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Abstract. A well-established treatment option for advanced heart fail-
ure is the implantation of a ventricular assist device (VAD) in the left
heart. In over one quarter of patients, however, failure of the right ventri-
cle (RV) occurs shortly after implantation, with a paucity of options for
RV failure management in this clinical context. A possible treatment for
RV failure is the application of regional mechanical support to the free
surface of the RV. Here, we investigate the effect of this treatment using
a multiscale finite element model. We discuss a trade-off between hemo-
dynamic benefits and biomechanical effects of simulated interventions
with respect to the complex dynamics of RV contraction. Specifically, we
report on timing of support with respect to the cardiac cycle, duration
of applied force, and force profile distribution. Insights from these pre-
liminary studies can be informative in the rational design of RV-specific
mechanical support solutions.

Keywords: Right heart failure · Biomechanical cardiac modeling ·
Medical device design

1 Introduction

For decades, the focus of heart failure treatment and interventions has largely
been the left ventricle, with one of the most groundbreaking technologies added
to the toolkit of heart failure being the Left Ventricular Assist Device (LVAD).
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Yet, while LVADs have provided a glimmer of hope for patients with late-
stage heart failure, right heart failure (RHF) following implantation remains
a highly unpredictable, often fatal complication [1,2]. To date, up to 30–40%
of LVAD patients develop RHF shortly after implantation, facing a paucity of
clinical management options [1,3]. Following LVAD insertion, the RV is chal-
lenged in a number of ways. First, with near normalization of cardiac output,
preload increases dramatically. Second, the LVAD causes unloading of the left
ventricular cavity resulting in a interventricular septal shift and altered right
ventricular (RV) geometry. Third, increases in pulmonary vascular resistance
and pulmonary pressures encountered in the perioperative period further com-
promise the failing ventricle [4]. Such complications result in RV dysfunction.
With an increasing number of patients undergoing LVAD implantation, the need
for easily-deployed, safe, and effective devices for temporary support of the RV
will continue to grow [5]. In order to design such therapies, the mechanisms of
physiological (and pathophysiological) RV dynamics must be elucidated. Exter-
nal, non-blood contacting solutions provide several advantages [6]. Importantly,
pulsatile flow augmentation (or assistance in pump function) can be achieved
across the native cardiac vasculature, without the need to divert blood through
artificial circuits, and thus not incurring the risk of thrombolytic events. To
promote the development of alternative, external solutions supporting the RV
free wall, we propose to characterize the effects of distributed compressive forces
applied on the RV, with an eye on device-tissue interactions and effects on tissue
strains and deformations. These considerations are generally difficult to evaluate
due to the complex, multiscale nature of cardiac physiology. Additionally, the
right ventricle presents more peculiar geometry and contraction patterns than
the left ventricle, incurring additional complications. To meet these challenges,
we employ a widely characterized multiscale finite element analysis software
package (Continuity Pro, Insilicomed, La Jolla, CA) developed specifically for
dynamic cardiac modeling and extensively used for medical device modeling.
Using similar methods, recent interest in direct cardiac compression (DCC) has
led to preliminary investigations to evaluate the effects of external forces on the
cardiac surface to aid left ventricular (LV) performance [7]. Here, we highlight
the need for investigations focused specifically on the right ventricle. Despite the
existence of several other etiologies of RV failure, the clinical context of LVAD
implantation provides an ideal scenario for such investigations, given that LV
pump function is replaced by the LVAD. Specifically, any external device would
provide a finite amount of energy to be applied to the ventricular surface. The
goal of this study is to identify physically-interpretable conditions to apply such
finite energy to maximise cardiac output and performance. To achieve long-term
sustainable outcomes and promote myocardial health, ventricular deformations
resulting from the application of such forces must also be minimized, in order to
prevent the onset of adverse cardiac remodeling and ensure viability of this app-
roach [8]. Such insights will aid the development of engineered solutions tailored
to the RV complex shape, motion profiles, and function.
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2 Methods

Stable beating-heart simulations were established using a multiscale finite ele-
ment analysis software package for dynamic cardiac modeling (Continuity Pro,
Insilicomed, La Jolla, CA) [7,9]. Continuity Pro (CPro) recapitulates patient-
specific cardiac mechanics and electrophysiology by combining imaging-derived
cardiac geometry and 3D fiber architecture, a dynamic model of calcium
excitation-contraction coupling dynamics, and a lumped parameter circulatory
model to simulate the function of the beating heart through both systemic and
pulmonic vasculature. A transversely isotropic constitutive law, adapted from
previous work was employed alongside a Fung-type hyperelastic model with
exponential strain energy density function [10]. Interested readers can find in-
depth description of the software and the patient-based model employed in these
experiments in previous work [11].

