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Abstract

Mechanics-based cardiac growth models can now predict changes in mass, chamber size, and wall
thickness in response to perturbations such as pressure overload (PO), volume overload, and
myocardial infarction with a single set of growth parameters. As these models move toward
clinical applications, many of the most interesting applications involve predictions of whether or
how a patient’s heart will reverse its growth after an intervention. In the case of PO, significant
regression in wall thickness is observed both experimentally and clinically following relief of
overload, for example following replacement of a stenotic aortic valve. Therefore, the objective of
this work was to evaluate the ability of a published cardiac growth model that captures forward
growth in multiple situations to predict growth reversal following relief of PO. Using a finite
element model of a beating canine heart coupled to a circuit model of the circulation, we
quantitatively matched hemodynamic data from a canine study of aortic banding followed by
unbanding. Surprisingly, although the growth model correctly predicted the time course of PO-
induced hypertrophy, it predicted only limited growth reversal given the measured unbanding
hemodynamics, contradicting experimental and clinical observations. We were able to resolve this
discrepancy only by incorporating an evolving homeostatic setpoint for the governing growth
equations. Furthermore, our analysis suggests that many strain- and stress-based growth laws
using the traditional volumetric growth framework will have similar difficulties capturing
regression following the relief of PO unless growth setpoints are allowed to evolve.
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1 Introduction

Multiple published mechanics-based growth models can predict observed trends in cardiac
hypertrophy due to hemodynamic overload, including myocyte and wall thickening
following pressure overload (PO) or myocyte lengthening and chamber dilation in response
to volume overload (VO) (Lin and Taber 1995; Taber 1998; Arts et al. 2005; Kroon et al.
2009; Goktepe et al. 2010; Rausch et al. 2011; Kerckhoffs et al. 2012a). A subset of these
published models can even predict growth trends in response to multiple perturbations (such
as PO, VO, and myocardial infarction) with a single set of growth parameters (Kerckhoffs et
al. 2012a; Witzenburg and Holmes 2017, 2018). These successes raise the exciting
possibility of using computational models to prospectively predict the time course of cardiac
growth and remodeling in individual patients. However, most work to date has focused on
predicting hypertrophy (‘forward’ remodeling), whereas many of the most interesting
clinical applications revolve around whether or how a patient’s heart will reverse its growth
after an intervention (Lee et al. 2015). For example, significant regression in wall thickness
is observed both experimentally after aortic banding (Gao et al. 2005; Stansfield et al. 2007;
Zhao et al. 2013) and clinically in aortic stenosis patients after aortic valve replacements
(Monrad et al. 1988; Krayenbuehl et al. 1989; Villari et al. 1995; Matsumura et al. 2008;
Hahn et al. 2013), where it is associated with better long-term survival (Beach et al. 2014;
Hatani et al. 2016). Therefore, the objective of this work was to evaluate the ability of a
published cardiac growth model that captures forward remodeling in multiple situations
(Kerckhoffs et al. 2012a) to predict growth reversal following relief of pressure overload.

Previous modeling studies suggest that growth predictions in the heart are sensitive to the
details of hemodynamic loading (Kerckhoffs et al. 2012b; Witzenburg and Holmes 2018).
We therefore modified the cardiac growth model published by Kerckhoffs et al. (2012a) to
quantitatively match data from a canine study in which detailed hemodynamics were
reported before and after the creation of PO, at multiple time points as hypertrophy
progressed, and then following the acute relief of PO (Sasayama et al. 1976). The growth
model predicted limited growth reversal given measured post-release hemodynamics,
contradicting experimental (Gao et al. 2005; Stansfield et al. 2007; Zhao et al. 2013) and
clinical observations (Monrad et al. 1988; Krayenbuehl et al. 1989; Villari et al. 1995;
Matsumura et al. 2008; Hahn et al. 2013). We were able to resolve this contradiction by
incorporating an evolving growth setpoint into the governing growth equations.
Furthermore, our results suggest that other strain-based growth laws would perform
similarly given the measured hemodynamics. Overall, our simulations suggest that current
formulations of phenomenological growth laws implemented within a volumetric growth
framework will have difficulty matching both observed hemodynamics and observed growth
regression following relief of PO unless growth setpoints are allowed to evolve.
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2 Methods

