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The Impact of Hemodynamic
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Myocardial Infarction on
Subsequent Ventricular
Remodeling
Patients who survive a myocardial infarction (MI) are at high risk for ventricular dilation
and heart failure. While infarct size is an important determinant of post-MI remodeling,
different patients with the same size infarct often display different levels of left ventricular
(LV) dilation. The acute physiologic response to MI involves reflex compensation,
whereby increases in heart rate (HR), arterial resistance, venoconstriction, and contrac-
tility of the surviving myocardium act to maintain mean arterial pressure (MAP). We
hypothesized that variability in reflex compensation might underlie some of the reported
variability in post-MI remodeling, a hypothesis that is difficult to test using experimental
data alone because some reflex responses are difficult or impossible to measure directly.
We, therefore, employed a computational model to estimate the balance of compensatory
mechanisms from experimentally reported hemodynamic data. We found a strikingly
wide range of compensatory reflex profiles in response to MI in dogs and verified that
pharmacologic blockade of sympathetic and parasympathetic reflexes nearly abolished
this variability. Then, using a previously published model of postinfarction remodeling,
we showed that observed variability in compensation translated to variability in pre-
dicted LV dilation consistent with published data. Treatment with a vasodilator shifted
the compensatory response away from arterial and venous vasoconstriction and toward
increased HR and myocardial contractility. Importantly, this shift reduced predicted dila-
tion, a prediction that matched prior experimental studies. Thus, postinfarction reflex
compensation could represent both a source of individual variability in the extent of LV
remodeling and a target for therapies aimed at reducing that remodeling.
[DOI: 10.1115/1.4043867]

Introduction

Over 800,000 Americans suffer a myocardial infarction (MI)
every year [1]. Although about 85% now survive the initial event
[1], survivors are at risk for a range of complications ranging from
sudden cardiac death due to arrhythmia to chronic heart failure.
Postinfarction heart failure is a particularly important problem
because it is common, with an incidence of 16–30% [1,2], and it
is difficult to treat, with a 1-year mortality of 31–45% [1,3].

The development of heart failure following MI is driven by a
number of processes including neurohormonal activation, and
drugs such as angiotensin converting enzyme inhibitors and beta-
adrenergic blockers that target those pathways can help slow its
onset [4,5]. Changes in regional mechanics following infarction
also appear to play a central role, triggering a pattern of myocyte
growth termed eccentric hypertrophy in which individual myo-
cytes preferentially lengthen and the left ventricle (LV) dilates,
while myocyte width and wall thickness remain relatively
unchanged [6]. This process of eccentric hypertrophy increases
wall stresses, myocardial oxygen consumption, and the likelihood
of heart failure, but the underlying mechanisms that drive it are
not fully understood.

Although a number of studies have shown that the extent of
post-MI eccentric hypertrophy and dilation correlates with infarct
size, there is a striking variability in the degree of hypertrophy
observed in individual patients, particularly among those with

moderately sized infarcts (15–25%) [7,8]. In this study, we
focused on the potential role of compensatory reflexes that act to
preserve mean arterial pressure (MAP) following infarction.
These reflexes sense blood pressure through baroreceptors in the
carotid arteries and trigger a suite of responses through the sympa-
thetic nervous system, including an increase in heart rate (HR), an
increase in contractility of the surviving myocardium, arterial
vasoconstriction, and venous vasoconstriction. Sympathetic acti-
vation not only directly activates intracellular pathways that stim-
ulate myocyte hypertrophy but also indirectly modulates
hypertrophy by affecting the mechanical load placed on the myo-
cardium. Thus, we hypothesize that postinfarction reflex compen-
sation could represent both a source of individual variability in
the extent of LV remodeling and a target for therapies aimed at
reducing that ventricular growth and remodeling.

A number of different mathematical models—often termed
growth laws—have been developed to predict ventricular growth
from changes in the myocardial strain and/or stress [9–14]. We
recently showed that most of these models reproduce some
observed features of ventricular growth in response to changes in
hemodynamic loading, and some can match a variety of data
across multiple different experimental models of ventricular
hypertrophy [15]. In those experiments, forcing the LV to pump
higher volumes of blood at a relatively normal pressure (volume
overload) induces lengthening of myocytes and dilation of the
cavity, while increasing the pressure the LV must generate (pres-
sure overload) produces thickening of myocytes and LV wall
thickening. Here, we employ a strain-based growth model that we
recently demonstrated can predict ventricular growth patterns
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following pressure overload, volume overload, and myocardial
infarction [16].

