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Abstract

Pregnancy stands at the interface of mechanics and biology. The growing fetus continuously loads the maternal organs as
circulating hormone levels surge, leading to significant changes in mechanical and hormonal cues during pregnancy. In
response, maternal soft tissues undergo remarkable growth and remodeling to support the mother and baby for a healthy
pregnancy. We focus on the maternal left ventricle, which increases its cardiac output and mass during pregnancy. This
study develops a multiscale cardiac growth model for pregnancy to understand how mechanical and hormonal cues interact
to drive this growth process. We coupled a cell signaling network model that predicts cell-level hypertrophy in response to
hormones and stretch to a compartmental model of the rat heart and circulation that predicts organ-level growth in response
to hemodynamic changes. We calibrated this multiscale model to data from experimental volume overload and hormonal
infusions of angiotensin 2 (Angll), estrogen (E2), and progesterone (P4). We then validated the model's ability to capture
interactions between inputs by comparing model predictions against published observations for the combinations of VO +E2
and Angll +E2. Finally, we simulated pregnancy-induced changes in hormones and hemodynamics to predict heart growth
during pregnancy. Our model produced growth consistent with experimental data. Overall, our analysis suggests that the
rise in P4 during the first half of gestation is an important contributor to heart growth during pregnancy. We conclude with
suggestions for future experimental studies that will provide a better understanding of how hormonal and mechanical cues
interact to drive pregnancy-induced heart growth.
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1 Introduction hormone levels surge. Pregnancy presents a cardiovascular

challenge to the mother as her cardiac output increases by

Pregnancy stands at the interface of mechanics and biology.
Throughout nine months of pregnancy, the growing fetus
continuously loads the maternal organs while circulating

P< Kyoko Yoshida
kyoshida@umn.edu

Jeftrey J. Saucerman
jsaucerman @virginia.edu

Jeffrey W. Holmes
holmesjw @uab.edu

Department of Biomedical Engineering, University
of Minnesota, Minneapolis, MN, USA

Department of Biomedical Engineering and Robert M. Berne
Cardiovascular Research Center, University of Virginia,
Charlottesville, VA, USA

School of Engineering, University of Alabama
at Birmingham, Birmingham, AL, USA

45%, her total systemic resistance falls by 34%, and her total
blood volume increases by almost 50% during a normal,
singleton pregnancy (Pritchard 1965; Hunter and Robson
1992). Simultaneously, circulating estrogen (E2) and pro-
gesterone (P4) hormone concentrations increase up to 10
times above nonpregnant levels (Tulchinsky et al. 1972). In
response to these dynamic mechanical and hormonal cues,
maternal soft tissues undergo significant growth and remod-
eling to support both mother and baby. We focus here on the
maternal left ventricle (LV), which increases in mass and
cavity volume by approximately 30% during the course of
a normal pregnancy and regresses to normal size between
3-6 months after delivery (Savu et al. 2012).
Cardiovascular conditions and cardiomyopathy together
account for more than 25% of pregnancy-related deaths
(Creanga et al. 2017). With maternal death rates in the USA
rising over the last 25 years (Kassebaum et al. 2016), there is
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a critical need to understand how pregnancy hormones and
hemodynamic changes interact to affect heart growth. Car-
diac hypertrophy is a complex, multiscale process, driven by
both mechanical and hormonal stimuli that interact through
an extensive network of intracellular pathways within a car-
diac muscle cell (cardiomyocyte). Experimentally, hypertro-
phy can be triggered by either hemodynamic or pharmaco-
logic interventions. An increase in aortic resistance due to
constriction (pressure overload, PO) leads to mass increase
and wall thickening, while an increase in cardiac output due
to an arteriovenous fistula or valvular regurgitation (volume
overload, VO) leads to mass increase and LV cavity dila-
tion. Infusion of isoproterenol leads to LV mass increase
(De Windt et al. 2001; Drews et al. 2010), as does infusion
of angiotensin (Griffin et al. 1991; Dostal and Baker 1992).
Pregnancy hormones also influence heart growth. In vivo
and in vitro studies have shown the ability of E2 to attenuate
growth (Pedram et al. 2008), and the role of P4 in promoting
growth (Chung et al. 2013). Furthermore, mechanical and
hormonal stimuli can interact to impact growth, as demon-
strated by attenuated LV mass increase in experiments of
volume and pressure overload in E2 treated animals com-
pared to untreated controls (Voloshenyuk and Gardner 2010;
Torga et al. 2016).

Computational models have made considerable progress
in predicting heart growth in response to both hormonal and
mechanical stimuli (Yoshida and Holmes 2020). Compu-
tational systems biology models can predict cell-level car-
diomyocyte growth in response to hormones and pharma-
ceutical interventions (Ryall et al. 2012; Frank et al. 2018).
Mechanics-based growth models can predict heart growth
at the organ level in multiple settings where changes in
mechanical loading of the heart occur, including PO, VO,
myocardial infarction, and dyssynchrony (Witzenburg and
Holmes 2017, 2018). Recently, our group developed a mul-
tiscale model that incorporates mechanical and hormonal
stimuli to predict concentric heart growth in response to
pressure overload (Estrada et al. 2020). The objective of
this work is to build a multiscale cardiac growth model for
pregnancy by combining a systems biology model with a
mechanics-based model to capture the interactions between
hormonal and mechanical stimuli. Towards this objective,
we created a cell signaling network model that predicts cell-
level growth in response to the pregnancy hormones E2, P4,
as well as angiotensin 2 (Angll), and a generic mechani-
cal stimulus on the myocyte (myoStretch). We coupled
this network model to a compartmental model of the rat
heart and circulation to capture changes in hemodynamics.
Because pregnancy is associated with both VO and elevated

@ Springer

hormones, we first calibrated this multiscale model to quan-
titatively match experimental heart growth in response to
VO and infusions of Angll, E2, and P4. We then validated
model predictions against experimental observations of
heart growth in response to the combinations of Angll + E2
and VO +E2. Finally, we simulated pregnancy changes in
hormones and hemodynamics to predict heart growth dur-
ing pregnancy. Our multiscale model was able to capture
reported pregnancy changes in both LV growth and hemody-
namics. Furthermore, our analysis suggests that heart growth
during pregnancy is in part driven by the early rise in P4,
particularly during the first half of gestation.