2.1 Experimental data on aortic banding and release in canines

To fit the hemodynamic and growth parameters of the model employed here, we selected an
experimental study conducted by Sasayama et al. (1976) in which pressure overload was
induced via banding of the ascending aorta in 12 canines. We selected this study because
detailed hemodynamic and growth data were reported prior to banding (baseline),
immediately after banding (acutePO), following 9 and 18 days of hypertrophy, as well as
immediately before and 1 day after relief of PO by release of the band. Reported
hemodynamics included heart rate (HR), left ventricular (LV) end-diastolic pressure (EDP),
maximum LV pressure (maxA), and percent short-axis shortening in the anterior—posterior
cavity diameter (%short). Reported changes in LV dimensions included end-diastolic cavity
diameter (EDD) and end-diastolic wall thickness (EDWth) measured via ultrasonic crystals
placed within the LV. Since the experiment tracked the dogs for only 1 day after aortic band
release, we relied on observations from other experiments (Gao et al. 2005; Stansfield et al.
2007; Zhao et al. 2013) and clinical studies (Monrad et al. 1988; Krayenbuehl et al. 1989;
Villari et al. 1995; Matsumura et al. 2008; Hahn et al. 2013) to establish the expected speed
and extent of growth reversal after release of PO. Such PO reversal studies consistently
report significant regression of wall thickness, including a 25% decrease after 1 week in
mice (Gao et al. 2005), 16% decrease after 1 week in rabbits (Zhao et al. 2013), and about a
20% decrease in EDWth over 2 years in patients (Hahn et al. 2013).

2.2 Finite element (FE) model of the canine heart

The canine biventricular finite element (FE) model employed in this study has been
published previously (Kerckhoffs et al. 2012a). The nonlinear FE model consisted of 48
tricubic Hermite elements with realistic canine geometry and fiber distributions (Fig. 1a, b).
The passive properties of the ventricle were defined using a transversely isotropic Fung-type
material model:

W= Wpas + Wcomp (1)
1 0
W pas = fcpas(e - 1) )
O = beEfi + b Eie + Egy + 2E&) + b 2Ef. + 2Ef) ®
1
Wcomp = Eccomp(J - 1)ln(']) @

Wis the total passive strain energy density, a sum of transversely isotropic (W;s) and
slightly compressible (W/gomp) components; E, Ecc, and £ are the Lagrangian strain
components in the fiber, crossfiber, and radial directions, respectively; and £, L, and E
are the associated shear strains. Here, J= det(F) is the determinant of the deformation
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gradient, £, and Cpas, b5, b, by are the material parameters that describe the passive stiffness
of the myocardium (Supplemental Methods).

To simulate myocyte contraction, we utilized a modified Hill-type active contraction model
(Kerckhoffs et al. 2012a). The active tension (&) was calculated as:

tact = Tmax - C - Lse,norm (5)

where Tyax IS @ constant that describes the maximum stress that the muscle can generate, C
is a state variable that describes the contractility of the muscle as a function of time and fiber
stretch, and Lge norm is the length of the normalized series elastic element in the Hill-type
model. Additional details and default parameter values of the active contraction model are
available in the Supplemental Methods.

2.3 Lumped-parameter circulation model

To account for hemodynamic loading, the ventricular chambers of the FE model were fully
coupled to a previously published lumped-parameter circulation model (Santamore and
Burkhoff 1991; Kerckhoffs et al. 2007) (Fig. 1a). To match the reported baseline
hemodynamics, we simultaneously adjusted values for stressed blood volume (SBV),
systemic resistance (/,g), and muscle contractility ( 7max) to match the reported EDP, max?,
and %short. To simulate the degree of acute constriction (acutePO) induced in the
experiment, we simultaneously increased the aortic resistance (R.s) and SBVto match the
reported EDP and max/” and assumed ventricular material properties and all other circulation
model parameters remained constant. Table 1 lists the resulting model parameters as well as
the comparisons between model and reported hemodynamics. For baseline, acutePO, and for
all growth steps, the coupled model ran multiple heartbeats to a hemodynamic steady state,
defined as a < 1% difference in the stroke volume between the LV and right ventricle (RV).
Additional circulation model parameters are listed in the Supplemental Methods. To test how
well the available hemodynamic data constrained the choice of baseline and acutePO
circulation parameters, we conducted a sensitivity analysis by increasing and decreasing
individual circulatory parameters from the optimized baseline and acutePO values. Table 1
lists the most sensitive model outputs for each optimized circulation parameter and the
minimum % change from the optimized value that leads to a z-score > 1. For example, EDP
is most sensitive to SBVand a 5% change from the baseline SBV leads to a model baseline
EDP outside the reported baseline EDP+ one standard deviation (z-score > 1). All
simulations were solved using Continuity 6.4b (http://continuity.ucsd.edu) on a Linux cluster
using 8 cores. A time step of 1 ms was used for the heartbeat simulations.