Hemodynamic compensation has the potential to alter strains
and stresses in the myocardium, thereby altering ventricular
growth. However, studying postinfarction reflex compensation is
complicated by the fact that only two of the four compensatory
reflex responses listed above (changes in heart rate and arterial
vasoconstriction) can be directly measured or calculated from rou-
tinely available hemodynamic data. Thus, in the present study, we
first used a computational model to reinterpret published hemody-
namic measurements to better understand the contributions and
variability of the individual compensatory mechanisms following
MI. We then employed our previously validated growth model to
explore how variability in compensation might translate to vari-
ability in global LV remodeling.

Methods

We used a computational model to reinterpret published hemo-
dynamic measurements from four published studies. First, we fit-
ted the model to animal-specific hemodynamic data reported by
Hood et al. [17] in order to examine the degree of variability in
post-MI hemodynamic compensation. Next, we confirmed that
variability in those fitted model parameters was likely due to post-
MI hemodynamic compensation by fitting animal-specific data
from a study by Fomovsky et al. [18] in which propranolol and
atropine were administered to block reflex responses. Then, we
demonstrated that differences in hemodynamic compensation
could plausibly drive differences in hypertrophy using a published
model of LV remodeling that correctly reproduces growth in
response to pressure overload, volume overload, and myocardial
infarction [16]. Finally, we tested the ability of our model to pre-
dict longer-term changes in hypertrophy induced by drugs that
alter reflex compensation by fitting acute hemodynamic changes
in response to post-MI administration of nitroglycerin [19],

predicting subsequent ventricular hypertrophy, and comparing the
predictions to an independent study of post-MI changes in ventric-
ular dimensions with and without nitroglycerin treatment [20].

Compartmental Model of the Ventricles and Circulation.
We used our previously published model of the circulation and
infarcted LV [16] to quantify compensatory responses post-MI.
We used a time-varying elastance model of ventricular contrac-
tion and defined the left ventricular end-systolic and end-diastolic
pressure–volume relationships as

PES ¼ E � VES � V0ð Þ (1)

PED ¼ B � exp A � VED � V0ð Þ½ � � B (2)

respectively, where E was the peak end-systolic elastance of the
ventricle, V0 was the unloaded volume of the ventricle, and A and
B were coefficients describing the exponential shape of the end-
diastolic pressure-volume relationship (EDPVR). We represented
the systemic and pulmonary vessels using capacitors in parallel
with resistors and simulated the valves with pressure sensitive
diodes that permitted flow in only one direction. The complete set
of equations describing the circulation model and valve opening/
closing are presented by Burkhoff and Tyberg [21]. We simulated
myocardial infarction using the approach of Sunagawa et al. [22],
dividing the LV into a noninfarcted, contractile compartment and
an infarcted, noncontractile compartment. At any time point during
the cardiac cycle, the pressure in the LV compartments was the
same and their volumes summed to the total LV volume. The left
ventricular end-systolic and end-diastolic pressure–volume rela-
tionships for the noninfarcted and infarcted compartments were

PES ¼ En � VES � V0 � 1� ISð Þð Þ (3)

PED ¼ B � exp
A

1� IS
� VED � V0 � 1� ISð Þð Þ

� �
� B (4)

and

PES ¼ PED ¼ B � exp
A

IS
� VES or ED � V0 � ISð Þ

� �
� B (5)

respectively, where IS was the infarct size and En was the peak
end-systolic elastance of the noninfarcted compartment. Suna-
gawa showed that this simple approach replicates measured
pressure–volume behavior across a wide range of infarct sizes
remarkably well. As discussed in detail below, we varied systemic
arterial resistance, stressed blood volume (SBV), heart rate, and
the end-systolic elastance of the noninfarcted myocardium to
match data from the studies we simulated, and then used the fitted
values of each parameter as measures of the contributions of the
individual compensatory mechanisms.

We used a single model EDPVR for all simulations since all
studies utilized healthy dogs of similar weights and most did not
provide enough information to fit study-specific or dog-specific
EDPVR parameters. Fomovsky et al. [18] performed temporary
inferior vena cava occlusions to vary preload in each dog to mea-
sure a range of LV end-diastolic pressures and volumes; the black
circles in Fig. 1 show their average EDPVR for end-diastolic pres-
sures between 6 and 12 mmHg. Because Fomovsky et al. com-
puted LV volume from sonomicrometry measurements using
crystals embedded in the LV wall, their computed volumes
included some muscle mass. In order to subtract this additional
wall volume, we shifted the fitted EDPVR from Fomovsky left-
ward until it matched pressure and volume data measured by
Jugdutt and Khan [20] after acute coronary ligation using echocar-
diography (yellow dot in Fig. 1), which provides a better reflection
of true cavity volume. Since many sets of parameters produced
exponential relations that fitted the shifted EDPVR well, we

