretch in the surviving region of the ventricle, which 

according to both experimental studies [22,23] and predictive models [24–26] is a stimulus 

for left ventricular enlargement, while other mechanisms – such as increased contractility – 

act to reduce peak circumferential stretch and expected risk of enlargement. Unfortunately, 

initial reflex responses to infarction were a poor predictor of subsequent responses to 
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pharmacologic agents, suggesting that customizing pharmacologic therapy to individuals 

based on an initial response will be challenging.

2. Methods

We performed acute myocardial infarction experiments in rats, measuring hemodynamics 

prior to myocardial infarction, following myocardial infarction, and in response to 

pharmacologic agents. Using a computational model, we fitted hemodynamic measurements 

in order to examine the degree of variability in the postinfarction hemodynamic 

compensation mechanisms individual animals employed. Then, we perturbed hemodynamics 

pharmacologically and quantified the effects on compensation. Finally, we estimated the 

degree to which differences in the stretch of the surviving region would be expected to 

produce an increase or decrease in eccentric hypertrophy based on established predictive 

models of cardiac remodeling.

2.1. Surgical procedures and data collection

We created transmural anteroapical infarcts in adult male Sprague- Dawley rats (369 ± 

48 g) by permanent ligation of the left anterior descending coronary artery. All studies 

were performed in accordance with the Guide for the Care and Use of Laboratory 

Animals and approved by University of Virginia’s Institutional Animal Care and Use 

Committee. Animals were anesthetized with isoflurane in 100% O2 (3.0% induction, 

1.5–2.0% maintenance), intubated via tracheotomy, and ventilated with positive-pressure 

ventilation. Body temperature was maintained with a warming pad. The chest was opened 

via midline sternotomy with careful attention to hemostasis. Instrumentation was similar 

to our previous studies [22,27]. Prior to ligation of the left anterior descending coronary 

artery, four 1.0 mm sonomicrometer crystals (Sonometrics, London, Ontario, Canada) were 

sewn to the epicardial surface of the left ventricle with 6–0 silk suture: on the posterior 

wall two-thirds of the distance from apex to base and just lateral to the intraventricular 

groove (posterior); 2) on the anterior wall two-thirds of the distance from apex to base and 

just lateral to the intraventricular groove (anterior); 3) on the lateral wall under the left 

atrial appendage (base); and 4) at the left ventricular apex (apex). A Millar SP-671 pressure 

transducer (Millar Instruments, Houston, Texas) was inserted into the left ventricular cavity 

through a hole created with a 25-gauge needle in the anterior wall. Left ventricular segment 

lengths and pressure data were acquired at 312 Hz using the commercial software SonoLab 

(Sonometrics). A total of 22 adult male Sprague-Dawley rats were used for these studies. 

Rats were excluded from data analysis if no infarct was detected (n = 3), if pressure tracings 

were of poor quality (n = 3), or in the case of acute mortality (n = 3); data from the 

remaining 13 animals are reported here.

We measured left ventricular pressure and segment lengths at five time points in each rat 

(Table 1). Following a control reading (time point 1), we created transmural anteroapical 

infarcts by permanent ligation of the left anterior descending coronary artery [28]. Thirty 

minutes following ligation, hemodynamic measurements were again recorded (time point 

2). Next, we injected either dobutamine (4 μg/kg) or nitroglycerin (20 μg/kg) into the right 

ventricle and recorded pressure and segment lengths of the left ventricle (time point 3). 
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We selected these agents specifically to target the compensatory mechanisms that cannot be 

measured directly post-infarction in order to test the ability of our computational model to 

correctly identify their effects. At low doses, the beta-adrenergic agonist dobutamine induces 

a large increase in myocardial contractility with minimal change in heart rate [29,30]. 

Similarly, at low doses, nitroglycerin is a potent venoselective vasodilator [31–34]. The high 

clearance rates of dobutamine and nitroglycerin enabled us to quantify their effects serially 

in each rat. Following the transient pharmacologic response (~5 min after injection) to each 

agent, an additional postinfarction baseline recording was made. We randomized animals to 

dobutamine or nitroglycerin first and waited several minutes between pharmacologic agents. 

For each experimental condition, we also took hemodynamic measurements over a range of 

preload pressures by temporarily occluding the inferior vena cava [22]. Supplemental Fig. 

2A and B show the end-systolic and end-diastolic pressure-volume behavior observed during 

inferior vena cava occlusion in a representative rat.

After each study, the heart was arrested by retrograde aortic perfusion with a cold 

cardioplegic solution (2,3-butanedione monoxime in phosphate-buffered saline [35]) 

containing fluorescent microspheres [36] and removed. The atria were trimmed away, and 

overall dimensions as well as the positions of the sonomi- crometers were measured and 

recorded. The sonomicrometers were then removed, and the left and right ventricles were 

weighed. Next, we suspended the left ventricle in the cold cardioplegic solution and filled 

the left ventricular cavity with an agarose gel (0.4 g agarose per 10 ml DI water). The left 

ventricle was sectioned into 2 mm-thick short-axis slices. Fig. 1 shows short-axis slices 

of the left ventricle of a representative animal under ultraviolet light. There was clear 

demarcation between regions with microspheres (bright yellow) and those without (black). 