2.4 Strain-based growth law

After verifying that our final solutions minimized the errors between the model and
measured hemodynamics, changes in local strains throughout the steady-state cardiac cycle
relative to baseline were used to calculate the amount of ventricular growth for each
element. Growth was implemented in both ventricles using a kinematic growth framework
(Rodriguez et al. 1994), where the total deformation gradient (Fgt) maps the ungrown,
unloaded heart to the grown, loaded heart. In this growth framework, A is a product of the
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elastic (F) and growth (£,) deformation gradients. We focused in this study on a modified
form of a growth model published by Kerckhoffs et al. (2012a), which we have found to be
the most successful among a library of published models in reproducing key aspects of
forward growth due to PO, VO, and myocardial infarction with a single set of growth
parameters (Witzenburg and Holmes 2017, 2018). In the Kerckhoffs growth law, myocyte
lengthening is driven by the change in maximum fiber strain, which occurs during or near
end-diastole. Myocyte thickening is driven by the change in the minimum of the first
principal strain Eémss’max, which happens near end-systole. At growth step /, the growth

stimuli are calculated as:

st = max(Eff) — Efp e (®)

i i b
N mm(Ecross,max) — Ecross.set (7)

where Eéross,max is the first principal strain of the 2D myocyte cross-sectional strain tensor:

i E El
Ecross = ; ; (8)
Ecr Err
Eé’fjset and E.l:’ross,set are homeostatic growth setpoints defined as the maximum fiber strain
and the minimum Egmss,max, respectively, during the baseline cardiac cycle. Thus, in a
baseline, steady-state simulation, all growth stimuli are zero and there would be no growth.
The growth stretch, F, is a diagonal tensor with components in the fiber, crossfiber, and
radial directions:
Fer O 0
Fg = 0 Fg, cC 0 (9)
0 0 Fgu

In the original formulation of the growth law, both £y and £y were driven by s;, while
Fgsr Was driven by s, We found that modifying the growth law by setting £y cc = Fg such
that fiber and crossfiber growth are driven by syand only £ is driven by s;produced model
predictions that were more consistent with the reported data (Sasayama et al. 1976); we note
that this is consistent with prior work from our laboratory (Witzenburg and Holmes 2018)
showing that this modification allows the Kerckhoffs law to better predict left ventricular
growth and remodeling following pressure overload, volume overload, and myocardial
infarction using a single set of growth parameters. Accordingly, the components of £ at
growth step 7+ 1 are calculated as:
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' S, -
Fo tr -y [Kee e +1s2>0
i+l _ pi+l 1+ exp[—£ (s} — s1,50)]
Fg, ff = Fg,cc = 7 (10)
Fy g - ff’n;ax +1 si<0
1+ exp[ff(s, + 51, 50)]
i frr max :
1 . k > + 1 Sl Z 0
i+ 1 T eXP[—f ,(s = 58,50, positive)] !
Fonw = (11)

Fo — frr,max
& + exp[fr(si + 8¢, 50, negative)]

+1 si<0

These equations define sigmoidal growth curves in the fiber/crossfiber and radial directions,
respectively (Kerckhoffs et al. 2012a; Witzenburg and Holmes 2017). Here, S50, S;50,positives
and S¢50,negative define the width of a quiescent zone in which no growth occurs in response
to relatively small changes in strain. When ;50 positive aNd S¢50,negative are €qual, the growth
curves are symmetric such that equal, but opposite stimulus values lead to the same rates of
positive and negative growth. K¢ and 4, are evolution growth functions (Kerckhoffs et al.
2012a) that reduce the growth rates to zero when Fy ¢ reaches 1.35 Fp . reaches 1.28. ff max,
Tirmax, frand 7, define the shape of the sigmoidal growth curves. Consistent with the original
description of this growth law by Kerckhoffs et al. (Kerckhoffs et al. 2012a), we assumed
that one growth step in the model is equivalent to 1.5 days of ventricular growth. Growth
parameters are listed in the Supplemental Methods.