Fig. 1 The end-diastolic pressure volume relationship
(EDPVR) utilized in the model (green line) where A 5 0.032 1/ml,
B 5 2.51 mmHg, and V0 5 18.3 ml. We shifted the EDPVR
reported by Fomovsky et al. [18] (black circles) leftward to
match the end-diastolic point reported postligation by Jugdutt
and Khan [20] (yellow dot). Independent end-diastolic (ED)
pressure and volume measurements from Jugdutt and col-
leagues [23–25] (shaded blue regions indicate mean 6 1 SD)
were consistent with the model EDPVR.
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further constrained V0. For consistency with our previously pub-
lished growth model [16] and based on our previous analysis [15],
we constrained V0 by setting baseline end-diastolic stretch,
defined as kED ¼ VED=V0ð Þ1=3

, to 1.44. The final fitted values of
A, B, and V0, were 0.032 1/ml, 2.51 mmHg, and 18.3 ml, respec-
tively, and Fig. 1 shows the model EDPVR (green line). To vali-
date the model EDPVR, we overlaid measurements made both
before and after coronary ligation in independent studies by
Jugdutt et al. [23–25]. The model EDPVR was consistent with
these end-diastolic points (blue boxes in Fig. 1 show mean 6 1 SD
before and after coronary ligation).

We implemented the model in MATLAB as a series of differential
equations for changes in the volume of each compartment or
capacitor (noninfarcted left ventricle, infarcted left ventricle, sys-
temic arteries, systemic veins, right ventricle, pulmonary arteries,
and pulmonary veins) at 5000 time points over the cardiac cycle.
We ran all simulations in MATLAB 2018a on a 16-GB RAM, 64-bit
operating system, 3.4-GHz Intel Core i7-3770. After each acute
intervention or growth step, we ran the model until the circulation
reached steady-state, defined as the point at which the volumes
within each compartment or capacitor at the beginning of a new
cardiac cycle were within 0.1 ml of the volumes at the beginning
of the current cardiac cycle.

Modeling the Compensatory Response Following Myocar-
dial Infarction. Four model parameters reflect the primary hemo-
dynamic compensations that occur in response to myocardial

infarction to maintain mean arterial pressure: HR, systemic vascu-
lar resistance (SVR), peak end-systolic elastance of the nonin-
farcted compartment Enð Þ, and SBV, computed as the total volume
contained in the circulatory capacitors plus ventricles. Heart rate
was reported in all the studies simulated, and was therefore pre-
scribed directly in the model. Systemic vascular resistance pro-
vides an index of the degree of arterial vasoconstriction. We
estimated SVR using the ratio of mean arterial pressure to cardiac
output (CO). In cases where mean arterial pressure was not
reported [18,19], we estimated arterial pressure by assuming it
was the same as left ventricular pressure during ejection and line-
arly interpolating for the rest of the cardiac cycle. When we used
this method to estimate MAP from the LV pressure data reported
by Hood et al. [26] and compared it directly to MAP computed
from their recorded arterial pressure curves, we found that the
estimated MAP was within 5% of the reported value both before
and after coronary occlusion. The contractility of an intact ventri-
cle is typically quantified by the slope of its end-systolic
pressure–volume relationship [27,28]. In an infarcted heart, how-
ever, this slope depends not only on the behavior of the surviving
contractile myocardium but also on the size and behavior of the
noncontractile infarct region. Thus, the peak end-systolic ela-
stance of the noninfarcted compartment, En, could not be meas-
ured directly from the pressure–volume behavior of the left
ventricle. Changes in stressed blood volume provide important
information on the extent of volume shifts due to venous vasocon-
striction. True measurement of SBV is not trivial, however,

Fig. 2 Sensitivity analysis showing how end-diastolic pressure (EDP) (a), maximum pressure generation (dP/
dt) (b), mean arterial pressure (MAP) (c), and cardiac output (CO) (d) changed when heart rate (HR), systemic
vascular resistance (SVR), peak end-systolic elastance (En), and stressed blood volume (SBV) were varied
between 50% and 200% of the values reported by Santamore and Burkhoff [31]
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requiring circulatory arrest [29,30]. Therefore, we utilized the
model to fit for En and SBV based on other reported metrics. All
studies we simulated reported end-diastolic pressure as well as
sufficient data to compute mean arterial pressure and cardiac out-
put. Studies with acute hemodynamic measurements [17–19] also
reported the maximum rate of LV pressure generation.