Images of both the basal and apical sides of each slice were segmented manually and 

reconstructed to determine the total left ventricular wall volume as well as the percentage of 

the wall volume that was infarcted, IS.

2.2. Data analysis

Base-apex (BA) segment length, anterior-posterior (AP) segment length, and ventricular 

pressure were exported for analysis via a series of custom routines written in MATLAB 

detailed in our previous studies [22,35]. Briefly, the volume enclosed by the epicardial 

surface, V , was computed from the segment lengths assuming a truncated ellipsoidal 

geometry for the left ventricle, V = 1.125 * π/6 AP2BA. Wall volume was computed from 

the mass of the left ventricle assuming a density of 1.06 g/cm3 for myocardium [37,38]. To 

obtain the cavity volume of the left ventricle we subtracted wall volume from the epicardial 

volume. For each cardiac cycle, end diastole was selected as the point immediately 

preceding the rapid pressure upstroke and end systole as the point when the ratio of left 

ventricular pressure to cavity volume was maximized. Beginning of ejection was selected as 

the point between end diastole and end systole immediately preceding rapid volume loss. 

Data from approximately 30 beats were averaged for each experimental hemodynamic state.

We combined end-systolic points from the control state with and without inferior vena cava 

occlusion to form a control end-systolic pressure-volume relationship. A line is typically 

used to estimate the end-systolic behavior of an intact ventricle [39,40]. Thus, we assumed
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PES = E V ES − V 0 ,

(1)

and estimated E, the end-systolic elastance, and V 0, the unloaded volume for this 

relationship. Acutely, the end-diastolic behavior of the ventricle is unchanged by the 

pharmacologic agents employed here or by myocardial infarction [41]. Therefore, end-

diastolic points from all experimental conditions with and without inferior vena cava 

occlusion were combined to form the overall end-diastolic pressure-volume relationship. 

We assumed exponential end-diastolic behavior [42,43], where

PED = Bexp A V ED − V 0 − B .

(2)

Using the previously determined value for V 0, we estimated coefficients A and B for the 

end-diastolic pressure-volume relationship.

For each experimental condition, heart rate, HR, and arterial pressure were determined 

from ventricular pressure tracings. Similar to our previous study [21], we estimated arterial 

pressure by assuming it was the same as left ventricular pressure during ejection and linearly 

interpolating for the remainder of the cardiac cycle. Then, we computed the mean arterial 

pressure, MAP . We computed systemic vascular resistance, SV R, as

SV R = MAP
HR ∗ SV ,

(3)

where stroke volume, SV  was computed as the difference between the left ventricular 

end-diastolic and end-systolic volumes.

2.3. Computational model

We adapted our previously published compartmental model of postinfarction canine 

hemodynamics for rats [21,44]. Supplemental Fig. 1 shows a schematic of the model. 

Briefly, ventricular contraction was simulated using time-varying elastance, systemic and 

pulmonary vessels were represented by capacitors in parallel with resistors, and pressure-

sensitive diodes acted as valves. To simulate myocardial infarction the damaged left 

ventricle was functionally divided into two compartments: a noninfarcted, contractile 

compartment, and an infarcted, non-contractile compartment. At any time point during the 

cardiac cycle, the pressures within these compartments were the same and their volumes 

added to the total left ventricle volume (see Supplemental Section S.1 for details).

We modeled hemodynamics in dogs in our previous studies [21,25]. Therefore, to simulate 

hemodynamics in rats, model parameters that were not directly measured, computed from 

measurements, or fit to measured data were estimated by allometrically scaling published 

parameters from a dog weighing ~20 kg to a rat weighing ~0.4 kg. Allometric scaling 
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describes the dependence of a biological variable on body mass with a scaling exponent, 

b [45]. Many experimental and theoretical analyses have been performed to quantify 

cardiovascular scaling exponents [45–47]. We scaled model resistances by b = − 3/4 based 

on theoretical and empirical measurements of total peripheral resistance. The dependence of 

capacitance on vessel dimensions dictates it scales linearly [48,49]. Supplemental Table 1 

shows all scaled model parameters.

Four model parameters reflect the primary hemodynamic compensations that occur in 

response to myocardial infarction: heart rate (HR), systemic vascular resistance (SV R), 

end-systolic elastance of the non- infarcted compartment En , and stressed blood volume 

(SBV ). When determining the animal-specific parameters associated with hemodynamic 

compensation we first considered the control hemodynamic state. Heart rate was determined 

from the ventricular pressure tracings and prescribed directly in the model. Systemic 

vascular resistance changes with arterial vasoconstriction and was estimated according 

to eq. 3. For an intact ventricle, contractility is typically quantified by the slope of the 

end-systolic pressure-volume behavior [39,40]. Therefore, prior to infarction, we estimated 

the end-systolic elastance from the measured end-systolic pressure-volume points according 

to eq. 1. Venous vasoconstriction changes the size of the stressed blood pool within the 

circulation. Direct measurement of changes in stressed blood volume are challenging during 

in vivo experiments because they require circulatory arrest [50,51]. Therefore, for the 

control time point, we initialized SBV  at its scaled value, 5 ml, and utilized the model to fit 

SBV  by minimizing the sum squared error in left ventricular end-diastolic volume using the 

fminsearch function in MATLAB. We showed previously that the pressure-volume behavior 

of left ventricular at end diastole is highly sensitive to SBV  [21]. Systemic characteristic 

resistance was initialized at 2% of SV R and fit using the model by minimizing the sum 

squared error in mean ventricular pressure during ejection. Supplemental Fig. 2 shows a 

representative example of the model fitting process.