2.5 Forward growth simulations

We simulated three different cases of forward growth to explore how different modeling
assumptions affect both forward growth due to PO and reversal following relief of the
overload. For all cases, we ran the model for 18 forward growth days (12 forward growth
steps) to match the time of aortic banding in the canine experiment. We also assumed that
SBVand Ry could evolve in response to sustained PO and adjusted their values to match the
reported time course of hemodynamics (EDP, max/, and %short). To match the time course
of reported LV end-diastolic wall thickness (EDWth), we adjusted the thickening growth
parameter, S¢50,positive-

2.5.1 Case 1 (standard): No changes in material properties, constant growth
setpoints—In this first case, we assumed that growth adds material with identical material
properties by keeping all material model parameters constant throughout forward and

reverse growth. In addition, we assumed that the myocytes remember their original baseline
state by holding the growth setpoints Ef:’f,set and Eé’mss,set constant throughout all simulations

of forward and reverse growth.

2.5.2 Case 2 (fibrosis): Stiffen passive material properties, constant growth
setpoints—Since fibrosis is commonly observed clinically in patients with aortic stenosis
(Villari et al. 1995; Yarbrough et al. 2012; Treibel et al. 2018) as well as in animal
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experiments of aortic banding (Cutilletta et al. 1975; Gao et al. 2005; Zhao et al. 2013), in a
second set of simulations we simulated fibrosis by linearly increasing the passive stiffness
coefficients (&, &, bg) by 20% over the course of forward growth. For these simulations, we
assumed that the growth setpoints remained constant throughout forward and reverse growth
asin Case 1.

2.5.3 Case 3 (evolving setpoint): No changes in material properties, evolving
growth setpoints—Finally, to test the effect of allowing the myocardium to gradually
adjust its homeostatic setpoints to the evolving mechanical state, we allowed the growth
setpoints to change during growth. As a first implementation of this assumption, we used a
15-growth step weighted moving average of the previous elastic strains to specify the current
setpoint. Consistent with the approximate 1-week half-life of assembled actin and myosin in
cardiac sarcomeres (Kimata and Morkin 1971), we weighted strains from 8 growth steps
prior to the current time most heavily, with strains from more recent and more distant times
exerting less influence.

Eff’,iet = émax(Eéf_ 15) + %max(Eff_ ]4) + %max(Eff_ 13) + é—4max(E%f_ 12)
Eif 11)

+ —max Efl:‘f_ 10) + —max(Eff_ 9) + %max(Elif_ 8) + 67—4max(E§f_ 7)

(12)

= max(Eff 5) + imax(Eff_ 4) + 63—4max(Eff_ 3) + 62—4max(E1’$f_ 2)

for the lengthening stimulus and

b,i L . (i—-15 2 i— 14 3 13
Ecr(l)ss max — amm(Eéross, max) + amax(Eéross, max) + 64 maX(E::ross max)

max Cross max

1—10

66 max( Cross, max) + 67_4maX(E(l;rz>sgs, max)

max ECross +

6

6 5 i—5
max Ecross ax) + 64 maX(Eéross max) + amaX(Ecl:ross, max)

max Ecro%s ax

(Eeross ma)
(Ecross max)
max(ECrOSS ax) (13)
( )
( )
(Eeross max)

max E(l:rgss + 624 max(Eér?)ss max) + 6L4maX(E(l:r?>sls, max)

for the thickening stimulus, where superscripts indicate the growth steps prior to the current
time 7 We assumed that all hearts had been at steady state with strains matched to their
setpoints for at least 22 days prior to the onset of PO. We tested two different formulations
of the growth law for Case 3. First (Case 3a), we set S50 positive = St50,negative IN (11), which
assumes that the myocardium has equal capability for forward and reverse growth in the
radial direction. We also tested a non-symmetric version of the growth equation (Case 3b),
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where we set S¢50 positive > Sz50,negative IN (11), which assumes that rate of growth reversal
induced by a given reduction in strain is larger than the rate of forward growth induced by
the same magnitude increase in strain. As in Case 1, we kept all passive material parameters
constant for these simulations.

