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Interactions Between Structural
Remodeling and Hypertrophy in
the Right Ventricle in Response
to Pulmonary Arterial
Hypertension
Pulmonary arterial hypertension (PAH) exerts substantial pressure overload on the right
ventricle (RV), inducing RV remodeling and myocardial tissue adaptation often leading
to right heart failure. The associated RV free wall (RVFW) adaptation involves myocar-
dial hypertrophy, augmented intrinsic contractility, collagen fibrosis, and structural
remodeling in an attempt to cope with pressure overload. If RVFW adaptation cannot
maintain the RV stroke volume (SV), RV dilation will prevail as an exit mechanism, which
usually decompensates RV function, leading to RV failure. Our knowledge of the factors
determining the transition from the upper limit of RVFW adaptation to RV decompensa-
tion and the role of fiber remodeling events such as extracellular fibrosis and fiber reor-
ientation in this transition remains very limited. Computational heart models that
connect the growth and remodeling (G&R) events at the fiber and tissue levels with alter-
ations in the organ-level function are essential to predict the temporal order and the com-
pensatory level of the underlying mechanisms. In this work, building upon our recently
developed rodent heart models (RHM) of PAH, we integrated mathematical models that
describe volumetric growth of the RV and structural remodeling of the RVFW. The time-
evolution of RV remodeling from control and post-PAH time points was simulated. The
results suggest that the augmentation of the intrinsic contractility of myofibers, accompa-
nied by an increase in passive stiffness of RVFW, is among the first remodeling events
through which the RV strives to maintain the cardiac output. Interestingly, we found that
the observed reorientation of the myofibers toward the longitudinal (apex-to-base) direc-
tion was a maladaptive mechanism that impaired the RVFW contractile pattern and
advanced along with RV dilation at later stages of PAH. In fact, although individual
fibers were more contractile post-PAH, the disruption in the optimal transmural fiber
architecture compromised the effective contractile function of the RVFW, contributing to
the depressed ejection fraction (EF) of the RV. Our findings clearly demonstrate the criti-
cal need for developing multiscale approaches that can model and delineate relationships
between pathological alterations in cardiac function and underlying remodeling events
across fiber, cellular, and molecular levels.
[DOI: 10.1115/1.4044174]
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1 Introduction

Pulmonary arterial hypertension (PAH) remains a fatal disease,
despite significant progress in its treatment [1]. PAH is caused by
progressive pulmonary vasoconstriction leading to increased pul-
monary vascular resistance and pulmonary artery pressure [2]. To
cope with the increased arterial pressure and preserve stroke vol-
ume (SV), the right ventricle (RV) of the heart undergoes several
remodeling steps at the fiber, tissue, and organ levels that may
eventually lead to RV failure [3]. Although the nature of the pres-
sure overload is a factor in the progression toward RV failure,
studies suggest that the major predictive determinant of the prog-
nosis of PAH is how the RV adapts [4]. Increase in regional RV
free wall (RVFW) contractility, which consists of a hypertrophic

response through sarcomerogenesis, as well as intrinsic changes in
myocyte force generation, is considered to be an important adapt-
ive remodeling to maintain stroke volume [2,5,6]. These changes
are primarily caused by mechanical stimuli through a direct pres-
sure overload and by activation of the neurohormonal system
[7–9]. Parallel to these changes, structural remodeling in terms of
fiber-level stiffening, as well as fiber reorientation and alignment,
takes place [5,10–12] that significantly contributes to the changes
in both RV diastolic and contractile functions. At the organ level,
a progressive RV dilation, considered to be a maladaptive (or
decompensatory) response, is activated at later stages of PAH
development to maintain the RV stroke volume once the increase
in RVFW contractility is at its limit [5,9]. However, the exact
determinants to identify the transition from adaptive to decompen-
sated states remain elusive. Although the increase in regional
RVFW contractility is considered to be a compensatory mecha-
nism (at least in the early phase of PAH development), our knowl-
edge of the compensatory level of fiber remodeling, including
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fiber reorientation and alignment and its temporal order relative to
other remodeling events, remains very limited.

Image-based computational models of PAH, including both
biventricular cardiac models as well as hemodynamic models of
the pulmonary vasculature, hold promise to advance our under-
standing of cardiac and vascular remodeling under PAH, and there
has been growing interest in developing such models [13–16]. As
computational cardiac models have elucidated the marked effect
of myofiber orientation in the load distribution in the myocardial
wall [17–20], remodeling in fiber structure alone is expected to
influence the overall contractile function of the ventricle. Indeed,
different transmural distributions of myofibers with the same con-
tractile force could lead to distinct contractile patterns, and in turn
different pumping efficiencies, at the organ level. In addition,
there are not sufficient studies addressing the relationships
between remodeling events associated with growth and mass
accretion and those associated with alterations in mechanical and
structural properties of fiber ensembles. For instance, the ques-
tions of how much the ventricular hypertrophy directly contributes
to fiber reorientation, and how much of the reorientation is driven
by degradation/deposition of fibers, remain to be explored.

At the fiber level, the growth of muscle cells is classically
attributed to parallel or serial additions of sarcomeres [21–23],
commonly referred to as concentric and eccentric hypertrophy
[24,25], respectively. Concentric hypertrophy leads to wall thick-
ening with small changes in the ventricle volume, whereas the
eccentric hypertrophy induces volume dilation together with
potential wall thinning through elongation of the free wall.
Accordingly, the growth stimuli have been taken to be a deviation
from homeostatic stress and stretch along the myofiber direction
for the case of concentric and eccentric hypertrophy, respectively
[26,27], based on the understanding that the growth mechanism
attempts to restore the respective growth stimulus. However,
pathophysiology of PAH (and perhaps other structural heart dis-
eases) is not limited to only one phenotype of hypertrophy, and
although concentric hypertrophy could be initially prevalent, it
may quickly transition to an eccentric phenotype depending on
organ-level cardiac demands [9,28–30]. As such, studies that
could shed light into the time-evolution of hypertrophy phenotype
along PAH progression are essential in developing G&R frame-
works with versatile growth stimuli accounting for different
phases (e.g., asymptomatic, compensatory, and decompensatory)
of heart remodeling. Moreover, the majority of studies on model-
ing ventricular hypertrophy assume that active and passive proper-
ties of myocardium remain the same during the growth [26,31].
However, the volumetric growth of the heart at the tissue and
organ levels is always paralleled with remodeling events at the
fiber level that involve changes in the intrinsic compositional and
material properties of tissue constituents [32]. Therefore, there is
a pressing need for the development of volumetric growth formu-
lations that account for changes in the tissue mechanical proper-
ties during the growth.