2 Materials and methods

2.1 Intracellular signaling network model
of cardiomyocyte growth

To simulate the influences of hormones and stretch on
cell-level growth, we built an intracellular signaling net-
work model for cardiomyocyte hypertrophy (Fig. 1A).
Our approach was similar to a model developed by Ryall
et al. (Ryall et al. 2012; Frank et al. 2018) that included
107 species interacting through 207 reactions representing
the various intracellular hypertrophic pathways. Since the
Ryall model did not include pregnancy hormones, and since
limited experimental data on the effect of P4 on cardiomyo-
cyte hypertrophic pathways are available (Chung et al. 2012,
2013), we focused on a subset of species within the original
network model for which experimental data are available.
Our network (Fig. 1a) consisted of 4 key inputs: the preg-
nancy hormones Progesterone (P4) and Estrogen (E2); Angi-
otensin 2 (Angll), another hormone elevated in response
to both volume overload (Ruzicka and Leenen 1995) and
pregnancy (Mishra et al. 2018); and myocyte Stretch (myoS-
tretch), a generic stimulus reflecting mechanotransduction
pathways that activate Akt and MEK/ERK signaling. These
inputs interacted with each other and nine other intermediate
species through 24 reactions, which led to changes in cardio-
myocyte size, represented by the output, CellArea.

We modeled reactions in the network using normalized
Hill-type ordinary differential equations in which the level
of activation of each species is represented as a normal-
ized value between 0 and 1, where 0 indicates no signaling
activity, and 1 represents maximal activation (Kraeutler et al.
2010). Equation (1) shows an example of the differential
equation for the intermediate species, Akt, which is activated
by Angll or myoStretch, but inhibited by E2 in combination
with AngllI activation:
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Fig. 1 Intracellular signaling network model. a The intracellular sign-
aling network model of cardiomyocyte growth predicts the amount
of growth due to a particular level of hormones (P4, E2, Angll) and
myocyte Stretch (myoStretch), and outputs a CellArea. Colors repre-
sent example activity levels at the end of pregnancy, where pink and
blue represent increased and decreased activity from baseline respec-
tively. b Network model calibration against in vitro data. Upper left
triangles represent phosphorylation or activity reported from experi-
ments where neonatal cardiomyocytes were treated with P4, E2,
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P4+E2, Angll, or Angll+E2 (columns). For data, red represents
upregulation, gray represents no change, and blue represents down-
regulation of activity compared to no treatment (P4, E2, P4+E2,
and Angll) or compared to Angll only (Angll+E2) for each signal-
ing intermediate (rows). Yellow color signifies no available data for a
particular species and experimental condition. Lower right triangles
represent network model predictions for each experimental condition.
(More details and experimental study references are available in Sup-
plemental Data 2: InVitroCalibration)

(Angll), finhib(EZ)), fac,(myOStretch)] - Yyax(Akt) — Akt} 1)

Here, 74, is the species time constant and Y,y is the
maximal fractional activation of Akt. OR and AND repre-
sent logical operations, which describe crosstalk between
species:

OR(a,b)=a+b—a * b; AND(a,b) =a * b 2)

The activation/inhibition functions in Eq. (1) are
defined such that f,.,(0) =0, f,.,(1) = 1,f;,,,»0) =1, and
Sinnin(1) = 0:

W . BX"
JaerX) = m;finhib(x) =W —fo(X) 3
where W is the reaction weight, n is the Hill coefficient, and
the functions B and K are defined as:

_ EC;O -1 . 1/n

T 2ECI, - 1 K=@E=1 @
where ECs, is the half-maximal activation. The com-
plete list of equations is available in the Supplemen-
tal Document. The MATLAB code for this model
(E2P4HypertrophyNetwork.m) is available on SimTK
(https://simtk.org/projects/heartgrowthpreg) and was

automatically generated from Supplemental Data 1 using
the freely available software Netflux (https://github.com/
saucermanlab/Netflux).

We simulated changing levels of hormones and myo-
cyte Stretch by adjusting the reaction weights of the inputs
(Wangiis WE2> Wpas Winyostrercn) Dased on circulating hormone
concentrations and calculated stretches as described below
(Sect. 2.3). We set the time constant, T, to 0.1 h for all spe-
cies except CellArea, which we set t0 Tgejarea =300 h to
represent the longer time necessary for protein accumula-
tion and cell growth compared to phosphorylation events.

Table 1 Signaling network model parameters

Parameter Baseline value

Reaction weight (W) 0.1335 for inputs (W,,,osiretchs
W Angil> WE2» Wpy)
1 for all other species

Maximal activation (¥,,,,) 1

Half-maximal activation (ECs) 0.5

Hill coefficient (n) 14

Reaction time constant (t) 0.1 h input and middle species
300 h CellArea output
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For all other parameters, (¥,,., ECsy, n) we used the same
default values as in Ryall et al. (Ryall et al. 2012) (Table 1).
We based reactions for myoStretch and AnglI on Ryall et al.,
and adjusted crosstalk interactions (AND/OR) for E2 and
P4 to match phosphorylation data from in vitro experiments
where neonatal rat ventricular cardiomyocytes were treated
with P4 alone, E2 alone, Angll alone, or the combinations
of P4+E2 and Angll+E2 (Fig. 1b, Supplemental Data 2:
InVitroCalibration). The final version of the network model
correctly matched reported trends for 31 out of 31 phos-
phorylation data from 5 different publications (Pedram et al.
2005, 2013a, b; Chung et al. 2012, 2013).

2.2 Compartmental model of organ-level growth

Our group previously published a rapid, compartmental
growth model of the heart coupled to a lumped-parameter
circuit model based on a canine anatomy, and demonstrated
its ability to predict heart growth in multiple settings where
changes in mechanical loading of the heart occur, including
volume overload (VO), pressure overload (PO), and myocar-
dial infarction (Santamore and Burkhoff 1991; Witzenburg
and Holmes 2018). Briefly, this model uses a time-varying
elastance model to simulate the ventricles. The end-sys-
tolic pressure—volume relationship is defined by a linear
elastance and the end-diastolic pressure—volume relation-
ship is defined by an exponential function. The systemic and
pulmonary aorta and vessels are represented by capacitors

Left Ventricular Pressure [mmHg]

Compartmental Growth Model >

Fig.2 a Compartmental model of organ-level growth calculates
changes in elastic stretches (F,) in the left ventricle due to growth (F, g)
and hemodynamic alterations. The right and left ventricles are mod-
eled as thin-walled spheres. The resistors and capacitors represent
the resistance and compliance of the systemic and pulmonary arter-
ies and veins, while the diodes represent the valves and allows flow
only in one direction (Table 2 and Supplemental Table 1). The main
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in parallel with resistors (Fig. 2a, Supplemental Table 1),
and the stressed blood volume (SBV) is defined as the total
blood volume contained in these capacitors and ventricles.
This model is implemented as a system of differential equa-
tions in MATLAB to simulate changes in the volume of
each compartment over a cardiac cycle. This code is freely
available to download on SimTK (https://simtk.org/projects/
heartgrowthpreg).