2.6 PO release and reverse growth

After matching the forward hemodynamics and growth due to PO for all cases, we adjusted
the circulation parameters, R, SBV, and T Until the model matched the reported
changes in max/?, EDP, and %short following acute unbanding (Sasayama et al. 1976). We
ran simulations for 18 reverse growth days (12 reverse growth steps), keeping all circulation
parameters constant.

3 Results

3.1 Model quantitatively matches hemodynamics and forward growth due to PO

We were able to quantitatively match the reported time course for both hemodynamics and
growth over 18 days of PO in all cases (Figs. 2, 3). For Case 1 (no changes in material
properties or setpoints), matching reported hemodynamics required reducing Rs by 45%
and increasing SBV'by 15% linearly over 12 forward growth steps (Table 2). The model
matched the reported time course of remodeling, with little change in end-diastolic cavity
diameter (EDD) and a 10% increase in end-diastolic wall thickness (EDWth). Inducing
fibrosis (Case 2) affected the adjustments required to match experimental hemodynamics,
requiring smaller changes in both arterial resistance and stressed blood volume (25%
decrease in Ry, 10% increase in SBV), but did not alter predicted growth. Using identical
growth parameters, the predicted time course of EDD and EDWth was nearly identical to
Case 1. Incorporating an evolving growth setpoint (Case 3a,b) affected the growth
parameters required to match the experimental data but had little impact on predicted
hemodynamics, with the same changes to the circulation as in Case 1 (45% decrease in Ry,
15% increase in SBV) providing a good match to the measured hemodynamics. Matching
EDWth required a reduction in the growth parameter, s;s0 positive, t0 induce more wall
thickening. With these adjustments, all predicted values were well within one standard
deviation of the experimental mean (-1 < zscore < 1) for all cases (Fig. 4).

3.2 Evolving growth setpoints are necessary to predict growth reversal after relief of PO

After confirming quantitative agreement with Sasayama’s experimental data for forward
growth and hemodynamics following aortic banding in dogs, we adjusted circulation model
parameters to match the reported acute unbanding hemodynamics (Sasayama et al. 1976).
The experimental data indicated that pressures returned to slightly above baseline values,
accompanied by a small drop in £DP. Interestingly, %short had normalized to its baseline
value over the course of the forward remodeling period and demonstrated very little
additional change in response to unbanding (Fig. 2, day 19.5). Matching these data required
a slight increase in SBV/ (+ 2% compared with end of forward growth), a 30% reduction in
muscle contractility, 7max, and reduction in the aortic resistance R to a value higher than
the pre-banding baseline [0.4 (ml/mmHg) compared with 0.2 (ml/mmHg)]. These changes to
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the coupled model restored the EDVand £SV of the grown ventricle to values very close to
the pre-banding baseline for all cases (solid green PV loops in Fig. 5).