Recently, we developed high-fidelity biventricular finite ele-
ment (FE) rodent heart models (RHMs), based on extensive data
collected from rat hearts at control and post-PAH time points
[5,10,33]. In this study, we extended our model to predict the time
course of fiber-, tissue-, and organ-level adaptations of the RV
under PAH from the control to post-PAH states. We used a con-
ventional continuum growth model to describe the RV hypertro-
phy driven by sarcomerogenesis and changes in collagen network,
coupled with a fiber-level remodeling model accounting for
deformation-induced fiber reorientation events. Our formulation
also accounted for the changes in the passive and active properties
of the RVFW during the volumetric growth and fiber remodeling.
Starting from the control heart, we performed multiple inverse
problems (IPs), with the post-PAH heart characteristics as the tar-
gets, to estimate the evolution of remodeling events. We used our
model to investigate the correlations between the alterations in
RVFW stiffness and contractility, the remodeling of the RVFW
fiber structure, and the shape changes in the RV during the

development of PAH. To the best of our knowledge, this is the
first work to investigate the interaction between fiber remodeling
and hypertrophy in the heart. Ultimately, the detailed description
of organ-level remodeling patterns predicted by in silico models
such as ours could replace the traditional measures of RV dimen-
sions and volume that often lead to gross and limited information
on cardiac performance.

2 Methods

Pulmonary arterial hypertension in humans is clinically charac-
terized by a mean pulmonary artery pressure greater than
25 mmHg and a pulmonary capillary wedge pressure less than
15 mmHg. However, there is not a clear definition of PAH in
small animals. Rodent models of PAH attempt to mimic the dis-
ease by increasing (usually doubling) the RV pressure while keep-
ing the left ventricular (LV) pressure in the normal range.
Recently, we developed two implementations of the FE biventric-
ular RHMs from control (normal) and post-PAH (4 weeks) rat
hearts (Fig. 1). Briefly, the PAH was induced in rats by subcutane-
ous injection of a moderate dose of monocrotaline (MCT) [34];
the control group received a similar injection of phosphate-
buffered saline [5]. Terminal hemodynamic measurements were
collected at 4 weeks postinjection. High-resolution magnetic reso-
nance imaging (MRI) and diffusion tensor-magnetic resonance
imaging scans were then performed on the prepared hearts. More
detail on the animal model and hemodynamic measurements can
be found in the Supplementary Materials on the ASME Digital
Collection.

The remainder of this section is organized as follows. In
Sec. 2.1, we briefly review the development of control and post-
PAH RHMs. Section 2.2 lays out the main considerations for
incorporating the volumetric growth and remodeling (G&R) into
the control RHM. In Secs. 2.3 and 2.4, we cover the kinematics of
volumetric growth and fiber remodeling, respectively. Finally,
Secs. 2.5 and 2.6 address the time integration of kinetic laws and
the design of inverse problems to produce targeted G&R events
observed at the post-PAH state.

2.1 Rodent Heart Model of Control and Post-Pulmonary
Arterial Hypertension Time Points. The development of the rat-
specific biventricular RHM for the control and post-PAH (also
referred to as PAH in this paper) hearts was described in detail
previously [5]. Briefly, the development consisted of four main
steps (Fig. 2): (i) reconstruction and meshing of the biventricular
geometry, (ii) registering the myofiber orientation to the meshed
geometry, (iii) incorporating the passive and active constitutive
laws into the model, and (iv) conducting an inverse model to
match the organ-level hemodynamic measurements. Below, we
briefly review the material model used for the myocardium.

2.1.1 Myocardium Material Model. A transversely isotropic
hyperelastic constitutive model, based on additive stress decom-
position, was used to describe the passive and active behavior of
myocardium in the form

Fig. 1 Reconstructed biventricular geometries of the control
(normal) and post-PAH (post-PAH, Day 28) hearts, which exhib-
its a dilated RV with slightly thinned RV free wall (RVFW)
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T ¼ Tpas þ Tact ¼ 1

J
�F
@Wdev

@ �E
�FTþ @Wvol

@J
þ Tact (1)

where T is the total Cauchy stress, �F is the isochoric part of the
deformation gradient F and J¼ det(F) denotes the volumetric
change. The passive behavior is governed by a transversely iso-
tropic energy function W where the decomposition into deviatoric
(dev) and volumetric (vol) parts is to enforce the incompressibility
constraint in the FE formulation.

The passive stress T
pas was described using a Fung-type strain

energy function [35] with the deviatoric and volumetric parts
given by

Wdevð�EÞ ¼ c

2
exp b Q �EÞÞ�1

� ���
(2)

and

Wvol Jð Þ ¼ j
2

J2 � 1

2
� ln Jð Þ

� �
(3)

respectively. Using a Cartesian coordinate system X1, X2, and X3

to denote the local preferred material directions, the quadratic
form Q is expressed as

Q ¼ B1
�E

2
11 þ B2 ð �E2

22 þ �E
2
33 þ 2 �E

2
23Þ þ B3 ð �E2

12 þ �E
2
13Þ (4)

with the fiber direction f0 being taken to be along X1. In these
equations, �E is the isochoric Green–Lagrange strain tensor, c is a
positive stress-like constant, B1, B2, and B3 are dimensionless con-
stants characterizing the local anisotropy in the myocardium, the
positive constant b is a nondimensional factor, and j is the bulk
modulus.