2.2.1 Simulating baseline and acute volume overload
hemodynamics

Because experimental studies of VO, hormonal infusion, and
pregnancy are more common in small animals, we repara-
metrized the canine compartmental model to match control
hemodynamics from rats using allometric scaling methods
(West et al. 1997; Holmes 2004; Caggiano et al. 2022) (see
Supplemental Document for more details). To simulate vol-
ume overload in rats induced via an arteriovenous fistula
between the abdominal aorta and inferior vena cava (Garcia
and Diebold 1990), we added a resistor to represent the fis-
tula (Rm_,f) between the aorta and the vena cava (Fig. 2A). To
calculate stretches experienced by the heart during baseline
and acute VO states, we optimized the circulatory parame-
ters to match averaged experimental hemodynamics reported
by Holmes et al. for control rats and for rats subjected to
acute VO (4 days post-fistula) (Holmes 2004).
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outputs of the compartmental model are the pressures and volumes of
the left (LV) and right ventricles (RV), and the capacitors. b Pressure
volume behavior for baseline and acute volume overload generated by
the calibrated compartmental model. Dots represent pressure—volume
data points from (Holmes 2004), and solid lines represent model fit to
the data. Black: Baseline, Red: acute volume overload
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We specified the reported heart rate (HR), the slope of
the end-systolic pressure—volume relationship (E), and
the ventricular volume at zero pressure (V,), directly in
the model for both baseline and acute VO. We adjusted
end-diastolic pressure—volume parameters (A, B) to match
experimental pressures and volumes during the filling
phase of the cardiac cycle. Here, we calculated end-systolic
pressure as Ppg=E*(VpsV,) and end-diastolic pressure as
Prp=A*exp[B*(Vgp-V,)]-A. Baseline systemic resistance
(R,,) and stressed blood volume (SBV) were adjusted to
match the reported control values of end-systolic pressure
(ESP) and end-diastolic volume (EDV). Holding the base-
line R, constant, the fistula resistance (Ravf) and SBV were
adjusted to match experimental ESP and EDV 4 days after
fistula creation. All parameters were simultaneously opti-
mized using the fminsearch function in MATLAB, until the
differences between measured and predicted hemodynamic
values were minimized (Witzenburg and Holmes 2018). To
confirm the uniqueness of the optimized circulation model
parameters, we conducted a Monte Carlo simulation (Sup-
plemental Document, Suppl. Figure 1). Figure 2b illus-
trates the agreement between the final calibrated baseline
and acute VO model to the experimental pressure—volume
behavior, and Table 2 summarizes the resulting circulation

model parameters and hemodynamic comparisons between
the model and data.

2.2.2 Implementing growth in the compartmental model

We used the kinematic growth framework (Rodriguez et al.
1994) within the compartmental model to simulate LV
growth using previously published methods (Witzenburg
and Holmes 2018). In this framework, the observed total
stretch (F,,,) is a product of the growth stretch (£ g) and the
elastic stretch (F,):

FtotzFe'Fg (®)]
where F, is a diagonal tensor. The components of F, were
calculated based on the network model CellArea output as
described in Sect. 2.3. We modeled the LV as a thin-walled
spherical pressure vessel with an initial unloaded cavity vol-
ume (V,), radius (r,), and thickness (/). At each growth step,
the growth tensor (F,) was applied to update the unloaded
dimensions while assuming no changes in the intrinsic mate-
rial properties of the myocardium. These dimensions were
then used to calculate growth-induced changes in the LV
compartmental parameters. After applying growth, multiple

Table 2 Compartmental model

. Baseline Volume Overload

parameters for baseline and

volume overload simulations. Specified parameters

Reported hemodynamic Heart rate (HR) [bpm] 373 346

measures are from (Holmes

2004) Slope of the ESPVR (E£) [mmHg/mL] 354 522
Unloaded cavity volume (V) [uL] 40 40
Fitted parameters
Linear term of the EDPVR (A) [mmHg] 0.21 0.21
Exponential term of the EDPVR (B) [1/mL] 6.9 6.9
Systemic Resistance (R,;) [mmHg-s/mL] 79.38 79.38
Characteristic Resistance of the Aorta (R,,) [mmHg-s/mL] 2.24 2.24
Arteriovenous fistula resistance (R,,) [mmHg-s/mL] Inf 66.69
Stressed blood volume (SBV) [uL] 2540 3800
Fitted Hemodynamic Measures
Reported End-systolic pressure (ESP) [mmHg] 88+8 96+9
Model End-systolic pressure (ESP) [mmHg] 88 96
Reported End-diastolic volume (EDV) [uL] 445+75 570+£95
Model End-diastolic volume (EDV) [uL] 444 577
Independent Hemodynamic Measures
Reported End-systolic volume (ESV) [uL] 271 +63 244 +60
Model End-systolic volume (ESV) [uL] 278 213
Reported End-diastolic pressure (EDP) [mmHg] 4.49+0.51 6.69+1.10
Model End-diastolic pressure (EDP) [mHg] 5.42 10.9

Specified Parameters” indicate model parameters that were prescribed directly. Fitted parameters indicate
the model parameters that were optimized to match the measurements listed under “Fitted Hemodynamic
Measures”. “Independent Hemodynamic Measures” show how the model outputs compared to reported
hemodynamic measures that were not used as part of the fitting process. ESPVR: end-systolic pressure—
volume relationship and EDPVR: end-diastolic pressure—volume relationship
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heartbeats were simulated until a steady state was reached
(compartmental volumes at the beginning and end of the car-
diac cycle differed by <0.001 ml). Total fiber stretch (F,,, )
was calculated throughout the cardiac cycle based on the
total chamber dimensions, then divided by the growth stretch
to obtain the elastic fiber stretch:

Ftotf r
F = = 6
ef (6)
Fop  roFgy

where r and r, is the deformed and undeformed radius of
the LV, respectively.