Surprisingly, the standard case (Case 1) showed no reversal of PO-induced wall thickening
after PO release, as EDWth increased slightly (Figs. 3b, 5, column 1, rows 4-5). As with
forward growth, simulating fibrosis (Case 2) did not affect growth predictions following
simulated unbanding. When we allowed the growth setpoint to evolve (Case 3a), EDWth
regressed slightly from 110 to 107% relative to the baseline EDWth (Figs. 3b, 5, column 3,
rows 4-5). Only the combination of an evolving growth setpoint with a non-symmetric
growth law (Case 3b) led to significant regression of EDWth from 110 to 101% relative to
the baseline EDWth (Fig. 3b, column 4, rows 4-5). To understand why Cases 1, 2, and 3a
displayed minimal reverse remodeling, we exam-ined the stimulus for radial growth,
Ecross,max, throughout the cardiac cycle for a range of elements. The second row in Fig. 5
shows strain vs. cardiac cycle time curves for a representative midwall Gauss point. In all
cases simulated, the elastic strains and therefore E¢rgss max returned to baseline values when
we matched the experimentally reported PO release hemodynamics. This restoration of the
elastic strains resulted in a thickening stimulus near zero for the stand-ard and fibrosis cases,
and a slightly negative thickening stimulus for the evolving setpoint simulations. Mapping
the thickening stimulus across the entire model indicated values of the thickening stimulus
that would cause no remodeling (green) or additional thickening (red) everywhere in the
standard and fibrosis cases (Fig. 5, third row). By contrast, the evolving setpoint cases
displayed values of the thickening stimulus immediately following unbanding that would
induce thinning (blue) near the endocardium in the septal, anterior, and lateral walls but no
change in thickness (green) elsewhere. By changing the growth curve to be more sensitive to
negative thickening stimulus (Case 3b), the model was able to predict full regression of wall
thickness.

3.3 Effect of forward growth duration and magnitude on reversal predictions

In order to test whether the lack of wall thickness regression observed in our simulations
might be due to the relatively short duration and mild hypertrophy displayed during
Sasayama’s experiments, we allowed the fibrosis simulation (Case 2) to continue for 54 days
of forward growth under PO. Predicted wall thickening nearly doubled compared with the
18-day simulations (17% increase in EDWth) and appeared to be at or near a steady state
(Fig. 6). We adjusted SBV;, Ry, Res, and Tiax t0 generate a PV loop similar to our previous
Case 2, PO release condition (Fig. 5, Case 2, solid green PV loop). Consistent with clinical
reports in aortic stenosis patients post-aortic valve replacement (Hahn et al. 2013), these
simulations showed an acute 5% decrease in end-systolic volume and 1% increase in end-
diastolic volume due to relief of PO. However, we observed no predicted regression of
EDWth over another 54 simulated days following PO release (Fig. 6). This result suggests
that the absence of regression we observed following simulated PO release was not solely
due to the limited duration or extent of the initial hypertrophy.
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4 Discussion

The objective of this study was to evaluate the ability of a specific cardiac growth model that
has proven particularly successful at predicting the time course of forward growth due to
multiple perturbations, to predict the reversal of hypertrophy following relief of
hemodynamic overload. Using a FE model of a beating canine heart coupled to a lumped-
parameter model of the circulation, we quantitatively matched the measured time course of
hemodynamics and forward growth due to pressure overload in dogs induced by aortic
banding under three different modeling assumptions. We then simulated relief of PO by
unbanding and tracked the degree of predicted reversal of PO-induced hypertrophy. In
general, we found that when we matched the actual hemodynamics associated with aortic
unbanding in dogs, the standard and fibrosis cases were unable to reproduce the reversal of
wall thickening that is known to occur following relief of pressure overload in animals and
patients (Monrad et al. 1988; Krayenbuehl et al. 1989; Villari et al. 1995; Gao et al. 2005;
Stansfield et al. 2007; Matsumura et al. 2008; Hahn et al. 2013; Zhao et al. 2013). We were
able to remedy this discrepancy by incorporating an evolving growth setpoint and by re-
parameterizing the portion of the growth law that governs wall thinning. Although this study
focused on a slightly modified form of a specific strain-based growth law originally
published by Kerckhoffs et al. (2012a), analysis of the underlying behavior of the model
suggests that our results may have more general implications for many of the growth laws
commonly employed in the cardiac modeling literature.

The canine study we simulated here reported that end-diastolic diameter (a surrogate for
end-diastolic volume, EDV) was elevated due to higher diastolic pressures during overload
but returned to baseline values following unloading. This observation tells us both that post-
release EDV was similar to baseline EDV and that there was no appreciable dilation of the
ventricle due to growth. Translated into the volumetric growth framework employed in this
study, these observations imply that in the fiber and crossfiber directions, end-diastolic total
stretch (Aot fr and Aot cc) returned to baseline following unbanding. Since very little growth
occurred in the fiber or crossfiber directions during forward growth due to PO (Fg = Fyec

~= 1), elastic stretches were also restored (F, = Fio - F ') in the fiber/crossfiber directions.