A constitutive equation for the active stress generated along the
fiber direction can be written as

Tact ¼ Ta Efð Þ
2Ef þ 1

f � f (5)

where f¼Ff0 denotes the fiber direction in the deformed configu-
ration, and Ta is a stress-like positive function of the strain in
the fiber direction f0 given by Ef¼ f0 �Ef0. Following the
Hunter–McCulloch–Ter Keurs model for mechanical behavior of
contractile myocytes [36], we chose the following form for Ta(Ef):

TaðEf Þ ¼ TCa2þ ½1þ b ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ef þ 1

p
� 1Þ� (6)

The above model obeys the Frank–Starling relationship, where
the active force TCa2þ generated by the myofibers increases, modu-
lated by a factor b (> 0), when myofibers are extended to the pre-
load strain Ef. We made the further simplifying assumption that
the activation spatial pattern is homogeneous throughout each
region of the biventricular model.

An inverse problem approach was used to estimate the passive
and active material properties of the LV and RVFW at control and
post-PAH time points (see Table 1 for passive properties.) A
detailed description of the approach and values of other material
parameters, described in this section, can be found in the Supple-
mentary Materials on the ASME Digital Collection of the previ-
ous study [5].

Fig. 2 Scheme of the major steps in the development of finite-element rat heart models. Sub-image on the left titled
“Hemodynamic measurements” is from https://dvj.eng.ucsd.edu/research, provided courtesy of D. Valdez-Jasso.

Table 1 Values of passive properties of the RV and LV regions
for the control and post-PAH RHMs used in this work

RVFW LV

b c (kPa) b c (kPa)

Control 2.07 0.43 2.07 0.52
PAH 2.26 1.35 2.26 0.61
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2.2 Incorporation of Growth and Remodeling—Key
Assumptions and Approach. The time-course variation of RV
peak pressure was measured in PAH animal models during
28 days following MCT injection ([37], see Fig. 3(top)). These
measurements suggested all the G&R events in the MCT model of
PAH (4 weeks period) take place in three phases (differentiated in
terms of the RV pressure)

(1) Quiescent phase: About 5 days, during which the RV pres-
sure remained about the same as in the control heart.

(2) Developing phase: About 3 and 4 days, during which the
RV pressure rapidly ramped up from the normal range to
the full hypertensive range.

(3) Plateaued phase: About 20 days, during which the RV
pressure remained in the full hypertensive range.

Following these observations, below, we summarize the key
considerations and assumptions underlying our G&R model for
the RV

� As the RV pressure remained approximately constant for a
large part of the postinjection period (Fig. 3(top)), a key
assumption in our model was that the volumetric growth and
fiber remodeling were limited to this phase, i.e., the heart
anatomy and fiber structure remained unchanged during the
quiescent and developing phases (Fig. 3(bottom)).

� We induced and calibrated volumetric growth and fiber
remodeling in the control geometry with the target of match-
ing the following quantities in the post-PAH heart: (i) the
amount of RV dilation, (ii) the amount of average fiber reor-
ientation in the RVFW, and (iii) the altered active contrac-
tion characteristic (TCa2þ ) of the RVFW.

� Given that the post-PAH anatomy exhibited mainly chamber
dilation with minimal RVFW wall thickening, we adopted an
(anisotropic) eccentric hypertrophy formulation assuming
that the fibers grow only along the fiber direction.

2.3 Volumetric Growth. Our volumetric growth model to
induce RV dilation was based on multiplicative decomposition of
the deformation gradient [13,26], expressed as

F ¼ Fe Fg (7)

where the superscript e and g denote the elastic and growth parts
of the respective variable. Similarly, the stretch along the fiber
direction f0 is decomposed to growth and elastic parts as

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f0 � C f0

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fg � Ce fg
p

¼ kg
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f̂ g�Ce f̂ g ¼

p
kg ke (8)

where C¼F
T
F, C

e¼F
eT

F
e, and f

g¼F
g
f0 denotes the orientation

of the fibers in the intermediate configuration (following the appli-

cation of F
g) with the length jfgj ¼ kg such that fg ¼ kg f̂ g.

As discussed in Sec. 1, for an eccentric hypertrophy, the growth
tensor reflects the serial deposition of sarcomeres that leads to length-
ening along the fiber direction. This tensor can be expressed by

Fg ¼ Iþ ð#g � 1Þ f0 � f0 (9)

where #g is the growth multiplier. For the above growth form of
Eq. (9), it is easy to show that the growth multiplier is indeed the
growth part of the fiber stretch, i.e., #g¼ kg. A specific strain-
driven evolution law for #g is given by [26]

_#g¼kð#gÞ/gðFeÞ (10)

with /g¼ ke� kh where the superscript h denotes the homeostatic
value of the respective variable preceding the onset of growth and
remodeling. k(#) is a modulator function that bounds the growth
between the minimum value #g¼ 1, i.e., no growth, and the upper
bound #g ¼ #g

max. Here, we used the following function associated
with the generalized logistic growth:

Fig. 3 The evolution of the peak systolic pressure in the RV post MCT injection. (top) The RV pressure measured in
MCT rats (with the dose of 60 mg/kg body wt) [37]: control (n 5 12), day 3 (n 5 12), day 7 (n 5 5), day 14 (n 5 6), day 21
(n 5 5), and day 28 (n 5 5). (bottom) Idealized evolution of the RV pressure with volumetric growth and fiber remodel-
ing events.
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kgð#gÞ ¼ ag ð#g � 1Þ ½Kg � ð#g � 1Þn
g

� (11)

where ng> 0 determines the degree of nonlinearity as the growth
approaches the upper bound, ð1=KgÞð�1=ngÞ þ 1 is the upper bound
of the growth, and ag is a constant modulating the speed of the
growth. We chose the above function over the limiting function
kgð#gÞ ¼ ag ð#g

max � #gÞn
g

=ð#g
max � 1Þ, often used in the literature

[26,38]. Reasons for this choice and comparisons between these
two growth functions are discussed in the Appendix.