2.3 Multiscale cardiac growth model

The multiscale cardiac growth model was built by coupling
the signaling network model of cell-level growth (Fig. 1,
Sect. 2.1) to the organ-level compartmental growth model
(Fig. 2, Sect. 2.2). Figure 3 provides a schematic that sum-
marizes the coupling between the two models, similar to
methods developed in (Estrada et al. 2020). To couple the
two models together, we used a linear transfer function
to map the elastic stretch calculated by the compartmen-
tal model (Eq. 6) to the network myoStretch input, and a
separate transfer function to map the network CellArea out-
put into a growth stretch (F,). Because the network model
employs a single normalized input weight for myoStretch
between 0 and 1, we chose to map the maximum elastic
fiber stretch during a cardiac cycle, max(F, ). We based
this choice on previously published mechanics-based
growth models that were successful in predicting growth
in response to volume overload using the same mechanical
stimulus (Kerckhoffs et al. 2012; Witzenburg and Holmes

2017, 2018). Circulating hormone concentrations (¢ ;g1 Cp2»
cpy) were mapped to their respective network input weights
using separate linear transfer functions:

meoStretch,max ~ Whaseline
A% =
myoStretch
max (Fff)max — max (Fef)baseline
[max (FEf) — max (Fef)baseline] F Whaseline @)
_ W Angl,max — Whaseline
Wangll = [cAngH - cAngII,bascline] t Whaseline

CAngII,max - CAngILbaseline
®

_ WE2,max — Whaseline
Wgy = [Cﬁz - cE2,baseline] + Whaseline  (9)
CEZ,max - CE2,baseline

_ WP4,max ~ Whaseline
Wpy = — [CP4 - CP4,baseline] *+ Whaseline  (10)
cP4,max cP4,baseline

Here, meoStretch,max’ WAngII,ma)v WE2,max’ WP4,max represent
the network inputs at which the individual effect of that input

on CellArea saturates (Fig. 4a—d). wy,.ine 1S the baseline
input Weight for each factor. cAngll,baseline’ CEZ,baseline’ CP4,baseline
are the known circulating concentrations of Angll, E2, P4 at
the baseline state, and max(F, )yyseline 18 the baseline maxi-
mum fiber stretch calculated by the compartmental model
(see Sect. 2.3.1 below for further details). This leaves one
unknown parameter to be optimized for each equation:
max(F, Pnax> Cangllmaxs CE2,maxs CPa,max> Which represent the
elastic fiber stretch and concentrations of Angll, E2, and P4
that trigger maximal remodeling.

Fig.3 Multiscale model cou-
pling schematic. During each
growth step, the compartmental
model simulates multiple heart-

Calculate new Network Model
Stretch (Eq. 7), Angll (Eq. 8),
E2 (Eq.9), P4 (Eqg. 10)

-
[

iCompartmental Model

beats and calculates max(F, )
experienced by the LV from the
steady state heartbeat. We then
calculate network model inputs
using Eqs. 7-10 and simulate

5 h of growth to calculate a new
CellArea. We then convert Cel-
1Area to a growth stretch (F g)

using Eqgs. 11-12 and apply that

Simulate 5 hrs

CellArea

growth stretch to the compart-
mental model before moving to
the next growth step

. | to calculate new

Calculate stretches
(F,,» F,) from steady
state heartbeat (Eq. 5,6)

A
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A
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Fig.4 Mapping compartmental model stretch and hormone concen-
trations to network inputs. Top Row: Curves demonstrate how each
network input, (a) myoStretch, (b) Angll, (c) E2, and (d) P4 affect
the steady state CellArea in the network model. Black dot represents
the baseline state, where the input weight, wy, ... leads to Cel-
1Area=0.5. Colored open circles represent the normalized inputs
(meOSlretch,max’ WAngILmax’ WE2,max> wP4,max) at which its effect on Cel-
lArea saturates. Bottom row, lines represent the linear transfer func-

To translate the growth predicted by network model
into a growth stretch for the compartmental model, we
used a linear transfer function to map the network out-
put, CellArea, to the determinant of the growth stretch,
J,=det(F,). Here, we assume that the myocardium is
incompressible and therefore relative volume and mass
changes are equal. The parameters for this transfer func-
tion were set such that a half-maximal CellArea=0.5
corresponded to no growth (J,=1) and the maximum
CellArea=1 corresponded to a doubling in mass (J,=2):

Jo =2 - CellArea (11)

Because heart growth during pregnancy results in both
cavity dilation and wall thickening (Savu et al. 2012), we
assumed isotropic growth such that the total increase in
mass (J,) was evenly distributed in the fiber (f), crossfiber
(¢), and radial (r) directions. Accordingly, the compo-
nents of F, were calculated as:

C Estrogen (E2) D Progesterone (P4)
S g M :
< < H
© © '
o (@) !
[0 (] i
g 05 g 05 9 '
@ Whaseline * H
R R~ Bl .
L Wep max=11 o 1=0.85
w 0 » 0
0 0.5 1 0 0.5 1
Network input (w
G put (We,) H
3 3
$ £
= 5
g g
x =<
S 1<)
g E2 infusion E
%’ Baseline %
0 50 100 150 0 200 400 600
E2 concentration P4 concentration
(Ce2) [pg/ml] (Cpqg) [ng/ml]

tions for the network model inputs (e) myoStretch, Eq. 7, (f) Angll,
Eq. 8, g E2, Eq. 9, and h P4, Eq. 10. Horizontal axes represent stretch
calculated by the compartmental model or hormone concentrations.
Black filled circles represent baseline input levels, colored open cir-
cles represent the maximum growth response triggered by each
stimulus in isolation, and colored filled circles represent the levels of
stretch/hormones used to simulate volume overload or hormone infu-
sion

/3
Fp 0 0 G
Fo=| 0 Foe 0 |=| o 4 o (12)
0 0 F,, 1
5 /3
0 0 J,

The code for this multiscale model is freely available
to download on SimTK (https://simtk.org/projects/heart
growthpreg).

2.3.1 Calibrating the multiscale model: VO, Angll, E2, P4

To calibrate the multiscale model, we optimized the
unknown parameters of the linear transfer functions
(Eqgs. 7-10, Fig. 4e-h) for myoStretch (max(F, y),,,,), Angll
(¢ Angitmax)> B2 (Cpp max)> and P4 (¢py imyy) to match reported
LV growth from studies of experimental VO and infusion of
Angll, E2, and P4. In the network model, a normalized input
weight of Wy osiretch = Wangit = We2 = Wps = 0.1335 produces a
steady-state CellArea=0.5. Thus, max(F, py,seine from the
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baseline compartmental model, ¢ a1 paseline from a control
male rat (Ruzicka et al. 1995), and cg) pygeline (Jankowski
et al. 2001) and cpy pygerine (Blair and Mickelsen 2006) from
an ovariectomized female rat were mapped t0 Wy, osretchr
Wangi Wi and wpy values of 0.1335 respectively (Supple-
mental Table 2). Accordingly, the baseline condition in our
model represents a nonpregnant ovariectomized female rat
or a normal male rat.

To obtain a second point for calibration for each input, we
simulated VO and hormonal infusion studies. Since previ-
ous studies suggest similar growth between ovariectomized
female and male rats (Gardner et al. 2002; Brower et al.
2003) and because studies using ovariectomized female rats
are limited, we calibrated our model to growth data from
ovariectomized females and male rats with the exception of
P4, where only data from non-ovariectomized female mice
were available (Chung et al. 2013). For all growth simula-
tions (Table 3), we simulated 21 days of growth based on
the rat gestation period.