Furthermore, since myocardium is incompressible, radial strains following relief of PO
would also be equal to their baseline values unless normally small shear strains change
dramatically. Thus, no growth law that relies on stretches that occur at or near end-diastole
would predict remodeling following unloading, unless the homeostatic setpoints controlling
growth have changed. Furthermore, unless material properties change significantly due to
PO-induced forward remodeling, a similar statement should apply to any stress-based
growth law, since diastolic stresses depend directly on diastolic stretches. We note that this
argument applies only to simulations of PO. In the case of VO, strain-based growth laws are
able to predict reversal (Lee et al. 2015) when dilation during forward growth due to VO
induces an increase in Fy¢. In that situation, relieving VO and restoring cavity volumes
causes F,f to drop below baseline values and leads to regression of growth.

The growth law employed here relied on diastolic stretches to drive dilation, but systolic
stretches to drive wall thickening; thus, in theory wall thickening induced by PO could have
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reversed despite the arguments outlined in the previous paragraph regarding diastolic
stretches. Yet here we encountered the critical role of ventricular—vascular coupling and
reflex regulation of hemodynamics in regulating cardiac growth. In Sasayama’s experiments,
percent shortening (a surrogate for ejection fraction) returned to baseline values following
unbanding, likely due at least in part to reflex regulation of arterial pressure. Thus, the same
argument outlined above applies to end-systole: in the absence of growth in the fiber and
crossfiber directions, the fact that observed systolic volumes, total stretches, and elastic
stretches following unbanding were all equal to their baseline values means that a strain-
based growth law will not predict regression unless the homeostatic strain levels change, and
a stress-based growth law would only make a different prediction in the setting of
dramatically altered material properties. Even when those homeostatic setpoints change, in
the specific study simulated here we found that strain-growth relationships that correctly
predicted wall thickening during banding did not automatically predict the expected degree
of wall thinning following unbanding (Cases 1, 2, and 3a). In order to achieve regression of
wall thickening consistent with the literature following relief of PO, we had to modify the
stimulus-growth rate relation (Eqg. 11) so that the curves relating increased strain to wall
thickening and reduced strain to wall thinning were non-symmetric (Case 3b). More broadly,
these results emphasize how critical hemodynamics are to the predictions of cardiac growth
models (Kerckhoffs et al. 2012b; Holmes and Lumens 2018; Witzenburg and Holmes 2018).
Even a model capable of predicting regression of hypertrophy in some settings may not
accurately predict it when matched to measured hemodynamics.

While most published cardiac growth models use a volumetric growth formulation similar to
the one employed here, other approaches to modeling biologic growth may be better poised
to account for changes in both material properties and the growth setpoints (or reference
stretches) that govern predicted growth. For example, constrained mixture approaches
(Humphrey and Rajagopal 2002) assume that new constituents replace old constituents with
new unloaded configurations, resulting in the evolution of the homeostatic setpoint.

One limitation in our reversal simulations is that we kept all circulation parameters constant
following unbanding, since detailed hemodynamic data were not available. Given the high
sensitivity of predicted growth to hemodynamic loading discussed above, it will be
important in future studies to track not only geometric remodeling but also hemodynamic
remodeling during regression of hypertrophy. Second, we prescribed a 20% increase in
passive stiffness for our fibrosis simulations, but this is an arbitrary value and may not be
indicative of what happens experimentally or clinically. The fibrosis simulations, however,
predicted little growth reversal over a wide range of reversal conditions, so we do not believe
our findings in those simulations depended strongly on the magnitude of the change in
passive stiffness. We also confirmed that adding fibrosis to an evolving setpoint simulation
(combining Cases 2 and 3a) did not substantially alter the predicted growth reversal.
Therefore, we would still expect to see little to no reversal with more or less increase in
passive stiffness.