Fig. 1. Experimental model setup. A) Rendering of human biventricular model with
applied nodal compressive forces. The mid-height endocardial node used for biome-
chanical analysis is shown in green. B) Rendering of the biventricular model displaying
RV free wall. C) Time-varying force profiles of 25%, 50%, 75%, and 100% max force,
over one cardiac cycle (Color figure online)

The human biventricular model employed in the following analyses is shown
in Fig. 1. The model consists of 192 tri-cubic Hermite elements and 282 nodes, a
refinement determined in previous work to obtain sufficient longitudinal resolu-
tion with respect to biomechanical metrics of interest [7]. The resulting refine-
ment provides 6 longitudinal nodes at which compressive forces are applied dur-
ing contraction (defined as 0 < t < 300 ms, over a cycle duration of 750 ms).
Specifically, the coordinate system for the strain tensor was selected as the
orthonormal basis of the local fiber coordinate system, with each fiber having
(1) a direction along its own axis, (2) a direction perpendicular to the fiber and
along the surface of the heart, and (3) a direction perpendicular to the fiber
and directed radially towards the lumen. E11, E22 and E33 are thus the normal
strains in the fiber, cross-fiber and radial directions respectively. The first prin-
cipal strain is denoted as P3. Details and illustrations on the selected coordinate
system are described in extensive detail in previous work [12].
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In this study, CPro was used to generate beating-heart simulations of a
patient-specific model with anatomic dimensions congruent with a severe case
of dilated cardiomyopathy and a LV ejection fraction of 16%, consistent with
a clinical scenario benefiting from LVAD support. To simulate the effect of an
external support device, compressive forces were applied to the LV and RV free
wall epicardial surfaces using force boundary conditions established as a func-
tion of time throughout the cardiac cycle. Simulations were run at constant
heart rate of 80 beats per minute and aortic valve opening defined as the end of
isovolumetric contraction, IVC (t = 146 ms, where t = 0 is end-diastole).

A total of five beating-heart simulations were set up (see Fig. 1B): one base-
line case where no external support is applied and four applied-force cases. The
four active force simulations were prescribed time-varying force profiles applied
to epicardial nodes and normal to the RV free wall surface throughout contrac-
tion. The maximum applied force to the epicardial RV is 0.4 N while the LV was
kept at a constant 1 N throughout the simulations. The maximum force mag-
nitude was informed by previous experimental work optimizing RV epicardial
restraint pressure, with the goal of optimally reducing end-diastolic wall stress
without impairing filling [13]. The integral of the force-time graph was kept con-
stant at 31.25 N.s across all simulations in order to simulate a finite amount of
energy available from a prospective device, and to investigate the effect of timing
of the applied force on cardiac dynamics. To simulate the use of a device applied
to the entire epicardial surface, 6 points along the longitude of the RV free wall
were selected for force application (Fig. 1A). Force profiles were chosen based
on reasonable expectations of physically realizable devices that could achieve
similar force-time behavior. Peak forces were selected to be within physiologi-
cal ranges. Particular consideration was given to the fact that higher RV peak
pressure may result detrimental to pulmonary remodeling and have deleterious
effects on pulmonary vasculature. Throughout the report, the four applied-force
cases are referenced as a percentage of the maximum force case on the RV side:
cases 25–100, corresponding to 25–100% of max force respectively. Time-varying
force profiles for each simulated case are shown in Fig. 1C.

It is worth noting that, as this is an LV failure model, moderate compres-
sion was also applied to the LV and kept constant throughout the parametric
simulations. The relevance of this simulated input to the physical case of LVAD
support is discussed in later sections.