We performed a sensitivity analysis to determine whether the
reported hemodynamic measures depended strongly enough on En

and SBV to allow reliable estimation. We varied HR, SVR, En, and
SBV from 50% to 200% of the values reported by Santamore and
Burkhoff [31] and used the model to calculate values of experi-
mentally available hemodynamic variables: LV end-diastolic
pressure (EDP), maximum rate of LV pressure generation (dP/dt),
MAP, and CO. LV EDP was very sensitive to SBV and relatively
insensitive to the other parameters, suggesting it should be possi-
ble to obtain a good estimate of SBV from end-diastolic pressure
(Fig. 2(a)). LV dP/dt depended on En (Fig. 2(b)) as expected, but
also had high sensitivity to HR and SBV, suggesting that both HR
and SBV must be known to accurately estimate En from dP/dt.
Finally, MAP and CO varied with all four parameters (Figs. 2(c)
and 2(d)), suggesting that these measures can provide additional
useful information in a simultaneous multiparameter optimization
scheme. When we simulated a 20% infarct, the sensitivity analysis
exhibited the same trends.

When matching experimental data, we fitted for En and SBV
simultaneously by minimizing the sum squared error (SSE) in LV
end-diastolic pressure, the maximum derivative of LV pressure,
and mean arterial pressure using the fminsearch function in
MATLAB. Thus, SSE was defined as

�
EDPmodel � EDPpaper

EDPpaper

�2

þ
�

maxdP=dt model �maxdP=dtpaper

maxdP=dtpaper

�2

þ
�

MAPmodel �MAPpaper

MAPpaper

�2

Acute infarct size was set to the reported value for each animal
from Hood et al. [17], to an estimated value of 20% for all animals
studied by Fomovsky et al. [18], and to 12.2% for the mean data
reported by Theroux et al. [19], based on similar studies by the
same group [32]. To evaluate the precision of our fitted values for
En and SBV within the solution space, we systematically varied
them by 50–150% about their best-fit values. Figure 3 shows how
SSE varies with En and SBV for one sham and one infarct animal
from Hood et al. [17] ((a) and (b)) and one animal from Fomovsky
et al. [18] both prior to and following infarction ((c) and (d)). SSE
is indicated by the contour color and was � 0.03 in all cases.
When we varied En or SBV by more than 25% of their fitted val-
ues the sum squared error increased above 0.04, corresponding to
an average error of greater than 10% in LV end-diastolic pressure,
maximum derivative of LV pressure, and mean arterial pressure.
At baseline, postocclusion, and postnitroglycerin the minimum
sum squared error was also low (<0.03), corresponding to an
average error below 9% in LV end-diastolic pressure, maximum
derivative of LV pressure, and mean arterial pressure in all cases
for the mean data from Theroux et al. [19] (not shown). Therefore,
our optimization procedure produced well-determined estimates
of En and SBV that matched reported hemodynamics well.

Fig. 3 Sum squared error computed as peak end-systolic elastance of the noninfarcted compartment and
stressed blood volume were varied between 50% and 150% of their optimized values for one sham (a) and one
postligation (b) animal from Hood et al. [17] as well as one animal both before (c) and after ligation (d) from
Fomovsky et al. [18]
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Simulating Left Ventricular Growth. To explore how vari-
ability in hemodynamic compensation could affect subsequent
ventricular hypertrophy, we used our previously published model
of postinfarction growth [16]. The left ventricle was treated as a
thin-walled spherical pressure vessel with an initial unloaded
radius r0 and an initial unloaded thickness h0. Growth in the cir-
cumference of the ventricle was driven by changes in the maxi-
mum circumferential strain, which typically occurred at end
diastole, and growth in the radial direction was driven by changes
in the maximum radial strain, which typically occurred at end sys-
tole. Baseline or sham strains in the absence of infarction or drug
treatment determined the homeostatic set points for each simula-
tion. All other parameters within the growth law were set to their
previously published values [16]. We assumed ventricular growth
did not alter the intrinsic material properties of the myocardium
and thus held the relationship between stress and stretch in the
myocardium constant throughout growth using the strategy
detailed in Witzenburg and Holmes [16]. After each day of

simulated growth, the model was run until the circulation reached
steady-state. We held circulatory parameters (e.g., heart rate, sys-
temic vascular resistance, etc.) constant at their acute postinfarc-
tion values during growth.

Results

Compensatory Responses Following Myocardial Infarction.
To assess the variability in compensatory responses following
myocardial infarction, we fitted individual data from 4 sham ani-
mals and 12 acutely infarcted animals originally published by
Hood et al. [17]. There was a high degree of individual variability
in the reported (HR and SVR) and fitted (En and SBV) parameters
reflecting the different compensatory mechanisms employed in
response to myocardial infarction (Table 1). Note that we multi-
plied the sham elastance values by ð1� IS) in order to compare
how the contractility of only the noninfarcted compartment was
altered by infarction. In one infarcted animal, none of the fitted

Table 1 The reported mean arterial pressure, heart rate, and systemic vascular resistance as well as the fitted ventricular ela-
stance and stressed blood volume for each animal from Hood et al. [17]