For the control time point, end-systolic elastance quantifies the myocardial inotropic state 

of the entire left ventricle since no infarct is present. In an infarcted heart, however, this 

slope depends not only on the behavior of the surviving contractile myocardium but also 

on the size and behavior of the non-contractile infarct region. Thus, for all the remaining 

experimental time points En could not be directly fit to the data. For these time points, 

we utilized the model to fit both SBV  and En by minimizing the sum squared error in the 

left ventricular end-diastolic and end-systolic volumes. SBV  and En were initialized at their 

control values. Again, heart rate was determined from the ventricular pressure tracings and 

prescribed directly in the model and systemic vascular resistance was estimated according to 

eq. 3. For both the control time point and all myocardial infarction time points, we were able 

to compute the time course of elastance throughout the cardiac cycle for each rat directly 

(see Supplemental Section S.2 for details). To compare the contractility of the surviving 

myocardium with the non-infarcted control from the model, the control value was simply 

multiplied by (1 − IS). Again, systemic characteristic resistance was initialized at 2% of 

SV R and fit using the model by minimizing the sum squared error in mean ventricular 

pressure during ejection.
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2.4. Hypertrophic mechanical stimuli

In our previous publication [24], we evaluated the ability of various mechanical 

stimuli to simulate eccentric and concentric ventricular hypertrophy following volume 

and pressure overload, respectively, and found differences in stretch to be the most 

successful. Subsequently, we successfully utilized the differences in peak stretches in the 

circumferential and radial directions within a computational model of ventricular growth 

to predict average ventricular dimensions in dogs following myocardial infarction [21,25]. 

Peak circumferential stretch occurred at end-diastole and was predictive of ventricular 

enlargement. Peak radial stretch occurred at end-systole and was predictive of ventricular 

thickening and thinning. To account for changes in geometry with growth we developed 

analytic expressions based on the relationships between strain and volume and stress 

and pressure in a thin-walled sphere. Circumferential and radial stretches were defined 

as the ratio of the loaded circumference to the unloaded circumference and the loaded 

thickness to the unloaded thickness, respectively. The unloaded dimensions are modified 

when simulating growth. Therefore, we computed circumferential stretch in the noninfarct 

region as

λc = V n
(1 − IS)V 0

3 ,

(4)

where V n was the volume in the noninfarct region of the left ventricle from the model. 

Within the model, the unloaded thickness of the noninfarct region of the left ventricle was

ℎn0 = 3
4π(1 − IS) ∗ V 0 + V wall

3 − 3
4π(1 + IS)V 0

3 ,

(5)

where V wall was the wall volume of the total left ventricle, and the loaded thickness of the 

noninfarct region of the left ventricle was

ℎn = 3
4π (1 − IS)V wall + V n

3 − 3
4πV n

3 .

(6)

Thus, radial stretch in the noninfarct region was computed as

λr = ℎn
ℎr0

(7)

To explore how variability in hemodynamic compensation could affect subsequent 

ventricular hypertrophy in our rats we compared the maximum circumferential and radial 

stretches both between rats and with pharmacologic perturbation.
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2.5. Statistics

Statistical analysis was performed using GraphPad Prism 8. We conducted D’Agostino-

Pearson omnibus K2 tests to test for normality of hemodynamic data for each time 

point. For metrics that passed the normality test, paired parametric t-tests were used 

to determine if changes were significantly different between time points. Otherwise, 

Wilcoxon matched-pairs signed rank tests were used. When evaluating if relationships 

between metrics were significant we computed two-tailed Pearson correlation coefficients or 

nonparametric Spearman correlation coefficients from linear regression. We also tested for 

homoscedasticity.

3. Results

Data from 13 acutely infarcted rats was analyzed to assess the variability in compensatory 

responses postinfarction. Fig. 2 shows measured and simulated pressure-volume behavior for 

a representative animal for all experimental time points. In the majority of rats, infarction 

shifted the pressure-volume behavior rightward whereas pharmacologic perturbation shifted 

it leftward. The model matched the experimental data well for all conditions.

Passive ventricular parameters were estimated directly from the data for each rats. 

Supplemental Fig. 2A and B details this process for a representative rat. At the control 

time point, HR and SV R were computed directly from experimental measurements. E was 

estimated from inferior vena cava occlusion end-systolic pressure-volume behavior and was 

equivalent to En. We fitted SBV , the parameter associated with venoconstriction, based on 

the sum squared error in left ventricular end-diastolic volume (see Supplemental Fig. 2C for 

example). Then, systemic characteristic resistance was fitted using the model by minimizing 

the sum squared error in mean ventricular pressure during ejection (see Supplemental Fig. 