Because VO induces changes in AngllI levels (Ruzicka
et al. 1995), we calibrated the linear transfer functions for
myoStretch (Eq. 7, Fig. 4e) and Angll (Eq. 8, Fig. 4f) simul-
taneously using reported relative changes in LV mass from
VO and AnglI infusion experiments in rats. To simulate
VO, we set the circulatory parameters to the fitted acute VO
values and maintained them throughout growth. Simulta-
neously, we adjusted ¢, to match reported values (Ruz-
icka and Leenen 1995) while keeping baseline ¢ and cp,.
To simulate experimental Angll infusion, we induced a

Table3 Summary of growth simulations. The multiscale model
was calibrated to experimental volume overload (VO) and hormo-
nal infusions of angiotensin 2 (Angll), estrogen (E2), and progester-
one (P4) (Sect. 2.3.1). We then validated model predictions against
in vivo growth trends from experimental VO+E2 and Angll+E2

step increase in ¢ 5, While holding baseline cg, and ¢py. In
order to capture the fact that in vivo AnglI infusion gradu-
ally increases blood pressure (Fujioka et al. 1991), we lin-
early increased the arterial resistance (R ;) by threefold over
21 days of growth.

After calibrating the myoStretch and Angll inputs, we
simulated LV growth due to E2 and P4 separately to cali-
brate Egs. 9 and 10 (Fig. 4g, h). Similar to the AnglI simula-
tion, we induced a step increase in cp, and cp, while main-
taining circulation parameters at baseline. In our review of
the literature, we found a wide range in the reported con-
centrations of E2 and P4. Since no single study reported
circulating E2 and P4 concentrations for ovariectomized,
E2 or P4 treated, and pregnant animals, we assumed that
the infusion experiments induced E2 and P4 concentrations
mid-way between nonpregnant and peak pregnant levels.
The references for the experimental LV mass we matched
for VO, Angll, E2, and P4 infusions are available in Sup-
plemental Data 2: CalibrationGrowth.

2.3.2 Validating the multiscale model: VO + E2
and Angll +E2

After calibrating the multiscale model, we validated its abil-
ity to capture interactions between inputs. Because in vivo
experimental heart growth data were only available for the
combinations of VO +E2 (Voloshenyuk and Gardner 2010)
and Angll+E2 (Pedram et al. 2013a), we validated our
model predictions for these two combinations. To simulate

(Sect. 2.3.2). Finally, we predicted heart growth due to pregnancy
changes in hormones and circulation model parameters (Sect. 2.3.3).
Arrows represent reported changes from experiments (1: increase, 11:
greater increase, |: decrease, «—: no change from baseline) and *
represents data from mice.

Simulations Network Model Inputs Circulation Model Parameters ~ Multiscale
Model
Output
MyoStretch Angll E2 P4 R, Ryt SBV LV Mass
Calibration Volume Overload (VO) i 13 6 12 = 141245711
Angiotensin 2 (AnglIl) 12 1319 1p12-16.20-22
Estrogen (E2) 23 T24726 227" , 24,28-30
Progesterone (P4) 13 31 131%
Validation ~ VO+E2 1 1 ! 17
Angll+E2 1 1 32 30733
Prediction Pregnancy 13435 136 137 138 |4 1 1134354243

References: 1: (Ruzicka et al. 1993), 2: (Holmes 2004), 3: (Bradley et al. 2012), 4: (Mouton et al. 2016), 5: (Ruzicka and Leenen 1995), 6:
(Huang et al. 1992), 7: (Voloshenyuk and Gardner 2010), 8: (Brower et al. 1996), 9: (Murray et al. 2008), 10: (Wang et al. 2003), 11: (Hatt
1979), 12: (Griffin et al. 1991), 13: (Belabbas et al. 2008), 14: (Dostal and Baker 1992), 15: (Zhang et al. 2016), 16: (Zhang et al. 2019), 17:
(Fujioka et al. 1991), 18: (Nishiyama et al. 2001), 19: (Pasquié et al. 1999), 20: (Dilley 1998), 21:(Kim et al. 1995), 22: (Kim-Mitsuyama et al.
2006), 23: (Xu et al. 2008), 24: (Jankowski et al. 2001), 25: (Fraser et al. 2000), 26: (Liu et al. 1997), 27: (Xue et al. 2007), 28: (Chu et al. 2006),
29: (Goldstein et al. 2004), 30: (Dean et al. 2005), 31: (Chung et al. 2013), 32: (Pedram et al. 2013a), 33: (Pedram et al. 2008), 34: (Gonzalez
et al. 2007),35: (Lemmens et al. 2011), 36: (Mishra et al. 2018), 37: (Shaikh 1971), 38: (Morishige et al. 1973), 39: (Gilson et al. 1992), 40:
(Slangen et al. 1996), 41: (Lundgren et al. 1982), 42: (Jankowski et al. 2005), 43: (Rimbaud et al. 2009)
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VO + E2, we implemented the same conditions as VO
(described above) with an additional step increase in E2.
To simulate Angll+E2, we implemented a set increase in
AnglI and E2, but without an increase in R, since blood
pressures did not increase experimentally in mice treated
with Angll +E2 (Pedram et al. 2013a) (Table 3).

2.3.3 Predicting heart growth during pregnancy

After calibrating and validating the multiscale model, we
simulated heart growth during pregnancy by incorporat-
ing reported changes in hormones and hemodynamics. For
the hormonal inputs, we implemented reported changes in
Cgy (Shaikh 1971), cpy (Morishige et al. 1973), and ¢ ppen
(Mishra et al. 2018) from Sprague—Dawley rats during preg-
nancy: E2 increases slightly in early pregnancy and reaches a
peak during late pregnancy, P4 increases in early pregnancy
and continues to rise and peaks in late pregnancy before sud-
denly dropping before delivery, and Angll increases towards
the end of pregnancy. Starting in early pregnancy (by ges-
tation day 8 of 21 in rats), cardiac output increases while
mean arterial pressure (MAP) remains constant, indicating
an overall decrease in systemic resistance (R ;). To simulate
this decrease in R ;, we specified heart rate (HR) and calcu-
lated changes in R, from the reported MAP, stroke volume
(SV), and HR as R,,=MAP/(SV-HR) (Gilson et al. 1992;
Slangen et al. 1996). Total blood volume also increases dur-
ing pregnancy due to an increase in both plasma volume and
red blood cells (Barron et al. 1984). To simulate this blood
volume increase during pregnancy (Pritchard 1965; Barron
et al. 1984), we allowed SBV to change at each growth step
to match the reported time course of end-diastolic diameter
(EDD) during pregnancy (Table 3).