Animal
Infarct size

(%)
Mean arterial

pressure (mmHg)
Heart rate

(beats/min)
Systemic vascular

resistance (mmHg s/ml)
Elastance

�(1-infarct size) (mmHg/ml)
Stressed blood
volume (ml)

Sham 1 0 119 148 2.9 11.6 244
Sham 2 0 147 109 2.8 5.5 397
Sham 3 0 100 87 3.2 8.0 335
Sham 4 0 114 109 2.7 5.8 324

Ligation 1 6 98 63 2.8 10.4 395
Ligation 2 11 116 101 2.6 12.5 340
Ligation 3 16 113 102 4.3 19.8 264
Ligation 4 16 101 50 3.3 26.9 335
Ligation 5 20 124 143 3.2 4.1 411
Ligation 6 21 147 129 2.9 9.0 400
Ligation 7 21 102 106 4.2 22.4 267
Ligation 8 22 80 120 1.9 13.7 259
Ligation 9 26 134 106 3.6 6.4 453
Ligation 10 28 114 178 3.5 4.4 491
Ligation 11 29 113 181 2.0 8.1 318
Ligation 12 36 130 109 3.3 17.6 406

Highlighted values were above (dark red) or below (light blue) the sham range.

Table 2 The reported heart rate, computed systemic vascular resistance the fitted ventricular elastance, and the fitted stressed
blood volume for each animal from Fomovsky et al. [18]

Animal
Infarct

size (%)
Mean arterial

pressure (mmHg)
Heart rate

(beats/min)
Systemic vascular

resistance (mmHg s/ml)
Elastance

�(1-infarct size) (mmHg/ml)
Stressed blood
volume (ml)

Preligation 1 0 86 107 4.3 2.4 330
Preligation 2 0 68 92 2.7 2.2 319
Preligation 3 0 77 94 4.2 2.3 321
Preligation 4 0 107 126 2.7 2.7 540
Preligation 5 0 85 115 2.4 2.7 387
Preligation 6 0 87 108 2.7 2.6 422
Preligation 7 0 97 114 2.5 1.8 610
Preligation 8 0 92 112 4.9 2.6 305
Preligation 9 0 82 104 3.7 3.2 257
Preligation 10 0 91 108 2.8 1.8 536

Ligation 1 20 98 102 4.5 4.7 329
Ligation 2 20 79 80 6.2 2.9 314
Ligation 3 20 78 94 4.0 2.7 346
Ligation 4 20 106 128 3.1 3.3 518
Ligation 5 20 89 118 2.4 3.1 437
Ligation 6 20 90 110 2.4 2.7 498
Ligation 7 20 72 120 3.5 1.2 769
Ligation 8 20 92 121 4.6 2.5 390
Ligation 9 20 83 100 4.3 3.0 341
Ligation 10 20 101 117 3.0 2.0 775

Highlighted values were 30% above (dark red) or below (light blue) the preligation value.
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parameters were greater than the values observed in the shams,
and in another animal three of the four (systemic vascular resist-
ance, myocardial elastance, and stressed blood volume) were ele-
vated. Most animals employed one or two compensatory
mechanisms, but in some cases heart rate, systemic vascular
resistance, or myocardial elastance actually decreased in individ-
ual dogs even as they compensated with other mechanisms. Over-
all, there was no clear relationship between infarct size and the
compensatory mechanisms employed.

To confirm that the variability in fitted parameters we observed
in the Hood dataset was likely due to variability in reflex hemody-
namic compensation, we also fitted pre- and postinfarction data
from a study by Fomovsky et al. [18] in which propranolol and
atropine were administered prior to infarction to block sympa-
thetic and parasympathetic reflex responses. As expected, we
observed few large changes (>30%) in parameters following
infarction, with half of the animals exhibiting no large change in
any parameter (Table 2).

In order to test the ability of the model to assess changes in post-
infarction hemodynamic compensation due to drug treatment, we
simulated a study by Theroux et al. [19] in which nitroglycerin was
administered following coronary occlusion. On average, dogs in
that study compensated for acute ischemia primarily by increasing
heart rate (Table 3). Treatment with the vasodilator nitroglycerin
reduced systemic vascular resistance and to a lesser degree stressed
blood volume, as expected. Following nitroglycerin administration,
heart rate and myocardial contractility both increased, suggesting
that animals relied more on these compensatory mechanisms when
vasoconstriction was pharmacologically inhibited.