2D for example). The final model fits produced control end- diastolic volumes, end-systolic 

volumes, and mean pressures during ejection, within 0.0005 ml, 0.005 ml, and 1.3 mmHg 

of the measured values for all rats, respectively. For all other time points, HR and SV R
were again computed directly from experimental measurements. We fitted SBV  and En, the 

model parameter associated with contractility of the noninfarcted region, by minimizing 

the sum squared error in the end-diastolic and end-systolic left ventricular volumes (see 

Supplemental Fig. 2E for example). Next, systemic characteristic resistance was fitted using 

the model by minimizing the sum squared error in mean ventricular pressure during ejection 

(see Supplemental Fig. 2F for example). The final model fits produced postinfarction end-

diastolic volumes, end-systolic volumes, and mean pressures during ejection, within 0.006 

ml, 0.005 ml, and 3.0 mmHg of the measured values for all rats, respectively.

3.1. Postinfarction hemodynamic compensation

Consistent with our previous findings [21], the mix of compensatory responses employed 

by individual animals was highly variable postinfarction (Fig. 3). For example, the rat 

represented in hot pink compensated almost exclusively with venoconstriction (increasing 

SBV  and decreasing SV R and En), while the rat represented in navy maximized myocardial 

contractility (increasing En with moderate changes in SV R and SBV ). Most rats exhibited an 

increase in systemic vascular resistance and, on average, SV R increased (paired parametric 
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t-test, p < 0.001). Changes in heart rate were small, ranging from − 6 to 11%. Most, but not 

all, rats were able to maintain MAP  within 15% of baseline even in the presence of an acute 

infarct.

We computed the correlation coefficients for each pair of compensatory mechanisms to 

quantify their interactions. There was a significant negative relationship between the change 

in SBV  and the change in En postinfarction (Fig. 4). Thus, animals that compensated 

strongly with venoconstriction tended to exhibit a decrease in the contractility of the 

surviving myocardium and those that compensated strongly with myocardial contractility 

tended to exhibit venodilation. No other mechanism pairs were significantly correlated and 

all pairs passed the test for homoscedasticity (p > 0.05). Next, we computed the squared 

correlation coefficient between infarct size and each compensatory mechanism to quantify 

the relationship between injury severity and compensation. Infarct size ranged from 8 to 

38% of the total left ventricle wall volume. No correlation coefficient was statistically 

significant, indicating that there was no trend in the change in heart rate, systemic vascular 

resistance, end-systolic elastance of the surviving myocardium, or stressed blood volume 

with infarct size (Supplemental Fig. 3).

3.2. Pharmacologic agents

As anticipated, following the postinfarction administration of nitroglycerin there was 

venodilation in all rats (Fig. 5A). SBV  was reduced by 3 to 35% (p < 0.001) of the 

postinfarction value. On average, SV R was also reduced (p = 0.003). However, neither 

HR nor En increased to counteract this loss, resulting in a significant drop in MAP  (p < 

0.001). Instead, HR remained steady and the average En decreased slightly (p = 0.54 and p 

= 0.02, respectively). We computed the correlation coefficients between the changes in each 

pair of compensatory mechanisms to quantify their interactions and no relationships were 

significant. The reductions in MAP  and MAP  induced by nitroglycerin were significantly 

correlated however, implicating venodilation as the primary mechanism driving the observed 

reduction in mean arterial pressure (Supplemental Fig. 4).

As anticipated, following the postinfarction administration of dobutamine there was 

increased contractility in the surviving myocardium of all rats (Fig. 5B). En increased by 

12 to 300% (p = 0.002) of the postinfarction value. On average, HR showed a slight, 

but statistically significant increase ranging from 0 to 7% (p < 0.001). There was also 

a small but significant increase in average MAP  (p = 0.03). Again, we computed the 

correlation coefficients between the changes in each pair of compensatory mechanisms and 

no relationships were significant.

Next, we plotted the change in each compensatory mechanism with pharmacologic 

perturbation as a function of its initial postinfarction value. We anticipated that the rats 

who increased venoconstriction the most in response to MI would exhibit the largest 

levels of venodilation with nitroglycerin administration. However, there was no correlation 

between the change in stressed blood volume postinfarction and its further alteration with 

nitroglycerin (Fig. 6A), indicating nitroglycerin had similar venodilatory effects regardless 

of the levels of venoconstriction immediately following MI. By contrast, there was a 
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significant relationship between the degree of venoconstriction (change in stressed blood 

volume) post-infarction and the effect of nitroglycerin on mean arterial pressure (Fig. 

6B). Animals with limited venoconstriction in response to MI showed large drops in 

blood pressure with nitroglycerin, while animals with strong venoconstriction responses 

experienced smaller drops in MAP . The physiologic and therapeutic implications of this 

finding require further study.

We also anticipated that individual rats who increased myocardial contractility the most 

in response to MI would exhibit the smallest increases in contractility when dobutamine 

was administered. However, there was no correlation between the postinfarction end-systolic 

elastance of the surviving myocardium and its further alteration with dobutamine (Fig. 6C).