3 Results

Hemodynamic Analysis. The hemodynamic variables presented are end-
systolic volume (ESV), end-diastolic volume (EDV), stroke volume (SV, defined
as the difference between EDV and ESV), stroke work (SW, defined as the prod-
uct of pressure and volume) and ejection fraction (EF, defined as SV/EDV). All
RV hemodynamic metrics are reported in Fig. 2 as a percentage improvement of
each applied-force case (25%, 50%, 75% and 100%) from the baseline case. The
five aforementioned metrics were selected for their established relevance to car-
diac performance. In patients with dilated cardiomyopathy, increases in EDV can
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Fig. 2. Right ventricular (RV) hemodynamic variables as a function of percent max
force. A) Stroke volume and stroke work, B) EDV and ESV. On average, hemodynamic
benefit decreases as the percent max force increases. Note: Hemodynamic benefit is
defined as minimized EDV and ESV, and maximized stroke work and stroke volume.
C) Pressure-Volume loops for all cases

induce adverse tissue strains triggering a long-term process of ventricular remod-
eling and should thus be minimized [8]. Similarly, increases in ESV, for a given
EDV, demonstrate decreased contractile function and are thus also undesirable
[14]. SV, SW and EF on the other hand, are measures of cardiac output in each
contraction, and increases are considered hemodynamically beneficial. Based on
these insights, we note a clear trend of diminishing hemodynamic benefit across
all hemodynamic parameters with increasing peak force. One interesting excep-
tion to this trend can be seen in Fig. 2A, where stroke work improvement does
not monotonically decrease from 25 to 100% max force, but rather reaches a
nadir at 75%. The trend is more pronounced in SW than SV due to the com-
pounded contribution of both volume and pressure to the calculation of SW.
Stroke volume is a particularly interesting metric as it is directly related to car-
diac output, assuming constant heart rate. The aforementioned metrics can also
be visualized through pressure-volume loops, illustrated in 2C for baseline and
each applied-force case, While the primary focus of this study is on the RV, the
authors also report improvements in EF in the LV, which is a critical measure
of systolic function. The greatest improvement of left ventricular EF was 7.84%,
corresponding to the 25% force case.

Biomechanical Analysis. Biomechanical analysis is performed on selected
nodes at mid-ventricular height on the RV free wall surface, as this region under-
goes substantial deformation during the cardiac cycle [15]. The model offers suf-
ficient radial refinement to analyze transmural trends in mechanical behavior.
Specifically we select three mid-height nodes for analysis: one epicardial, one in
the midwall and one epicardial (see Fig. 3B inset). In Fig. 3 we report aggregate
transmural trends in strain deviation from the baseline case (i.e. no external sup-
port applied). The maximum increase in strain is reported for each applied force
case with respect to each of the three transmural nodes. We observe an inverse
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Fig. 3. Max Percent Strain Deviation from baseline case. A) deviation of principal
strain between applied force trials and baselines case for transmural mid-height nodes;
B) cross-sectional view of biventricular model; inset: location of epicardial (blue), mid-
wall (orange) and endocardial nodes (green). Note: Strain deviation from baseline
(healthy RV case) should be minimized (Color figure online)

Fig. 4. Time-series analysis of Green-Lagrange Strain (P3, E11, E33) at mid-height
nodes for one cardiac cycle where t = 0 ms = end diastole; t = 146 ms = aortic valve
opening. BL = Baseline case. A) epicardial mid-height node, B) endocardial mid-height
node

relationship between the applied load and the maximum principal strain, with
a local minimum occurring at the 75% force case (Fig. 3). The midwall element
experiences the greatest increase in strain (up to 20% from baseline), followed
closely by the epicardial node, on which the force is applied. The endocardial
node experiences the least increase in strain (max at 8% in the 25 case). Time-
series data for the epicardial and endocardial mid-height nodes is presented in
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Fig. 4. The first column of panels displays time-series data of the first principal
strain (P3). The second and third columns display principal strain decomposi-
tion into fiber-directed components (E11) and transmurally-directed components
(E33). The transmural strain (E33) is compressive, indicating a larger cavity vol-
ume, and becomes less compressive with the increasing RV load, accounting for
the sharp increase in strain from baseline. Fiber strain (E11) exhibits a sharp
increase peaking shortly around 150 ms, which coincides with the administra-
tion of the external force. Due to the incompressibility of cardiac tissue, the
compressive strain in the transmural direction results in an tensile strain in the
fiber direction.

We note that in the endocardium, P3 strain shows a much more pronounced
E11 implication than the epicardium. This difference is likely due to the transmu-
rally variable direction of cardiac fibers, as discussed in a later section. Moreover,
the transmural strain (E33) is compressive, indicating a larger cavity volume,
and becomes less compressive with the increasing RV load. Finally, the effects
of the RV geometry are seen as the fiber strain (E11) plays little role in the
endocardial node, a finding that differs from prior work examining the LV under
compression [7]. This is likely attributable to the cresecent, asymmetric shape
of the RV compared to the prolate shape of the LV.