Predicted Growth Following Myocardial Infarction. We
next explored whether the variability in hemodynamic compensa-
tion observed for Hood et al. [17] would lead to variability in pre-
dicted ventricular hypertrophy using our previously validated
model of postinfarction growth. We simulated 6 weeks of ventric-
ular growth for each infarcted animal, assuming hemodynamic

parameters remained stable at their acute postinfarction values.
Although the predicted change in end-diastolic volume generally
increased with infarct size (Fig. 4(a)), there was considerable vari-
ability from animal to animal, due in part to the mix of compensa-
tory mechanisms employed (Table 1). End-diastolic volume
increased beyond the sham range for all animals with large
infarcts (>25%), but only half of the animals with moderately
sized infarcts (>15% and <25%). Interestingly, animals that com-
pensated primarily by increasing contractility of the surviving
myocardium with little change in heart rate or venoconstriction
showed the lowest levels of predicted dilation. Only animals with
large predicted increases in LV end-diastolic volume also exhib-
ited increased predicted end-diastolic thickness, and in all cases
dilation far exceeded thickening (Fig. 4(b)).

We also tested whether incorporating hemodynamic alterations
induced by nitroglycerin would lead to growth predictions consist-
ent with an independent study showing the effect of nitroglycerin
on postinfarction remodeling in dogs. We simulated 6 weeks of
ventricular growth utilizing the acute hemodynamic parameters
shown in Table 3 and compared the predictions to data on the
effect of nitroglycerin on postinfarction remodeling reported
by Jugdutt and Khan [20]. In general, the model predicted the
experimental trends fairly well. In the absence of nitroglycerin
treatment, the model correctly predicted increases in LV volume
(Fig. 5(a)) and the thickness of the surviving myocardium
(Fig. 5(b)), as well as a slight drop in end-diastolic pressure with
little change in mean arterial pressure (Figs. 5(c) and 5(d)). With
infarction plus nitroglycerin treatment, the model predicted an
acute drop in LV volume (Fig. 5(a)) but no subsequent dilation,
consistent with the results reported by Jugdutt and Khan; model-
predicted end-diastolic pressure fell within one standard deviation
of the reported mean for the latter half of the simulated period for
the nitroglycerin case. However, the model over-predicted the
decrease in mean arterial pressure observed with nitroglycerin
treatment and failed to predict a small amount of wall thinning
observed by Jugdutt and Khan [20].

Table 3 The reported heart rate, computed systemic vascular resistance, fitted ventricular elastance, and fitted stressed blood
volume for the summary data from Theroux et al. [19]

Animal
Infarct size

(%)
Mean arterial

pressure (mmHg)
Heart rate

(beats/min)
Systemic vascular

resistance (mmHg s/ml)
Elastance

�(1-infarct size) (mmHg/ml)
Stressed blood
volume (ml)

Preligation no treatment 0 109 70 2.8 10.3 428
Ligation no treatment 12.2 107 106 2.4 6.1 468
Ligation with nitroglycerin 12.2 94 140 1.9 8.1 350

Highlighted values were 30% above (dark red) or below (light blue) the preligation value.

Fig. 4 The predicted change in left ventricular end-diastolic volume (EDV) (a) and thickness (EDT) (b) 6 weeks
following infarction for each animal from Hood et al. [17]
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Relationship Between Hemodynamic Compensation and
Predicted Left Ventricle Dilation. We also used our computa-
tional model to explore the potential growth implications of a
much wider range of hemodynamic compensation patterns than
reported in the experimental studies employed here. We began
with the hemodynamic profile from each Hood sham animal and
imposed a range of simulated infarct sizes. For each infarct size,
we restored mean arterial pressure to within 90% of its control
value by individually increasing heart rate, systemic vascular
resistance, stressed blood volume, or end-systolic elastance of the
surviving myocardium. If the value necessary to maintain mean
arterial pressure was outside the range observed by Hood in any
animal (for example, if heart rate exceeded 181 beats/min), the
mechanism was considered saturated and simulations for larger
infarcts were not performed. These simulations revealed that rela-
tively modest increases (<60%) in heart rate, systemic vascular
resistance and stressed blood volume could restore MAP across
the range of infarct sizes simulated, while much larger increases
in contractility of the surviving myocardium were required to
compensate for a given size of infarct (Fig. 6(a)). We then com-
pared the effects of these different compensation patterns on pre-
dicted left ventricular dilation (change in end-diastolic volume at
6 weeks). Venoconstriction (increased stressed blood volume)
induced the greatest degree of dilation for any given infarct size
while increases in heart rate and contractility resulted in the

lowest degree of predicted dilation (Fig. 6(b)). We observed the
same trends for all sham animals.