3.3. Hypertrophic mechanical stimuli

Next, we considered how infarction and subsequent pharmacologic treatment would 

affect the patterns of post-infarction remodeling according to an established model of 

mechanically-driven hypertrophy that correctly predicted patterns of ventricular hypertrophy 

following pressure overload (aortic banding), volume overload (mitral valve damage), and 

myocardial infarction (coronary artery ligation) [21,25]. In that model, an increase in peak 

λc is associated with eccentric hypertrophy and left ventricular dilation, while changes 

in peak λr are associated with wall thinning or thickening. Stretches were computed for 

the noninfarcted region of left ventricle only. Peak λc increased on average following 

myocardial infarction (Fig. 7A). In prior modeling studies, the difference in peak λc required 

to trigger eccentric hypertrophy was ~0.1 [21,25]. Assuming this level is applicable to 

rats, we would expect 6 of the 13 rats studied here to exhibit ventricular dilation post-

infarction. Both dobutamine and nitroglycerin significantly reduced peak λc post-infarction, 

with nitroglycerin restoring peak λc to control levels (Fig. 7B). Thus, current models would 

predict that either agent should reduce the risk of eccentric hypertrophy and left ventricular 

dilation. On average, peak λr did not increase or decrease postinfarction (Fig. 7C). Thus, 

on average, we would not expect significant thickening or thinning of the noninfarcted 

myocardium with MI. Both dobutamine and nitroglycerin significantly reduced peak λr

post-infarction (Fig. 7D).

Next, we quantified the relationship between hemodynamic compensation and peak λc and 

λr of the noninfarcted myocardium. On average, there was a significant positive correlation 

between stressed blood volume and peak λc difference postinfarction (Fig. 8A). There were 

also significant correlations between both stressed blood volume and end-systolic elastance 

of the surviving myocardium and peak λr difference postinfarction (Fig. 8B and C). Infarct 

size is weakly correlated with eccentric hypertrophy [12,13] in patients and less so in rats 

[52,53]. In our study, neither the difference in peak λc nor the difference in peak λr post 

infarction were significantly correlated with infarct size (Supplemental Fig. 5).

4. Discussion

The goal of this study was quantify the variability and interdependence of post-infarction 

reflex compensatory mechanisms with and without pharmacologic perturbation. There are 
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three novel aspects of this study relative to prior work. First, we collected rat-specific 

hemodynamic data both before and after coronary artery ligation and with various 

pharmacologic agents. By applying our previously published modeling approach [21] 

to these paired measurements, we were able to quantify relationships between reflex 

mechanisms and more rigorously test the hypothesis that postinfarction compensation is 

highly variable. Second, we perturbed compensation with pharmacologic agents to test 

whether the balance of reflex mechanisms employed by individual animals could predict 

responses to pharmacologic perturbation. Third, using an established model of cardiac 

remodeling we computed stretch in the surviving myocardium and examined how predicted 

ventricular hypertrophy was influenced by both reflex compensation and administration of 

drugs. Together, the methods and results presented here suggest that there is a high degree 

of variability in the mixture of reflex compensation employed by individual animals post-

infarction, use of venoconstriction increases peak circumferential stretch in the myocardium 

and predicted ventricular enlargement post-infarction, and that customizing pharmacologic 

therapy to individuals based on their initial response to infarction will be challenging 

because initial response was a poor predictor of subsequent response to pharmacologic 

agents.

4.1. Compensation

Using a computational model, we were able to estimate the compensatory balance in rats 

postinfarction, postinfarction with dobutamine, and postinfarction with nitroglycerin. The 

model parameters reflecting myocardial contractility and venoconstriction, which cannot 

be measured directly in infarcted animals, were fitted by minimizing the sum squared 

error in the left ventricular end-diastolic and end-systolic volumes with a high level of 

accuracy (maximum error was <1%). Consistent with our previous findings [21], the mix 

of mechanisms employed by individual animals for post-infarction compensation was highly 

variable (Fig. 3). Changes in heart rate were least variable among the mechanisms examined, 

which may be in part a result of the use of a rodent model. While other studies have 

reported similar [54,55] or slightly higher [56,57] levels of variability in heart rate post- 

infarction in rats, none reached the levels observed in dogs [21]. Additionally, in studies 

that reported both post-infarction heart rate and arterial resistance changes in rats, variability 

was about 2-fold higher in arterial resistance [56,57]. These differences are consistent with 

broader observations that smaller mammals have reduced capacity to increase heart rate 

[58]. Postinfarction variability in mean arterial pressure was consistent with previous studies 

[54,56,57,59]. In most of these studies, a significant reduction in mean arterial pressure was 

observed, however they purposely considered larger infarcts (average sizes of 40 to 50%).