Fig.5 Calibrating the multi-
scale model. a Model match

Compartmental Model Growth

2.3.4 Uncertainty analysis

Finally, to understand how variability in experimental meas-
urements of the model inputs affect its predictions, we con-
ducted uncertainty analyses for the two primary drivers of
growth in the model during pregnancy, P4 and hemodynam-
ics. First, to test how uncertainty in P4 measurements affect
model predictions, we simulated a high P4 time course by
implementing hormone levels at mean plus one standard
deviation of the experimental data, and a low time course of
P4 as the experimental mean minus one standard deviation.
Similarly, to test how uncertainty in hemodynamic measure-
ments affect predictions, we allowed for SBV compensation
at every growth step to match high or low EDD time course.

3 Results

3.1 Calibrating the model: multiscale model
captures both growth and hemodynamics due
to VO, Angll, E2, and P4

We were able to quantitatively capture the reported relative
changes in LV mass due to experimental VO and infusion
of the hormones, Angll, E2, and P4 by optimizing the lin-
ear transfer function parameters in Egs. (7)-(10) (Fig. 5a,
Supplemental Table 2). We confirmed that the optimized
parameters minimized error between model predictions
and experimental growth data by conducting a sensitivity
analysis (Supplemental Fig. 2). Experimental VO and infu-
sion with AnglI in rats led to similar amounts of growth at
21 days, with LV mass increasing 30% for VO and 25% for
Angll. P4 infusion led to less growth, increasing LV mass by
13%, which was reported to be significant in the experiment
in mice (Chung et al. 2013). E2 infusion led to a small, non-
significant atrophy as reported in rats with a 5% decrease in

Compartmental Model Hemodynamics

to experimental data for each :tn 1.8 3
experimental condition. Growth e 5
quantified as relative change & 16 % 25
in left ventricular mass and E <) +
b Hemodynamics quantified % _E I Vo
as relative change in cardiac o 14 VO T 2 i
output for VO, Angll, E2, and E’ § +
P4. Symbols represent reported I ‘©
data+/— 1 standard deviation & 12 Angll 2 15 +
(see Table 3) and lines represent £ 2 1 g ¢
. s |4 { I 5 IS E2
model outputs. More details = 1} ¢ 'T%L [ 4 1
including references for the 8 i T E2 B )
experimental studies are avail- g 08 E 0.5
able in Supplemental Data 2: 2 Angli
CalibrationGrowth. (Online %
version in color) T 06 ) 5 10 15 0 0 0 5 10 15 20

days of growth
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Fig.6 Calibrated hormone and myoStretch inputs for the network
model during simulations of volume overload (VO, purple), Angio-
tensin 2 (Angll, blue) infusion, Estrogen (E2, green) infusion, and
Progesterone (P4, cyan) infusion. Gold lines represent input levels
during pregnancy simulation (Sect. 3.3). Right axes show hormone

LV mass. In addition to matching growth data, the specified
circulatory parameters (Table 3) resulted in good agree-
ment with the reported hemodynamic data for early VO and
Angll infusion in rats, including a step increase in cardiac
output (CO) with VO and a gradual decrease in CO with
Angll infusion (Fig. 5b). No changes in CO occurred in
the E2 and P4 simulations, which agreed with previously
reported experimental observations in mice (Babiker et al.
2006; Chung et al. 2013). Real-world and calibrated network
inputs for hormone levels and stretch throughout these simu-
lations are shown in Fig. 6. Notably, the myoStretch input
(Fig. 6d) increased acutely and then gradually decreased in
our VO simulations while it remained relatively constant
near baseline for Angll, E2, and P4.

> A VO vs. VO+E2
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Fig.7 Validating the multiscale model. Simulations of VO+E2 and
AnglI+E2 (shown in dashed lines) both led to attenuated growth
compared to VO only and Angll only. (a) Comparisons between
experimental VO and VO+E2 at 56 days in rats (Voloshenyuk and
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concentrations in (pg/mL) or (ng/mL) and maximum elastic fiber
stretch from the compartmental model. Left axes show calibrated,
normalized network inputs calculated from Egs. (7)-(10). (Online ver-
sion in color)

3.2 Multiscale model correctly predicts attenuated
growth trends with VO + E2 and Angll + E2

When we simulated the combinations of VO + E2 and
AnglI+E2, the model correctly predicted the trends in
attenuated growth compared to VO and AnglI alone. Our
VO + E2 simulation led to 4% attenuation in LV mass
compared to VO alone (Fig. 7a). These results agree with
experiments where ovariectomized rats with VO +E2
exhibited slight, insignificant attenuation in growth with
reported 5% LV mass attenuation at 5 days and 18% atten-
uation at 8 weeks (Voloshenyuk and Gardner 2010) com-
pared to ovariectomized rats subjected to VO alone. We
note that the VO + E2 study employed VO of much longer
duration of 56 days compared to our calibration studies
and exhibited more growth, which could explain why our
model underestimated the amount of attenuation.
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Gardner 2010) versus model (21 days of VO). (b) Comparisons
between experimental Angll and AnglI+E2 at 21 days in mice
(Pedram et al. 2013a) versus model (21 days of simulated AnglI infu-
sion in rats). Error bars represent 1 standard deviation
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Our simulations of AnglI+E?2 led to more attenuation
(12% attenuation in LV mass compared to AnglI alone)
compared to our simulations of VO +E2 (Fig. 7b). Ova-
riectomized mice treated with Angll + E2 exhibited sig-
nificant attenuation in growth with reported 65% LV mass
attenuation compared to AnglI alone after 21 days of treat-
ment (Pedram et al. 2013a). Again, the model underesti-
mated the amount of attenuation, which could be due to
the use of mice in the experiments where the model simu-
lates a rat anatomy. Our network model in these in vivo
simulations led to similar activations for CaN, Akt, and
GSK3B as our in vitro simulations (Fig. 1B, Angll +E2
column). This result was in agreement with the reported
similar activity of CaN, Akt, and GSK3B between in vitro
cell culture experiments and in vivo animal experiments
(Pedram et al. 2008, 2013a).