Discussion

The goal of this study was to reinterpret available published
hemodynamic measurements to better understand the contribu-
tions and variability of the individual compensatory mechanisms
following MI and to explore how that variability might translate
to variability in ventricular hypertrophy. There are three novel
aspects of this study relative to prior work. First, we developed a
method to identify an individual’s post-MI compensatory mecha-
nism balance based on routinely accessible hemodynamic data.
In particular we were able to estimate the contractility of the sur-
viving myocardium and venoconstriction, responses that cannot
be measured directly. Second, we demonstrated that variability
in postinfarction hemodynamic compensation can plausibly gen-
erate variability in predicted LV dilation post-MI. Third, we
used the model to determine the effects of a therapeutic interven-
tion on hemodynamic compensation and were able to correctly
predict how that intervention altered LV dimensions over
6 weeks post-MI. Together, the methods and results presented
here suggest that the idea of customizing postinfarction therapies
to manage hemodynamic responses and LV dilation merits fur-
ther study.

Fig. 5 The change in end-diastolic volume (EDV) (a), thickness of the surviving myocardium (b), end-diastolic
pressure (EDP) (c), and mean arterial pressure (MAP) (d) from acute infarction over 6 weeks of healing with
and without therapeutic intervention with nitroglycerin. Dots (mean 6 SE) indicate the experimental measure-
ments from Jugdutt and Khan [20] and lines indicate simulation results following the hemodynamic changes
from Theroux et al. [19].
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Fitting Compensatory Responses. We used a computational
model to determine the compensatory balance in dogs postinfarc-
tion by reinterpreting published hemodynamic measurements.
While two of the parameters quantifying the post-MI compensatory
response—heart rate and systemic vascular resistance—can be
directly measured or easily estimated for individuals, the other
two—stressed blood volume and surviving myocardial elastance—
are very difficult to measure and therefore must be estimated from
other measured data using an appropriate model. In this study, we
created an optimization routine to fit these model parameters by
minimizing the sum squared error in reported LV end-diastolic
pressure, the maximum derivative of LV pressure, and mean arte-
rial pressure. Our optimization procedure produced parameters
with high levels of accuracy (the average error was below 9% in all
cases). We found the error landscape for this optimization to rise
fairly steeply from a single minimum, indicating that the optimized
values were both precise and insensitive to initial guesses (Fig. 3).

Variability in Compensation. When we fitted data from indi-
vidual dogs measured after myocardial infarction, we found a
wide range of compensatory reflex profiles. To test that this vari-
ability was due to natural differences in reflex compensation
rather than other causes, we also fit the compensatory responses
for dogs in which propranolol and atropine were administered to
block sympathetic and parasympathetic reflex responses, and con-
firmed that there was much less variability in the compensatory
responses of the blocked dogs.

While no previous study has comprehensively characterized all
four compensatory reflex responses, several pieces of published
data support our finding of variable compensation post-MI. In
some cases, we found that heart rate, systemic vascular resistance,
or myocardial elastance were actually lower than the sham ranges
following infarction (Table 1). Such reductions in a parameter
that might normally be expected to increase post-MI were
observed experimentally by Costantino et al. [33], who made
serial measurements in dogs before and after occluding the left
anterior descending artery. Though they observed increases in
heart rate and systemic vascular resistance in most dogs, they
reported decreases in at least three dogs. A second consistent
piece of evidence is that the coefficients of variation for heart rate
and systemic vascular resistance increased following infarction
in the data reported by Hood et al. [17], Endo et al. [34], and
Yamaguchi et al. [35], indicating greater variability post-MI.

The Effects of Infarct Size on Predicted Dilation. Infarct size
is one important determinant of cardiac function and dilation post-
MI: larger infarcts are associated with decreased LV ejection frac-
tion and increased LV end-diastolic volume index [7,8,36–39].
However, other factors clearly play a critical role, since different
patients with the same size infarct display different levels of dila-
tion [7,8,38–41]. Our analysis may explain why patients with mod-
erately sized infarcts have the most variable outcomes. For small
infarcts, the amount of predicted growth appears small regardless
of what mixture of compensatory mechanisms are employed; when
we simulated compensation for an infarct size of 5% by increasing
each compensatory mechanism alone the predicted increase in
end-diastolic volume at 6 weeks post-MI ranged from 0% to 3%
(Fig. 6(b)). Conversely, for very large infarcts, our simulations sug-
gest that venoconstriction likely plays a dominant role, since it is
the only mechanism that can fully restore MAP (Fig. 6(a)); at the
same time, it is also the mechanism most likely to drive LV dilation
(Fig. 6(b)). For moderate infarcts, many different mixtures of com-
pensatory mechanisms can restore MAP (Fig. 6(a)), and those
mechanisms induce very different levels of LV dilation (Fig. 6(b)).
Thus, moderate infarcts trigger a variable mix of compensation
mechanisms that result in a variable degree of LV dilation.