2.4 Fiber Remodeling. Here, we assumed that fiber remodel-
ing could be driven by two mechanisms: (i) anisotropic volumetric
growth that can reorient fibers to ensure the kinematic compatibil-
ity following the application of F¼F

e
F

g, and (ii) the gradual
adaptation of fiber orientation toward the axis with the largest
stretch. In the latter mechanism, the fibers adapt their orientation
following a change in the direction of the largest stretch and/or in
the value of the largest stretch [39]. This change could take place
due to the elevation of the RV pressure and the subsequent
dilation of the chamber. The largest stretch and its associated
direction can be obtained by eigenvalue decomposition of the
deformation tensor Ce in the RVFW as follows:

Ce ¼ k2
i ei � ei; i ¼ 1; 2; 3 (12)

where ki and ei are the principal stretches and directions of the
stretch tensor Ue ¼

ffiffiffiffiffiffi
Ce
p

, respectively. The largest stretch and the
associated direction are denoted by kmax and emax, respectively.

The reorientation stimulus is an angular velocity vector (also
referred to as the rotation vector) that drives the reorientation of
the fiber direction f0 toward an adapted direction emax given by

x ¼ #r f0 � emax (13)

where #r � 0 is the remodeling multiplier characterizing the speed
at which the fiber direction reorientation takes place. The velocity
vector x can be represented by the axis of rotation x̂ and the sca-
lar velocity a as

x ¼ a x̂; a ¼ jjxjj ¼ #rj sinð/Þj (14)

where / is the angle between f0 and emax. The evolution of the
fiber direction f0 toward the principal direction emax can be then
given by

_f 0 ¼ x� f0 (15)

Similar to the growth kinetic law for #g, we chose the following
strain-driven evolution law for #r:

_#r ¼ krð#rÞ/rðCeÞ (16)

where /rðCeÞ ¼ 1� emax � eh
max. Similarly, the limiting function

kr(#r) follows a generalized logistic growth and is given by:

krð#rÞ ¼ ar #r ½Kr � ð#rÞn
r

� (17)

where nr> 0 is the degree of nonlinearity as the remodeling
approaches the upper bound, #r

max ¼ ð1=KrÞð�1=nrÞ
is the upper

bound of the remodeling, and ar is a constant affecting the accel-
eration of remodeling.

2.5 Explicit Time Integration. We used explicit time inte-
gration to discretize and solve the kinetic equations following
the separation of time scales between G&R events and cardiac
heartbeats. This separation is based on the understanding that the
fiber- and organ-level G&R events become evident only after a
large number of heartbeats [31]. Following the time integration
approach suggested in Ref. [31], we treated F

g and x as constants
in each G&R cycle, where each cycle represents a sufficient num-
ber of heartbeats that could induce measurable G&R alterations.
Accordingly, the G&R multipliers #g and #r remained constant
within each cycle and were updated only at the end of each cycle.
In order to estimate the updated values of #g and #r (at the end of
G&R cycle N), we defined local versions of these multipliers,
denoted by #

g
l and #r

l , and continually updated them within cycle
N (Fig. 4) based on the strain-based stimuli described in Secs. 2.3
and 2.4. Accordingly, using an explicit time integration, the evo-
lution of local multipliers within cycle N was determined by

#
g
l;nþ1 ¼ #

g
l;n þ _#

gð#g
NÞDt; #r

l;nþ1 ¼ #r
l;n þ _#

rð#r
NÞDt (18)

with #
g
l;t¼0 ¼ 1 and #r

l;t¼0 ¼ 0 at the beginning of each cycle,

where t is the normalized time ranging from 0 to 1 within each

cycle. The final values of #
g
l and #r

l at the end of each cycle (i.e.,
at t¼ 1) were used to reconstruct the grown geometry and

Fig. 4 Update of heart anatomy and fiber structure at the end of each G&R cycle. The local G&R multipliers were
updated within each cycle. Their values at the end of each cycle were used to update the geometry and the fiber
orientation.
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reoriented fibers at the end of cycle N (Fig. 4). The updated values
of #g and #r, to be used in cycle Nþ 1, were estimated as

#g
Nþ1 ¼ #

g
N � #

g
l;t¼1; #r

Nþ1 ¼ #r
N þ #r

l;t¼1 (19)

The update of the fiber orientation (in the unloaded reference
configuration) was twofold. The first part of the update was
merely due to the change of the update of the RV anatomy at the
reference configuration. We refer to this part as “kinematic” reor-
ientation of fibers. The second part that involved a more intrinsic
reorientation of fibers stemming from the change in the principal
directions of deformation as discussed in Sec. 2.4. We refer to this
part as “intrinsic” reorientation of fibers. For this part, the updated
angular velocity x at the end of each cycle was used to update the
fiber orientation. The evolution of the fiber direction f0 toward the
principal direction emax can be written in terms of the rotation
matrix R ¼ expð�� � xÞ that satisfies R x ¼ x, where R 6¼ I and
� is a third-order permutation tensor. The explicit update for f0 at
the end of cycle N can then be written in terms of R as

fNþ1
0 ¼ R fN

0 (20)

which, through using Rodrigues’ formula, takes the form [39]

fNþ1
0 ¼ cosðaÞ fN

0 þ sinðaÞ x̂ � fN
0 þ ½1� cosðaÞ�ðx̂ � fN

0 Þ x̂ (21)

2.5.1 Calculation of Stress and Modulus Tensors. To imple-
ment the volumetric growth and remodeling in the FE formula-
tion, the stress tensor described in Eq. (1) and the Lagrangian
tangent modulus tensor were modified to account for growth and
remodeling of the RVFW. The derivation of these tensors is sig-
nificantly simplified noting that G&R multipliers #g and #r remain
constant within each cycle which results in the partial derivatives
@#g/@ C and @#r/@ C being zero. The final form of the stress ten-
sor at constant #g and #r can be written as

T ¼ 1

J
�Fe @Wdev

@ �Ee
�FeTþ @Wvol Jeð Þ

@Je
þ

Ta Ee
f

� �
2Ee

f þ 1
fe � fe (22)

where Ee ¼ ðCe � IÞ=2; fe ¼ Fef0, and Ee
f ¼ f0 � Eef0, noting

that the application of Fg in Eq. (9) does not alter the orientation
of f0. Similarly, the modulus tensor takes the form

L ¼ 2
@ S

@ C
(23)

again, at constant values for #g and #r, where S ¼ J F�1 T F�T is
the second Piola–Kirchhoff stress tensor.