We were able to detect a significant negative relationship between myocardial contractility 

and venoconstriction because we tracked postinfarction compensation in individual 

animals (Fig. 4). However, when myocardial contractility was increased by dobutamine, 

venoconstriction was unchanged (Fig. 5B). Additionally, when venodilation was induced by 

nitroglycerin, myocardial contractility was reduced (Fig. 5A). Thus, the inverse relationship 

between myocardial contractility and venoconstriction was not sustained in the presence 

of pharmacologic agents. Instead, dobutamine and nitroglycerin had significant effects 

on mean arterial pressure itself. We observed a slight but significant average increase in 
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both mean arterial pressure and heart rate with dobutamine administration. Nitroglycerin 

significantly and substantially reduced mean arterial pressure along with arterial resistance 

and myocardial contractility. We purposely administered low doses of both dobutamine 

(4 μg/kg) and nitroglycerin (20 μg/kg) to discern their effects on compensation. For 

comparison, the dose of dobutamine for rats during standard stress testing ranges from about 

10 to 20 μg/kg [29,60,61] and can reach 100 μg/kg [30], corresponding to average increases 

in heart rate of 15 to 25% and up to 50%. However, even at these low doses, individual 

animals did not exhibit the responses we would have predicted based on their initial post-

infarction reflex response; therefore, customizing pharmacologic therapy to individuals to 

account for variability in reflex responses would appear to be challenging.

4.2. Hypertrophic mechanical stimuli

Cardiomyocytes grow and remodel in response to changes in their mechanical environment. 

Even in the absence of neurohormonal factors, physical stretching of cardiomyocytes 

has been shown to induce a hypertrophic response [62]. In previous studies, potential 

hypertrophic mechanical stimuli have been quantified both experimentally [22,23,40] and 

computationally [24,26] based on their ability to produce classic patterns of concentric and 

eccentric ventricular hypertrophy following pressure and volume overloading, respectively. 

Computational models utilizing these stimuli have also been successful at predicting 

hypertrophic patterns in dogs following myocardial infarction [21,25] and left bundle 

branch block [63]. In our previously published model capable of predicting ventricular 

dimensions in dogs post-infarction, increases in peak λc lead to ventricular enlargement 

and increases in peak λr lead to ventricular thickening [21,25]. Within this study, we used 

a computational model to compute these stretches within the noninfarcted region of the 

left ventricle. On average, peak λc increased and peak λr was not significantly different 

postinfarction. Based on these our results,we would expect left ventircular dilation in six 

rats. There was a significant positive relationship between stressed blood volume and peak 

λc, indicating venoconstriction as a risk factor for post-infarction ventricular remodeling and 

dilation. However, this relationship was modulated by the other compensatory mechanisms. 

For example, while the rats shown in lilac and hot pink exhibited similar levels of 

venoconstriction (Fig. 3), the peak λc difference postinfarction was much lower for the hot 

pink rat due to postinfarction arterial dilation and a drop in mean arterial pressure, which 

mitigated the effects of venoconstriction. Thus, a complete description of hemodynamic 

compensation is likely needed to produce accurate predictive computational models for 

individuals. Stressed blood volume and end-systolic elastance of the noninfarct compartment 

were also significantly correlated with peak λr difference postinfarction. In prior modeling 

studies, however, the difference in peak λr necessary to trigger thinning or thickening 

was about − 0.3 and 0.3, respectively, indicating this relationship was inconsequential. 

Dobutamine and nitroglycerin significantly reduced both peak λc and λr. For the purposes of 

this study, we focused on dobutamine and nitroglycerin because their high clearance rates 

enabled us to measure their effects on postinfarction compensation in succession in each rat, 

but as we consider the implications of compensation on ventricular hypertrophy and heart 

failure, other chronic pharmacologic agents will be needed.
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4.3. Infarct region

Within our analysis, we assumed that the infarct region was no longer contractile and that 

its passive properties were unchanged. This is a reasonable assumption for the timescale of 

our experiment. Chronically, however, the changing composition, structure, and mechanical 

properties of the healing infarct scar all affect ventricular function (see review in [64]). Thus, 

hypertrophy of the noninfarcted region and remodeling of the infarct scar are intrinsically 

coupled. Acutely, within hours, infarcted muscle undergoes necrosis, the collagenase 

activity of matrix metalloproteinases (MMPs) increases, and the activity of various pro-

inflammatory and pro-fibrotic cytokines increases. The degree of individual variability in 

these processes has received relatively little attention. While there is ample evidence that 

hours postinfarction IL-6, IL-1β, TNFα and TGFβ as well as MMP8 and MMP9 increase 

dramatically in the infarct region [55,65–68], few studies quantify variability. Interestingly 

in two of these studies [55,69], myocardial infarction increased the coefficient of variation 

in mRNA expression in IL-6 and IL- 1β, but actually decreased the coefficient of variation 

in MMP8 and MMP9. Reperfusion therapy likely alters both the increase in cytokines and 

MMPs as well as their variability [68,70].

4.4. Limitations and sources of error

We measured hemodynamics in anesthetized, open-chest rats. Isoflurane anesthesia is 

known to offer some protection from myocardial ischemia; however, since we were not 

attempting to achieve a specific infarct size in this study and the dose and ligation sites 

were standardized, any effects on infarct size were not critical to interpreting our results. 