Treatment Implications. Following MI, pharmacologic agents
such as b-blockers, angiotensin-converting-enzyme inhibitors,
and angiotensin receptor blockers are often prescribed to prevent
adverse remodeling and reduce chronic adrenergic stimulation.
These agents and others such as diuretics or vasodilators that may
be used in patients with hypertension alter hemodynamic loading
on the heart, to a degree that likely depends upon an individual
patient’s initial compensatory response following MI. For exam-
ple, a vasodilator would be expected to reduce arterial resistance
much more in a patient with a large increase in arterial resistance
post-MI than in one with no increase. Our simulations suggest that
accounting for individual variations in reflex compensation and
hemodynamic responses to therapy might facilitate patient-
specific prediction of postinfarction hypertrophy, or even enable
customization of postinfarction pharmacotherapy to reduce LV
remodeling. However, some aspects of our results also raise ques-
tions that must be addressed in future studies before employing
growth models in a clinical setting. For example, our model pre-
dicts less LV dilation when heart rate and/or myocardial contrac-
tility are increased following MI, despite the fact that b-blockers,

Fig. 6 (a) The change in each parameter (heart rate, HR, the end-systolic elastance of the surviving myocardium, En, systemic
vascular resistance, SVR, stressed blood volume, SBV) necessary to restore mean arterial pressure to within 90% of its con-
trol value. (b) The predicted change in end-diastolic volume (EDV) at 6 weeks resulting when mean arterial pressure was
restored to within 90% of its control value using a single compensatory mechanism.

091010-8 / Vol. 141, SEPTEMBER 2019 Transactions of the ASME

D
ow

nloaded from
 https://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/141/9/091010/6423280/bio_141_09_091010.pdf by U
niversity O

f W
isconsin M

adison user on 13 N
ovem

ber 2019



which reduce heart rate and LV contractility, have been shown to
reduce long-term mortality following infarction [42–45]. One pos-
sible explanation for this apparent contradiction is that other
effects of b-blockers outweigh the dilation-promoting effects of
lowering heart rate and contractility. In terms of hemodynamics,
b-blockers also reduce mean arterial pressure, which in our model
does reduce predicted postinfarction dilation. In terms of the
underlying biology, b-adrenergic signaling pathways directly
modulate hypertrophy, so that realistically predicting the effects
of b-blockers on growth may ultimately require modeling their
effects on those signaling pathways [46,47], in addition to their
effects on hemodynamics and myocardial mechanics.

Limitations. As we reported previously [16], we found that
we were only able to obtain unique fits for parameters reflecting
myocardial contractility (En) and venoconstriction (SBV) from
commonly reported hemodynamic variables if we constrained
the optimization using literature-based data on the plausible
range of end-diastolic stretch. The value of stretch used here
was based on experiments in dogs, and would need to be
adapted when fitting data from patients or other animal models.
More broadly, in our growth simulations we assumed that hemo-
dynamic compensations remained constant over time, when in
reality these reflexes frequently adapt over longer time scales;
modeling this adaptation using approaches such as the one
employed by Beard et al. [48] might allow our growth models
to better predict the impact of hemodynamic compensation on
LV hypertrophy. When predicting growth, we employed a com-
putational model that was previously validated to predict experi-
mental hypertrophy following pressure overload, volume
overload, and myocardial infarction in dogs, all with a single set
of parameters [16]. Despite the success of this model in retro-
spectively matching multiple experimental datasets, it has not
yet been validated for prospectively predicting the effects of
altering hemodynamics on postinfarction remodeling. Because
the model predicts hypertrophy based on myocardial stretch, we
would expect interventions or diseases that alter the relationship
between tissue stretch and myocyte hypertrophy—including
some drugs (see above), myocardial fibrosis, or even prior
hypertrophy—to adversely affect the predictive power of our
phenomenologic growth model.

Conclusion

The model simulations presented here suggest that reflex com-
pensation could be both a source of individual variability in the
extent of LV hypertrophy and a target for therapies aimed at reduc-
ing that remodeling following myocardial infarction. We found a
strikingly wide range of compensatory reflex profiles in response to
MI. This variability in compensation translated to variability in the
degree of predicted LV dilation consistent with variability reported
in the literature. Treatment with a vasodilator had the expected
result of shifting the compensatory response away from arterial and
venous vasoconstriction and toward increased heart rate and myo-
cardial contractility. Importantly, this shift reduced predicted LV
dilation, a prediction that matched prior experimental studies well.
The next steps toward using predictive growth models to customize
postinfarction therapy include incorporating models of long-term
changes in compensatory reflexes and direct effects of drugs on
hypertrophy, as well as prospective validation of the ability of an
integrated model to predict the modulation of growth responses by
drug treatment in individual animals or patients.
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