In final simulations, we used the values ar¼ ag¼ 1, Kg¼ 4,
Kr¼ 2.5, and nr¼ ng¼ 2. These values were chosen following our
extensive pilot explorations of the inverse modeling to match the
measurements for the PAH heart. In particular, our pilot studies
suggested that the fiber reorientation and RV dilation should take
place toward the end of 28-day period in order to be able to match
the measured contractility at day 28 time point. The above values
were chosen to produce this trend in the G&R events.

2.6 Inverse Problem Approach. Our approach consisted of
starting from the control heart and constructing and solving
inverse problems (IPs) at multiple time points between the control
and post-PAH states (Fig. 5) with the goal of matching main fea-
tures measured in the post-PAH heart. Since the control and post-
PAH hearts belonged to different rats, we attempted to match
main remodeling events at the post-PAH state (day 28) that
included: (i) RV dilation, (ii) average fiber reorientation in the
RVFW, and (iii) the changes in TCa2þ in the RVFW.

Following the separation of time scales between cardiac heart-
beats and the occurrence of remodeling (discussed above), we
performed 28 cycles of growth and remodeling, where each cycle
represented one day in the development of PAH following the
MCT injection. We prescribed and updated the RVFW stiffness c
as the input of the IP and estimated the value of TCa2þ at four time
points (Fig. 5). We kept the active properties of the RVFW con-
stant up to the next time point while allowing the heart to grow
and remodel. Longitudinal studies of the RVFW stiffening in
MCT models of PAH are scant. However, a three-time-point study
(control, 14 days, 25 days) on RVFW hypertrophy [40] suggests
that the thickening of myocytes, which is a factor and an indicator
in RVFW stiffening, is not significant at the early stage of PAH
and becomes prominent in the fourth week. Similarly, a five-time-
point study (control, 7 days, 14 days, 21 days, 28 days) measuring

Fig. 5 Our IP approach to predict the heart G&R. Four IPs were performed. The RVFW stiffness (c) was used as
input and the RVFW contractility (TCa21 ) was estimated in each IP. The stiffness was updated in the second and
third IP.

091016-6 / Vol. 141, SEPTEMBER 2019 Transactions of the ASME



end-diastolic (ED) elastance from the pressure–volume (P-V)
loops [6] suggests that the majority of (passive) RVFW stiffening
takes place in the second and third weeks following MCT injec-
tion (see Table 1 in Ref. [6]). Inspired by these observations and
given our extensive pilot exploration of different variations of
RVFW stiffening, we prescribed a linear variation of c from days
8 to 21 (Fig. 5). In summary, our inverse problem approach con-
sisted of the following steps:

� The first IP was performed at day 8 time point. We pre-
scribed the same RVFW stiffness (c) as in the control heart.
We applied the PAH pressure to the ventricles at this point
and estimated TCa2þ .

� The next time point was day 14. We performed six G&R
cycles as forward simulations with the same stiffness and
contractility as in day 8. The heart at day 14 exhibited volu-
metric growth and fiber remodeling. We updated c at this
time point and estimated the new TCa2þ .

� The next time point was day 21. Similar to the above step,
we first performed seven G&R cycles as forward simulations
to reach day 21. We then updated c and estimated the new
TCa2þ .

� The RVFW stiffness remained constant for the fourth week,
and the last IP was performed at day 28.

The homeostatic values of elastic stretch and principal direction
of deformation (kh and eh

max) were updated at the end of each
G&R cycle. Also, the ventricular pressures remained the same
from days 8 to 28, as depicted in the idealized pressure evolution
in Fig. 3(bottom). In total, four IPs were performed. We used a
Levenberg–Marquardt algorithm in Python version 2.7 for solving
the inverse problems and used ABAQUS/STANDARD [41] to conduct
the FE simulations.

3 Results

3.1 Ventricular Dilation. Considerable dilation of the RV
was observed, whereas the LV underwent little notable change

(Fig. 6). The RV ED volume increased by approximately 93%,
from 40.7 to 78.3 lL, with a large part of the dilation occurring in
the last week of the PAH development. The SV of the RV was
nearly preserved; however, a 	41% decrease in the RV ejection
fraction (EF) was noted. The control heart showed a prominent
circumferential contraction (and change of curvature) in the
RVFW at end systole that significantly declined at later stages of
the RV growth (Fig. 6). A small amount of RVFW thickening
(concentric hypertrophy) occurred, whereas the RVFW underwent
significant circumferential stretching resulting in RV dilation
(Fig. 6). Our G&R model produced a slight septal bowing toward
the LV (Fig. 6); however, the amount of bowing was significantly
lower than that in the post-PAH heart (Fig. 1). On the other hand,
the RV dilation and RVFW stretching, predicted by the model,
agreed well with those changes seen in our representative post-
PAH cardiac anatomy. Evolution of the growth multiplier
throughout the cycles predicted fairly uniform growth within the
RVFW (Fig. 7).

3.2 Structural Remodeling. The G&R model was able to
generate the fiber reorientation across the RVFW thickness as
seen in the PAH heart (Fig. 8), and also consistent with previous
histological studies [10,12]. The fibers exhibited an average reor-
ientation of 	16 deg from horizontal (Fig. 8) such that the post-
PAH heart at day 28 showed an average fiber orientation of
	39 deg from horizontal. Reorientation toward the longitudinal
direction took place rapidly (mostly within seven G&R cycles) in
the later stages of PAH development. This was similar to the
development of the ventricular dilation, indicating interdepend-
ence of dilation and fiber reorientation as late-stage attempts of
the heart to maintain the SV.