In conclusion, computational models with the ability to predict reversal of heart growth after
interventions such as a valve replacement could help answer important clinical questions.
The modeling study presented here demonstrates that the current formulation of a state-of-
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the-art cardiac growth model with the ability to predict patterns of forward growth following
multiple interventions incorrectly predicts little change in wall thickness following simulated
PO release. Furthermore, the mechanisms underlying this behavior in the model suggest that
phenomenological strain-and stress-based growth laws implemented in a volumetric growth
framework will have difficulty capturing regression following relief of PO unless
homeostatic setpoints are allowed to evolve.
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Refer to Web version on PubMed Central for supplementary material.
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a Canine biventricular finite element model coupled to a lumped-parameter circulation
model of systemic and pulmonary circulation. b Inset of the finite element mesh
demonstrating the incorporated myofiber anatomy and the local coordinate system
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Model quantitatively matches the reported time course of hemodynamics for baseline (day
-1.5), acutePO (day 0), forward growth (day 0-18), and at PO release (day 19.5). Figures
show comparisons of the different simulated cases to data for a maximum LV pressure, b
end-diastolic pressure, and ¢ % shortening
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M%del quantitatively matches the reported time course of remodeling for baseline (day
-1.5), acutePO (day 0), and forward growth (day 0-18). Figures show comparisons of the
four different simulated cases to data for a end-diastolic diameter (EDD) and b end-diastolic
wall thickness (EDWth). Following PO release, only the simulations with an evolving
setpoint (Cases 3a and 3b) predicted regression of wall thickening (see text)
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All cases of forward growth resulted in a similar quantitative match to experimental
hemodynamics (maxP, EDP, and %short) and dimensions (EDWth and EDD) at the end of
forward growth. Bar graphs show error as a fraction of the experimental standard deviation
(z-score) at 18 days of forward growth. All predicted values were well within one standard
deviation of the experimental mean (- 1 < zscore < 1) for all cases simulated

Biomech Model Mechanobiol. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Yoshida et al.

Page 18
Case 1: standard Case 2: fibrosis Case 3a: evolving setpoint Case 3b: evolving setpoint
symmetric growth law non-symmetric growth law

250 250 250 250

150 150

pressure [mmHg]
@
o

7
n
50 50 50 " \ 50
0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
volume [ml] volume [ml] volume [ml] volume [ml]
50.2 0.2 0.2 0.2
E
1]
50.1 0.1 0.1 0.1
i Setpoint @ Setpont@ | __N___/ ___  L__N___J____
0 ~/ _POday18 ~/ _POday18 Setpoint @ 0 Setpoint @
PO day18 PO day18
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 600
cardiac cycle time [ms] cardiac cycle time [ms] cardiac cycle time [ms] cardiac cycle time [ms]

Thickening stimulus

End of reverse growth  End of forward growth

Jd

Fig. 5.

Mgtching PO release hemodynamics causes the elastic strains to return to baseline,
triggering little-to-no regression in wall thickness. Each column represents one of the four
cases simulated (see text). Top row: pressure—volume (PV) loops for baseline, acutePO, end
of simulated forward growth, PO release, and end of simulated reverse growth. Second row:
Ecross,max throughout the cardiac cycle for baseline, acutePO, and PO release for a midwall
Gauss point on the lateral wall in the LV. Third row: contour plots of the thickening stimulus
(s) immediately following PO release. Fourth row: unloaded grown geometry (colored in
pink) at the end of forward growth (PO day 18) compared with the ungrown geometry
(outline in black). All cases resulted in similar changes in the geometry. Bottom row:
unloaded grown geometry (colored in pink) at the end of reverse growth (POrev day 18)
compared with the ungrown geometry (outlined in black). Cases 1 and 2 did not lead to any
changes in geometry compared with PO day 18, whereas Cases 3a and 3b resulted in a
smaller heart compared to PO day 18

Biomech Model Mechanobiol. Author manuscript; available in PMC 2021 June 01.

—— baseline
— acutePO

- - POday18
—— PO rrelease
- - POrev day18

—— baseline

acutePO
PO release



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yoshida et al. Page 19

relative change from EDWith

0 54 108
days after PO

Fig. 6.

In?:reasing the duration and extent of forward growth due to PO does not significantly affect
reverse growth predictions following simulated PO release. Solid line shows change in
predicted EDWth for simulation Case 2 (fibrosis) over 54 days of forward growth followed
by 54 days of continued simulation after PO release; symbols show data from Sasayama et
al. (1976) during 18 days of forward growth following aortic constriction
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