By contrast, isoflurane is also known to induce vasodilation [71], which could have changed 

the degree to which the animals we studied compensated for MI with arterial or venous 

vasoconstriction, compared to what would have been observed in conscious animals. We 

chose isoflurane because multiple studies reported less cardiac depression and reduction of 

heart rate in rodents with isoflurane compared to other anesthetics [72]. We found a single 

study suggesting that isoflurane slightly increased day-to-day variability in measured blood 

pressures [73], but no other data suggesting that the reflex variability among individual 

animals reported here was primarily due to our choice of anesthetic. This interpretation 

is supported by the fact that our prior finding of high variability in post-infarction reflex 

responses was based on data from dogs anesthetized with a different agent (pentobarbital) 

[21].

A potential technical source of error in this study was the ability to place sonomicrometers 

accurately at selected landmarks on the beating in situ left ventricle. Inaccurate placement of 

the sonomicrometers would produce a random multiplicative error in calculated ventricular 

volumes. To avoid these errors we imaged sonomicrometer placement on the ventricle in situ 

and following arrest. Segment lengths were corrected assuming homogeneous deformation 

along the major axes of the heart. Another potential technical source of error was drift 

or offset in the Millar miniature pressure transducer. The transducer calibration slope was 

stable across all studies, but the offset varied. Offset was removed assuming minimum 

left ventricular pressure in an open-chest rat should be approximately zero [22]. Due to 

the expected variability in postinfarction compensation, it was critical to perform acute 

measurements at multiple time points and pharmacologic states longitudinally in each 
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animal. However, this increased the complexity and time required for the surgical procedures 

performed, likely leading to our somewhat high exclusion rate of 41%.

We fit hemodynamic compensatory reflex profiles in individual rats following myocardial 

infarction using our previously published compartmental model of the heart coupled to a 

circuit model of the circulation [21,25]. The simplicity of this model was key for animal- 

specific simulation and fitting since it runs in just seconds on a desktop computer. Therefore, 

the automated algorithms used to fit end- systolic elastance of the surviving myocardium and 

stress blood volume required just minutes for each rat. To simulate infarction we divided the 

damaged left ventricle into a noninfarcted, contractile compartment, and an infarcted, non-

contractile compartment. Sunagawa et al. [74] showed that this simple approach replicates 

measured pressure–volume behavior across a wide range of infarct sizes and Li et al. [75] 

extended the approach to model regional ischemia. When modeling cardiac growth and 

remodeling, a geometric model of the left ventricle is necessary to compute stresses and 

stretches. An advantage of finite element models is that they can more faithfully represent 

geometries derived from high-resolution imaging such as MRI or CT. However, the time 

required to both construct and run these models makes them impractical for animal-specific 

simulation. To compute growth stimuli we followed our previous approach [21,25] and 

assumed a thin-walled spherical geometry. In the past, this limitation did not impair our 

ability to predict relative changes in radius and wall thickness. We believe that the spherical 

geometry was successful because alterations in ventricular pressure and volume have similar 

relative impacts on stress as in geometries that are more complex. Multi-compartmental 

approaches have also been successfully used by others [76,77] to reproduce aspects of left 

ventricular dyssynchrony and resynchronization therapy.

Given the terminal nature of our study, we were unable to measure ventricular dimensions 

chronically following myocardial infarction. Therefore, we could not test animal-specific 

predictions of eccentric hypertrophy. Key to testing these types of rat-specific predictions 

are less invasive techniques for measuring hemodynamics. We utilized sonomicrometry in 

this acute study since it enabled rapid measurement of ventricular volumes simultaneously 

with invasive ventricular pressures. Ultrasound or magnetic resonance imaging capture 

much higher resolutions and provide better estimations of ventricular dimensions and shape 

[78,79]. These techniques are also noninvasive, making them ideal for longitudinal studies. 

Mean arterial pressure has also been measured longitudinally in rats using radiotelemetry 

and tail-cuff methods over periods of many weeks [80–82]. Unfortunately, noninvasive 

ventricular pressure measurement is challenging in small animals, and for any future chronic 

study aiming to test the predictive power of our modeling approach chronic measurement of 

left ventricular pressures will be essential.

5. Conclusion

The experimental data and model simulations presented here confirm that there is substantial 

individual variability in hemodynamic compensation postinfarction. Postinfarction 

compensation did affect subsequent pharmacologic perturbation of these mechanisms, but 

not as expected. On average, there were significant average changes in mean arterial 

pressure with both dobutamine and nitroglycerin administration rather than a rebalancing of 
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compensation. Initial levels of venoconstriction did modulate the tendency of nitroglycerin 

to cause hypotension, however, potentially indicating a means to stratify individuals for 

venodilators. Ventricular hypertrophy and left ventricular dilation were predicted for about 

half of the rats in our study based on previous studies relating stretch to hypertrophy. Low 

doses of dobutamine and nitroglycerin reduced this risk, suggesting that early modulation of 

ventricular mechanics could reduce ventricular hypertrophy and failure. However, the fact 

that initial reflex responses to infarction were a poor predictor of subsequent responses to 

pharmacologic agents suggests that customizing pharmacologic therapy to individuals based 

on an initial acute response to MI will be challenging.
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Fig. 1. 
Short-axis sections of a representative left ventricle under ultraviolet light following arrest 

by retrograde perfusion with cold 2,3-butanedione monoxime phosphate-buffered saline 

containing fluorescent microsphere enables visualization of infarct region. Coronary artery 

ligation prevented microspheres from reaching infarcted myocardium (dark regions). Scale 

bars are both 10 mm in length.
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Fig. 2. 
Total left ventricle pressure-volume behavior of a representative rat prior to infarction 