Kinematic changes in the mean fiber direction due to RV dila-
tion (Fig. 8(a)) were not sufficient to capture the amount of reor-
ientation seen in the PAH heart. This portion of the reorientation
maintained the same rate as that of the volumetric growth, starting
slowly from day 8 and accelerating with RV dilation toward the

Fig. 6 Progression of anatomical growth at ED and end-systole (ES) states throughout the development of PAH.
The RV was severely dilated at later stages of PAH and slight thickening of the RVFW was visible.
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end of the growth. Addition of an “intrinsic” deformation-induced
fiber reorientation was necessary to capture the total amount of
reorientation (Fig. 8(b)). Similarly, this portion of the reorienta-
tion made its contribution to fiber remodeling in the later stages of
PAH development.

3.3 Adaptation of Active Contraction. The peak value of
TCa2þ in the RVFW increased by approximately 450% from con-
trol to post-PAH, from 47 kPa to 261 kPa (Fig. 9(a)). The G&R
model was able to capture the full cardiac cycle TCa2þ at post-PAH
time point and estimated the plausible evolution of TCa2þ along the
PAH development (Fig. 9(a)). The early increase in TCa2þ (up to
day 8) was not accompanied by any significant anatomical or
structural remodeling (Fig. 9(b)). TCa2þ nearly approached the
post-PAH value on day 21 and continued to increase at a slower
rate during the last week such that it slightly exceeded the

post-PAH value at day 28 time point (Fig. 9(a)). On the other
hand, the RV dilation accelerated and showed a pronounced
increase during the last week of growth and remodeling
(Fig. 9(b)).

3.4 Effect of Fiber Remodeling on Right Ventricle Free
Wall Contraction. We used the post-PAH RHM to examine the
exclusive effect of the fiber reorientation on the RV function in
silico. We developed a duplicate PAH RHM with an RVFW fiber
distribution similar to that in the control heart (labeled as PAH
with “no fiber remodeling”) and compared the results with those
of the PAH RHM (labeled as PAH “with fiber remodeling”). The
PAH RHM with no fiber remodeling had a larger RV ejection
fraction (Fig. 10(a)) due to a larger SV (Fig. 10(b)). Consistently,
a smaller contractility (a lower TCa2þ ) was required to maintain the
same ejection fraction as in the PAH heart (Fig. 10(c)).

Fig. 7 Evolution of the growth multiplier throughout the development of PAH. Hypertrophy and dilation of the RV can be seen
in representative cycles, with the control geometry shown by the red outline.

Fig. 8 Progression of mean fiber orientation in the RVFW: (a) kinematic portion of reorientation due to RV
dilation and (b) total reorientation including kinemtatic and “intrinsic” portions. The latter is driven by
changes in principal deformation axes.

091016-8 / Vol. 141, SEPTEMBER 2019 Transactions of the ASME



3.5 Compensatory–Decompensatory Transition. Overall,
significant anatomical, structural, and functional adaptations were
observed in the RV from control to post-PAH. The estimation of
how these adaptations evolve throughout PAH development iden-
tified the temporal order of remodeling events and the transition
from an asymptomatic, to a compensatory, to a decompensatory
state (Fig. 11). The changes in the RVFW contractility and stiffen-
ing progressed differently from RV eccentric hypertrophy and
fiber remodeling. While dilation and fiber reorientation occurred
mainly in the decompensatory phase, the marked increase in the
RVFW contractility and stiffness occurred largely in the compen-
satory phase (Fig. 11).

4 Discussion

We have presented a rodent computational model of growth
and structural remodeling in response to PAH. To our knowledge,
the model is the first to integrate structural remodeling with
myocardial hypertrophy while incorporating changes in passive
and active material properties of the RVFW. Integration of the
remodeling mechanisms occurring at different scales allowed us
to systematically examine the temporal evolution of individual
mechanisms throughout the development of PAH. The G&R

framework developed in this paper is an example of how an in
silico platform can uniquely complement in vivo studies to pro-
vide important insights into the interaction between different
remodeling mechanisms to restore cardiac function. In effect,
these models hold promise to predict the outcome of such a com-
plex interplay of RV G&R events in response to PAH. Using our
image-based biventricular RHMs, we sought to test our hypothesis
that the longitudinal shift and alignment of fibers impairs the
RVFW contractile pattern and reduces RV ejection fraction
although it assists with the restoration of in vivo wall stress in the
circumferential direction.

4.1 Time-Course Behavior of Adaptations. An important
temporal differentiation in G&R events, inferred from our results,
was that the structural and mechanical remodeling of the RVFW,
as well as RV dilation, transitioned from a primarily adaptive state
to a decompensated state. In particular, our modeling results sug-
gested that the progression of PAH can be categorized into asymp-
tomatic, compensatory, and decompensatory phases. Here, the
asymptomatic phase refers to the early phase of the progress when
the RV pressure is still in a normal range. We define the compen-
satory phase as the remodeling period during which the RV

Fig. 9 Time-evolution of (a) RVFW contractility (characterized by TCa21 ) and (b) the RV P–V loops, throughout
the development of PAH. Results for days 8, 14, 21, and 28 time points were estimated by the present G&R
model. TCa21 results for control and (post-)PAH time points, previously estimated [5] via matching to the P–V
measurements, are shown by markers in part (b).

Fig. 10 Effects of fiber reorientation on cardiac function of the post-PAH heart. The effect on (a) RV EF, (b) RV P–V loop, and
(c) RVFW contractility.
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remains coupled to pulmonary circulation and it can still maintain
its stroke volume without significant changes in the ED volume,
mainly through intrinsic and hypertrophic increases in the RVFW
contractility. Finally, the decompensatory phase refers to a later
stage of PAH development when the RV dilation becomes the pri-
mary mechanism to maintain the stroke volume once the RV con-
tractility reaches its capacity. Nevertheless, it should be
emphasized that these phases are not well-separated, and adaptive
and decompensatory mechanisms may coexist during the PAH
progress.

Our results suggested that the asymptomatic phase included a
notable increase in myofiber contractility while there were mini-
mal changes in RV anatomy and RVFW passive stiffness. This
implies that an increase in RVFW contractility may serve as an
initial means by which the RV attempts to sustain a rising arterial
pressure and maintain normal cardiac output.