3.3 Multiscale model predicts realistic
changes in growth and hemodynamics
during pregnancy

When we incorporated hormones and circulation parameter
changes representative of pregnancy, our calibrated and vali-
dated multiscale model predicted growth and hemodynamic
changes that were in good agreement with the experimental

data from rats. Over 21 days of pregnancy, LV mass gradu-
ally increased by approximately 19% (Fig. 8a). These model
predictions were within the reported data range, except dur-
ing early pregnancy where the model slightly overpredicted
growth. By allowing for SBV compensation to match the
reported change in end-diastolic diameter (Fig. 8b) (Gonza-
lez et al. 2007; Lemmens et al. 2011), the model predicted
changes in MAP (Fig. 8c) and CO (Fig. 8d) that were in
good agreement with the reported data (Gilson et al. 1992;
Slangen et al. 1996; Linke et al. 2002). Overall, our model
predicted a 29% increase in SBV at day 14 of pregnancy
before decreasing slightly towards the end of pregnancy.
An advantage of this multiscale modeling approach
is the ability to examine intracellular signals that drive
the organ-level growth. When we examined the predicted
network response for the pregnancy simulation, cell-level
growth coincided with network species that are down-
stream of P4 (CaN, ERK12, NFAT, GATA4) (Fig. 8e).
Interestingly, the network myoStretch input did not change
significantly, and there was minimal activation of myoS-
tretch-related signaling pathways (Akt, GSK3B, p70s6k).
This result contrasts other published models of volume
overload, wherein an acute increase in stretch or stress as
the primary driver of hypertrophy (Witzenburg and Hol-
mes 2017). In our model, the elastic stretch, and therefore
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Fig.8 Multiscale model predictions for heart growth and hemody-
namic changes during pregnancy. (a) Relative change in left ventricu-
lar mass, (b) Relative change in end-diastolic cavity diameter (EDD),
(c) Relative change in mean arterial pressure (MAP), and D.) Relative
change in mean cardiac output (CO). Symbols represent experimental
mean+/—1 standard deviation and solid lines represent model pre-

0 10 20

dictions. References for experimental data are available in Supple-
mental Data 2: PregnancyGrowth. (e) Activity of nodes in network
model during pregnancy simulations. Each panel shows changes in
normalized model weights that range from O to 1 for one node in the
signaling network (Fig. 1a)
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Fig.9 Effects of progesterone (P4) and hemodynamics on heart
growth during pregnancy. a To understand the contributions of P4
and myoStretch to LV growth, pregnancy simulations were repeated
while maintaining P4 at baseline (dashed blue line) or myoStretch
at baseline (dashed purple line). To understand how the reported
uncertainty in P4 and hemodynamics affect growth predictions, sim-

the network myoStretch input, is dependent on the rate at
which the LV volume increases versus the rate at which
the ventricle grows. Because the LV growth driven by high
P4 levels in early pregnancy (Fig. 8¢) balanced the change
in LV volume and EDD (Fig. 8b), our model predicted
minimal change in the elastic stretches. To further under-
stand the relative contributions of P4 and myoStretch on
growth during pregnancy, we ran additional pregnancy
simulations where we maintained either P4 or myoS-
tretch at baseline (wpy =0.1335 or w,yogirercn = 0.1335)
and prescribed the same SBV changes as in the original
pregnancy simulations without attempting to match the
reported EDD. Both cases underpredicted growth to simi-
lar degrees (Fig. 9a). Together, these results suggest the
important roles of both P4 and hemodynamics in driving
pregnancy-induced heart growth.

3.4 Variability in P4 and hemodynamics translate
to appropriate variability in predicted growth

Finally, to investigate how uncertainty in the experimental
measurements that determine inputs to our model would
influence its growth predictions, we conducted additional
simulations with different levels of progesterone and hemo-
dynamic loading. When we repeated our pregnancy simu-
lations with high (mean plus 1 standard deviation of the
reported data) and low (mean minus 1 standard deviation of
the reported data) levels of P4 (Morishige et al. 1973), the
multiscale model predicted a+2% LV mass change com-
pared to our original simulations (blue area, Fig. 9b), which
was smaller than the standard deviation in reported LV mass
at most time points. We also repeated our pregnancy simula-
tions while adjusting the SBV to match high and low levels
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days of growth (pregnancy)

days of growth (pregnancy)

ulations were repeated with high (mean+ 1 standard deviation) and
low (mean—1 standard deviation) levels of b P4 and ¢ end-diastolic
diameter. Symbols represent experimental mean+/—1 standard
deviation. Range of model predictions are represented by the shaded
areas. Solid gold line represents the original pregnancy simulation
with average values

of the reported EDD (mean plus or minus 1 standard devia-
tion of the reported data), which produced + 8% variations
in LV mass change, similar to the reported standard devia-
tions of LV mass change (gray area, Fig. 9c). Together, these
results suggest that our calibrated multiscale model provides
growth predictions consistent with experimental data, with
an appropriate sensitivity to known variations in the factors
that drive hypertrophy during pregnancy.

4 Discussion

The objective of this work was to develop a multiscale car-
diac growth model that incorporates interactions between
mechanical and hormonal signaling contributing to heart
growth during pregnancy. To build this model, we coupled
an intracellular signaling network model of cell-level growth
to a compartmental mechanical model of organ-level growth.
We first calibrated this multiscale model to heart growth in
response to experimental VO and infusion experiments of
Angll, E2, and P4. We then validated the model’s ability
to capture interactions between inputs by confirming pre-
dictions of attenuated heart growth for the combinations
of VO+E2 and Angll+E2 as reported in the literature.
When we simulated pregnancy by introducing appropriate
changes in hormonal inputs and hemodynamics to our cali-
brated model, we were able to produce growth predictions
that were in good agreement with experimental data. Fur-
thermore, simulating the reported variability in progester-
one concentrations and hemodynamic measures translated to
appropriate variability in the predicted growth. Interestingly,
the rise in progesterone that occurs during early pregnancy
drove LV growth in our model, resulting in minimal changes
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in the elastic stretch in the organ-level model, and thus mini-
mal myoStretch-activated signaling in the network model.
This result suggests that progesterone stimulation might be
sufficient to account for much of pregnancy-induced heart
growth in the rat, particularly during the early stages of
pregnancy.

In our model, changes in the elastic stretch, and there-
fore network model myoStretch, are dependent on the rate at
which LV end-diastolic volume (EDV) increases compared
to the rate at which the ventricle grows. During experimen-
tal VO, a step increase in EDV occurs immediately as end-
diastolic pressure (EDP) and cardiac output rise following
creation of the overload (Table 2). Therefore, the rate of
LV EDV increase clearly outpaces LV growth and the net-
work component of the model experiences and responds to
increased myoStretch (Fig. 6d, VO simulation). Conversely,
in our pregnancy simulation, the rise in progesterone that
occurs in early pregnancy leads to growth that approximately
matches the increase in EDV as SBV gradually increases
throughout pregnancy. Thus, elastic stretch in the compart-
mental model and myoStretch in the network model remain
near baseline levels. This prediction, however, is difficult
to verify since elastic stretch is a theoretical construct that
cannot be directly measured. One approach to explore this
prediction further might be to fix hearts at their in vivo end-
diastolic diameters and compare sarcomere lengths from an
unloaded state as an indicator of cell-level stretch. Alter-
natively, myoStretch-induced signaling activity could be
assayed; however, as discussed below the available data on
myoStretch-induced signaling during pregnancy are too vari-
able to support any firm conclusions.