(Time Point 1: Control), following infarction (Time Point 2: MI 1), after nitroglycerin 

administration (Time Point 3), after drug clearance (Time Point 4: MI 2), and after 

dobutamine administration (Time Point 5). Data is shown by circles and model fits 

are shown by solid (Control), dashed (MI 1 or MI 2), or dot-dashed (pharmacologic 

perturbations) lines.
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Fig. 3. 
Compensatory mechanisms following myocardial infarction, including: measured heart rate 

(HR), computed systemic vascular resistance (SV R), fitted end-systolic elastance of non-

infarcted region En , and fitted stressed blood volume (SBV ). Each rat’s response is shown 

in a different color (n = 13). The change in computed mean arterial pressure (MAP) is 

also shown. No change is indicated by the gray dashed line and a significant mean change 

for all animals is indicated by a dark solid line (p < 0.05). Paired parametric t-tests were 

performed on all metrics except MAP , which failed the normality test and was analyzed 

with a Wilcoxon matched-pairs signed rank test.
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Fig. 4. 
There was a significant negative relationship between the change in SBV  and the change 

in En from control following myocardial infarction, MI, (two-tailed Pearson correlation 

coefficient, passed test for homoscedasticity). The linear regression line appears curved 

because of the logarithmic axes.
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Fig. 5. 
(A) Change in the postinfarction compensatory response with the administration of 

nitroglycerin, including: measured heart rate (HR), computed systemic vascular resistance 

(SV R), fitted end-systolic elastance of the non-infarcted region En, and fitted stressed 

blood volume (SBV ). The change in computed mean arterial pressure (MAP) from 

postinfarction is also shown. (B) Change in the postinfarction compensatory response with 

the administration of dobutamine. For both nitroglycerin and dobutamine, no change is 

indicated by the gray dashed line and a significant mean change for all animals is indicated 
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by a dark solid line (p < 0.05). Paired parametric t-tests were performed on all metrics 

except MAP , which failed the normality test and was analyzed with a Wilcoxon matched-

pairs signed rank test.
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Fig. 6. 
(A) The postinfarction reduction in SBV  with nitroglycerin (NTG) administration was not 

correlated with its initial compensatory response (two-tailed Pearson correlation coefficient). 

(B) The postinfarction reduction in MAP  with nitroglycerin administration was correlated 

with the initial compensatory response of SBV  (nonparametric Spearman correlation 

coefficient). (C) The postinfarction increase in En with dobutamine (DB) administration 

was not correlated with its initial compensatory response (two-tailed Pearson correlation 

coefficient). Linear regression lines appear curved because of the logarithmic axes. In all 

cases, linear regression passed the test for homoscedasticity and correlation coefficients 

were considered significant if p < 0.05.
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Fig. 7. 
(A) The difference in peak circumferential stretch, λc, following myocardial infarction (MI). 

Increased peak λc was associated with more ventricular enlargement in prior studies [21,25]. 

(B) The difference in postinfarction peak λc with administration of a pharmacologic agent, 

either nitroglycerin (NG) or dobutamine (DB). (C) Difference in peak radial stretch, λr, 

following MI. Increased peak λr was indicative of ventricular thickening and decreased peak 

λr was indicative of ventricular thinning in prior studies. (D) The difference in postinfarction 

peak λr with administration of NG or DB. In all plots no change is indicated by the gray 
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dashed line and a significant average difference is indicated by a dark solid line (p < 0.05). 

Paired parametric t-tests were performed for all analyses since peak stretches were both 

normally distributed at all time points. Each rat’s response is shown in a different color.
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Fig. 8. 
(A) There was a significant positive relationship between the postinfarction change in 

stressed blood volume, SBV , and the difference in peak circumferential stretch, λc. (B) 

There was a significant positive relationship between the postinfarction change in SBV  and 

the difference in peak radial stretch, λr. (C) There was a significant negative relationship 

between the postinfarction change in En and the postinfarction difference in peak λr. In 

all cases, linear regression passed the test for homoscedasticity and the two-tailed Pearson 

correlation coefficients were considered significant if p < 0.05.
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Table 1

Left ventricular pressure and segment lengths were recorded at five time points in each rat.

Time point State Measurement time

1 Control Prior to Ligation

2 Myocardial Infarction 30 min Following Ligation

3 Myocardial Infarction + Dobutamine (or Nitroglycerin) Immediately Following Drug Administration

4 Myocardial Infarction 2 5 min Following Drug Administration

5 Myocardial Infarction + Nitroglycerin (or Dobutamine) Immediately Following Drug Administration
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