Although compensatory mechanisms may initiate during the
asymptomatic phase, they become more evident once the pressure
overload is fully developed (referred to as the compensatory
phase.) The compensatory phase was marked by a continued
increase in contractility accompanied by an increase in the passive
stiffness of the RVFW. A gradual increase in RV volume with a
modest rate as well as slight changes in the fiber structure were
also observed. Stiffening has been attributed to multiple mecha-
nisms, including changes in myocyte biophysical properties, such
as titin upregulation, changes in the collagen recruitment rate
[12], and collagen fibrosis. Similarly, the changes in the RVFW
contractility may stem from intrinsic changes in myocyte proper-
ties such as alterations in actin/myosin protein isoforms [2] as
well as myofiber hypertrophy through sarcomerogenesis. Our
results suggested that the increases in RVFW contractility and
stiffness in the compensatory phase take place at similar rates,
contrary to the asymptomatic phase, which involved more signifi-
cant changes in the contractility than the stiffness. This may indi-
cate that the intrinsic augmentation of the RVFW contractility
may be activated first as a primary compensatory mechanism fol-
lowed by myofiber hypertrophy as a secondary adaptive mecha-
nism to improve the RVFW contractility, which is paralleled with
a more significant collagen deposition and hence changes in the
RVFW stiffness.

Also, although an increase in the intrinsic contractility of the
RVFW can be seen as a compensatory mechanism, it is arguable
that only moderate changes in the RVFW stiffness (whether

through titin upregulation or changes in the collagen network)
could serve as an adaptive response while more severe changes
could accelerate the transition to the decompensatory state. Fur-
ther investigations are required to identify a suitable range of
RVFW stiffening to stabilize the remodeling and prevent progres-
sive RV dilation. Moreover, our results further suggested that the
RV volumetric increase and fiber remodeling occur at lower rates
compared to changes in RVFW hypertrophy and contractility in
this phase, indicating a weak coupling between RV dilation and
RVFW stiffening and hypertrophy.

Finally, our model predicted that the increase in the RVFW
contractility and stiffness tend to saturate at the end of the third
week, although slight increases in the contractility may still be
seen in the fourth week. (About 15% of the total change was pre-
dicted to take place in the fourth week.) In contrast, a significant
increase in the rate of RV dilation and fiber reorientation in this
phase was inferred from the results, indicating the transition of the
RV to a decompensatory phase. The results for RV dilation were
consistent with the well-recognized response to pressure overload:
the rapid RV dilation is rather the last leeway that the RV takes to
maintain cardiac stroke volume that significantly compromises
RV ejection fraction accelerating RV failure [9].

4.2 Changes in the Contractile Pattern of Right Ventricle
Free Wall. The myofiber spatial distribution and the transmural
variation in its orientation across the myocardial wall are well-
organized and finely tuned in the normal heart to produce an effi-
cient organ-level contraction and meet blood supply demand. As
such, the pathological remodeling of the fiber organization in the
RVFW, even if the individual fibers preserve contractility, may
change the contractile pattern of the entire free wall and has a fun-
damental impact on cardiac output. Our model results predicted a
longitudinal shift of the average fiber direction in the RVFW from
24 deg to 40 deg as well as a loss of transmural variation in fiber
distribution, consistent with previous histological studies [10,12].
In particular, the histological data, collected in Ref. [10], showed
a shift of about 15–20 deg in the fiber orientation toward the
longitudinal direction with an enhanced alignment (see Figs. 4
and 5 in Ref. [10]). These data were analyzed further through
reconstructed 3D surfaces in Ref. [12] and led to very similar val-
ues for the fiber reorientation and alignment (see Fig. 4 in
Ref. [12]).

Fig. 11 Time-course interpolation of the adaptive and maladaptive mechanisms studied in this work
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Our in silico studies on the effect of these structural changes on
the RV contractility suggested that longitudinal reorientation and
alignment disturb the fibers from their optimal distribution result-
ing in an impaired contractile pattern in the RVFW and, therefore,
the further reduction of the RV ejection fraction. More specifi-
cally, our simulation results indicated that the alteration in fiber
distribution and transmurality shifts the RVFW contractile pattern
from a torsional mode that is dominated in the circumferential
direction to a more isotropic mode. It is simple to show that, in
contrast to circumferential contraction with apical torsion, the iso-
tropic contraction of the RVFW produces ventricular flow in all
directions rather than a prominent flow direction toward the out-
flow tract. Interestingly, we inferred from the results that although
the individual myofibers were more contractile toward the end of
the compensatory phase, the changes in the fiber distribution and
the following contractile pattern alterations still noticeably under-
mined the RV function.

4.3 Mechanisms of Fiber Reorientation. Using the continuum-
level model of fiber remodeling in the RHM, we were able to pre-
dict a time-evolving behavior of the deformation-induced fiber
reorientation; however, our model was not meant to identify the
specific mechanisms underlying the fiber reorganization.
Although our diffusion tensor-magnetic resonance imaging scans
strongly suggest that there is a stronger fiber concentration toward
the longitudinal direction in the post-PAH heart compared to the
control heart, little is known in regards to the mechanisms by
which this occurs. Our model results suggest that the RV dilation
induces a small reorientation (a few degrees) of the fibers
(referred to as kinematic reorientation), and the majority of fiber
remodeling stems from the “intrinsic” reorientation of the fibers.
Candidate mechanisms for the latter include: (i) degradation of
fibers in the circumferential direction together with the pro-
nounced sarcomerogenesis in the longitudinal direction (referred
to as “preferential” hypertrophy), following changes in the
principal deformation axis, and (ii) a gradual reorientation of the
existing fibers toward the longitudinal direction. It is plausible
that the final reorganization of the fibers is a result of both mecha-
nisms, although it is unlikely that the reorientation of the existing
fibers is a primary mechanism due to the tight spiral architecture
of myofibers in the RVFW. This matter certainly demands further
studies to identify fiber-level mechanisms and their contribution
to alterations of the fiber spatial distribution in the RVFW.