A novel advantage of the modeling framework presented
here is the ability to validate our predictions across multi-
ple length scales, from intracellular signaling to organ-level
growth. When we examined the predicted network response
in our pregnancy simulations, species downstream of P4
(CaN, ERK12, NFAT, GATA4) increased in early pregnancy
and peaked in late pregnancy, before dropping back to base-
line levels by the end of the gestation (Fig. 8e). These trends
generally align with the reported levels of these species col-
lected from mice and rat hearts throughout pregnancy (Gon-
zalez et al. 2007; Lemmens et al. 2011; Chung et al. 2012,
2013; Xu et al. 2016). However, the minimal changes in
the signaling intermediates downstream of myoStretch (Akt,
GSK3B, p70s6k) (Fig. 8e) disagree with some published
data. With respect to Akt, some studies have reported an
increase during pregnancy in mice and rats (Hilfiker-Kleiner
et al. 2007; Lemmens et al. 2011; Chung et al. 2012), one
study reported a decrease towards late pregnancy in rats
(Gonzalez et al. 2007), and another study reported no change
during late pregnancy in mice (Xu et al. 2016). GSK3B and
p70s6k have been reported to rise during mid-pregnancy
before decreasing to nonpregnant levels by late gestation in

mice (Chung et al. 2012). In one in vitro study, P4 did not
affect Akt phosphorylation (Chung et al. 2012), while the
effect of P4 on GSK3B and p70s6k activity are unknown. To
improve our predictions at the network level, there is a need
for more experimental data. In particular, a better under-
standing of how P4 and myoStretch interact is necessary. For
example, an in vivo experiment where VO is induced along
with P4 infusion could provide valuable insights into how
myoStretch and P4 interact to affect heart growth as well as
intracellular signaling through Akt, GSK3B, and p70s6k.

In terms of the clinical applicability of this model, there
are both similarities and differences between rat and human
pregnancy. Generally, hemodynamic changes are simi-
lar between rats (Gilson et al. 1992; Slangen et al. 1996;
Blair and Mickelsen 2006) and humans (Hunter and Rob-
son 1992) (increase in CO, decrease in systemic resistance,
and an increase in blood volume). In terms of heart growth,
similar amounts of growth have been reported for rats and
human pregnancies (Savu et al. 2012), both in terms of the
magnitude and patterns of growth. Hormonal profiles during
pregnancy, however, differ slightly between rats and humans
in that pregnant women do not exhibit a drop in progesterone
before delivery (Tulchinsky et al. 1972). Additionally, the
duration of pregnancy differs between rats versus human
pregnancies (21-24 days versus 9 months). Finally, another
big difference between rat and human pregnancy is the aver-
age number of offsprings per pregnancy. Rats generally give
birth to an average litter of 11-12 pups, while most human
pregnancies are singleton pregnancies. Interestingly, CO is
known to be higher in patients carrying twins (Hunter and
Robson 1992) and in subsequent pregnancies (Clapp and
Capeless 1997). Before translating this model for human
pregnancy, these differences should be further investigated
and accounted for. Once translated to human pregnancy, an
exciting and important application of this model includes
investigating peripartum cardiomyopathy (Davis et al. 2020)
or advanced maternal age and cardiovascular risk during
pregnancy (Cooke and Davidge 2019).

One limitation of this work is the simplified network
model, where we represent a limited number of the many
intracellular pathways that can lead to cardiomyocyte
growth. As mentioned previously, we chose this simplified
network model because experimental data on the effects of
E2 and P4 on hypertrophic pathways are currently limited.
Additional signaling pathways are implicated during preg-
nancy, including c-Src and Kv4.x (Eghbali et al. 2005).
As more data on how specific pregnancy hormones affect
intracellular hypertrophic pathways become available, an
exciting future direction would be to incorporate E2 and
P4 into a more comprehensive network model of hyper-
trophy. The use of a simplified network may also explain
why our model captured the trend of attenuated hypertro-
phy with E2 administration in our validation studies, but
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underpredicted its magnitude (Fig. 7). Here again, more
data are needed to allow apples-to-apples comparisons,
since the studies we found that administered E2 during
VO or AnglI differed significantly from other studies used
to tune the model in their degree of baseline hypertrophy
in the absence of E2. Another limitation of this model
is that we assumed isotropic growth without considering
directional growth and shape changes (myocyte thicken-
ing leading to wall thickening versus myocyte lengthening
leading to cavity dilation). Since pregnancy is generally
associated with isotropic growth and because signaling
pathways and mechanical signals that control these pat-
terns of myocyte hypertrophy are currently unknown
(Maillet et al. 2013), we focused on matching LV mass
change for our simulations. Therefore, this model is unable
to predict anisotropic cardiac growth as observed in cases
of pressure or volume overload. Previous studies have
demonstrated cardiomyocyte lengthening via addition of
sarcomeres (Eghbali et al. 2005) and the ability of cardio-
myocytes to proliferate during pregnancy (Zacchigna et al.
2018). As the signaling mechanisms that control patterns
of hypertrophy during pregnancy become clearer, the next
iteration of the model could be extended to distinguish
between myocyte thickening and lengthening. Finally,
when simulating hemodynamic changes during pregnancy,
we implemented the reported changes in systemic resist-
ance without accounting for the direct effects of E2 and P4
on the aorta and vessels. Additionally, we chose to adjust
SBV to match the reported EDD (a surrogate for EDV).
While our simulations produced values of MAP and CO
within the reported experimental means, additional experi-
mental data — including simultaneous measurements of
LV mass, EDD or EDV, and end-diastolic pressure (EDP)
— would provide more confidence in these predictions.
While SBV is extremely difficult to measure directly, we
have found in prior work that fitting EDP allows good
estimation of SBV changes during multiple different types
of overload (Witzenburg and Holmes 2018).

In summary, we present here a computational model of
maternal heart growth during pregnancy that considers both
hormonal and mechanical stimuli. In this modeling study,
we calibrated the model to contributions of hormones and
stretch on heart growth and demonstrated its ability to pre-
dict realistic cardiac hypertrophy during pregnancy. Further-
more, our analysis suggested that the early rise in progester-
one that occurs during pregnancy may account for much of
the observed heart growth in rats, particularly during the first
half of gestation. Based on our model analysis, we conclude
with suggestions for future experimental studies, including
more cell-levels studies on the effects of pregnancy hor-
mones on hypertrophic pathways, as well as potential in vivo
experiments to determine the synergistic effects of elevated
stretch and progesterone on heart growth.

@ Springer
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