4.4 Clinical and Therapeutic Implications. Subject-specific
G&R cardiac models (such the one presented in this work) hold
promise to predict the progression of adaptive mechanisms and
their possible transition into decompensatory events. These mod-
els are also capable of separating the relative effects of remodel-
ing mechanisms (occurring at different scales) on cardiac function
and providing insights into the interaction and competition
between them. Given these capabilities, these models offer a valu-
able and efficient approach to identify RV-based mechanical bio-
markers that can predict the prognosis of PAH in an individual
given available anatomical, structural, and hemodynamic meas-
urements. In particular, these biomarkers can predict whether the
RV remodeling will stabilize or progress to right heart failure,
thus informing the decision making for clinical management of
the PAH patients. Moreover, the capability of the G&R model to
isolate and evaluate the compensatory level of each remodeling
mechanism highlights its potential to identify and effectively
assess novel therapeutic biomarkers that work through reinforcing
and suppressing adaptive and maladaptive mechanisms,
respectively.

5 Limitations

Limitations to the methodology and approach that may have
affected the quantitative aspect of our results in this work are

noted herein. In our opinion, the primary limitation of our G&R
model was that the prediction capability of the model was cali-
brated using only one time-evolving parameter available, i.e., the
right ventricular pressure. Information regarding the evolution of
RVFW hypertrophy, stiffening, and contractility throughout the
development of PAH was not used/incorporated into the model as
these data are currently lacking. However, several scenarios for
the variation of the RVFW properties were explored to capture the
post-PAH heart characteristics at day 28 time point. The final
results presented in this paper were the only means (among all the
scenarios explored) by which the model could capture the
post-PAH state; therefore, we are confident that these limitations
did not notably affect the quality of our results. Nonetheless, we
are seeking the further validations of our results by obtaining lon-
gitudinal data on regional in vivo kinematics of rodent specimens
pre- and post-MCT using cardiac magnetic resonance tagging
techniques. These data will provide insights into the changes in
RV dimensions and principal deformation directions that can be
used to validate the predictions of both volumetric growth and
fiber remodeling.

Another limitation with our modeling pipeline was that we used
a phenomenological approach to describe the volumetric growth
of the myocardium. Although this approach is capable of produc-
ing the ventricular dilation apparent in post-PAH hearts, it is not
driven by the cellular and fiber-level mechanisms by which the
growth occurs. In addition, this approach cannot separate the
remodeling patterns of collagen and myofibers which could act as
independent mechanisms affecting the overall amount and rate of
organ-level remodeling. In future work, structural models that can
separate the effect of collagen from myofibers (as in Ref. [11])
together with longitudinal experimental measurements will be
employed to not only predict the G&R responses but also provide
a novel understanding of underlying mechanisms.

6 Conclusions

The goal of this study was to investigate the time-course evolu-
tion of RVFW mechanical and structural properties using a
continuum-level G&R model that can account for both organ-
level hypertrophy and alterations in the tissue fibrous structure.
Our results suggested that hypertrophic and intrinsic increase in
myofibers contractility in conjunction with RVFW stiffening pre-
cedes other remodeling mechanisms including fiber realignment
and RV dilation, that tend to decompensate the heart contractile
function at later stages of PAH. In particular, we were able to
demonstrate the important effects of the RVFW fiber structure on
the overall contractile function of the RV. We observed using
our model that the deviation of fibers from their transmural and
circumferentially dominated arrangement could impair RV con-
tractility even when the fibers are individually more contractile,
due to the change in the contractile pattern from a
circumferential-torsional mode toward an isotropic contraction.

Finally, while important progress has been made in continuum-
level modeling of growth and remodeling of the myocardium
under hypertension, there remains a critical need for multiscale
approaches that connect organ-level function to tissue-, cellular-,
and molecular-level events. This study was an important step
toward this goal, as it addresses the myofiber-to-tissue-to-organ
scale integration. Our future works will focus on extending the
connection to smaller scale events with the goal of differentiating
and quantifying the G&R mechanisms underlying tissue- and
organ-level adaptations. For instance, these approaches hold
promise to identify the relative contributions of cellular-scale
events to RVFW stiffening that could involve collagen fibrosis,
changes in collagen undulation, myofiber hypertrophic response,
and titin modifications (where the latter may consist of changes in
titin isoform compositions and phosphorylation.) In addition, mul-
tiscale approaches will be valuable in illustrating cellular-level
mechanisms underlying the intrinsic change in the RVFW
contractility that could range from increase in the intracellular
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calcium concentration to changes in cooperativity binding to
changes in titin properties. Overall, such insights will enhance our
understanding of processes controlling the transition of RV
adaptation toward right heart failure and will identify new thera-
peutic targets in the RV for future pharmaceutical and clinical
research.
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Appendix

In this Appendix, we provide comparisons between the limiting
function kgð#gÞ ¼ ag ð#g

max � #gÞn
g

=ð#g
max � 1Þ, often used in the

literature [26,38], and the logistic growth (Eq. (11)) used in our
study. The former function generates a bounded growth; however,

Fig. 12 Comparisons between two bounded growth functions: ((a) and (b)) examples of two different forms of the limiting
function kg(#g). ((c) and (d)) Examples of the resulting growth multipliers for the fixed value of /g 5 0.1 Pa and ag 5 1 1/(Pa �s)
in Eq. (10). The logistic growth (d) allows for an early slow growth followed by a more aggressive growth as a progressive mal-
adaptive mechanism. The initial value of #g (denoted by #g

0 ) was set 0.001 for all the curves in (d) except the dotted line.
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the maximum rate of growth occurs at t¼ 0 and decays to zero
over time (Figs. 12(a) and 12(c)). In contrast, and as was dis-
cussed in the context of our results, adaptive biophysical altera-
tions may precede pathological volumetric growth in PAH (and
perhaps in other structural heart diseases.) For this reason, a typi-
cal logistic growth with smaller rates at the beginning (Figs. 12(b)
and 12(d)) was a more appropriate choice for us to capture and
predict the pathophysiology of PAH progression.
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