Maximum deviations in P3 strain for each experimental case, occurring dur-
ing mid-isovolumetric contraction (around 100 ms), are also graphically repre-
sented in Fig. 5 for the RV free wall view and the cross-sectional biventricular
views. The observed trend extends transmurally throughout the RV free wall
midsection and beyond the mid-height node used for analysis. The cross-sectional
view (Fig. 5B) demonstrates two trends: (1) the RV geometrical conformation
shifts from more enlarged at 25% force case, to more compressed at the 100%
case, assuming a typical crescent-shape conformation; (2) the transmural strain
concentration across the RV wall decreases as RV force is increased.

4 Discussion

The development of technologies for heart failure have been historically focused
on the left ventricle. Mechanical interventions for left heart failure have ben-
efited from ample research and development, whereas tailored support for the
right heart remains lacking in comparison. Previous computational studies have
investigated ideal epicardial pressure for direct cardiac compression devices,
demonstrating that ventricle-specific requirements differ substantially between
the left and right ventricles [9]. To our knowledge, we present the first study set
out to quantitatively investigate the effect of externally applied forces in aiding
ventricular contraction and describe the interplay between hemodynamic and
biomechanical effects in the RV. In the context of a post-LVAD implantation RV
failure, it is critical for RV mechanical support interventions to enhance hemody-
namic function and ensure a comparable cardiac output to the supported LV. In
this study, the physical rationale behind the experimental design was to test the
effects of a prospective external device exerting a finite amount of energy on the
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Fig. 5. Principal Strain Maps during Isovolumic Contraction (IVC) - A) RV Free Wall
View. Maximum principal strain is plotted for each applied force case, 25%, 50%, 75%
and 100%. Strain concentrations in the mid-ventricular free wall display a decreasing
trend. B) Cross-sectional Biventricular View. Maximum principal strain is plotted for
each applied force case, 25%, 50%, 75% and 100%.

RV free wall surface. Against the authors’ initial intuition, lower peak applied
force results in a larger stroke work than higher peak forces (10% increase from
baseline compared to 5%, 4.5% and 6% for the four cases respectively), sug-
gesting that force duration could be a more powerful predictor of hemodynamic
benefit compared to peak magnitude.

Alterations to the complex biomechanics of myocardial tissue have been
implicated as contributing factors to adverse ventricular remodeling, a mech-
anism universally proposed to underpin the pathophysiology of heart failure
[16,17]. Therefore, it is imperative for interventions to be designed to minimize
alterations to baseline regional biomechanics. Results of comparative biomechan-
ical analysis of the four models tested demonstrate that the maximum strain
deviation from baseline decreases as percent max force increases. This trend
opposes the aforementioned hemodynamic observations, in that beneficial effects
occur at higher percent max force and shorter force duration. Together, the
contrasting effects imply a trade-off between hemodynamic benefit and biome-
chanical alterations with respect to force magnitude and timing. Increasing the
duration of the applied force with lower magnitude seems to positively affect
pump function but has a negative effect on tissue biomechanics. Surprisingly,
deviation from baseline appears larger in the midwall as compared to the epi-
cardial wall; an observation that can be attributed to the geometry of the RV
and the myocardial fiber angle. In the midwall, the fibers are circumferentially
aligned, meaning that the fiber strain, which is a major component of the prin-
cipal strain, is closely related to hoop stress at this depth in the myocardium.
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When force is applied, the hoop stress, and associated strain, decreases substan-
tially.

One important observation is the seemingly incongruous finding that increas-
ing force on the RV both increases the end diastolic volume (Fig. 2B) while also
decreasing the maximum principal and fiber strain (Fig. 4). First, it may be coun-
terintuitive that the application of epicardial forces results in increased volume
parameters (ESV, EDV - see Fig. 2). However, it must be noted that this sim-
ulation provides transient support during contraction (not expansion), and the
adaptive circulatory model in the ContinuityPro software responds by increasing
systemic flow-back and thus increasing preload. Additionally, upon first inspec-
tion, it may seem logical that increasing EDV would cause an increased disten-
tion in the RV myocardium, resulting in increased strain. However, RV geometry
plays a crucial, yet subtle, role. While the LV generally embodies a prolate shape
with an axis-symmetric behavior, the RV presents and much more complex shape
[18,19]. A possible interpretation is that, while the EDV is increasing as a whole
in the RV, expansion is not uniform throughout the crescent shaped cavity,
with some regions distending more then others (see Fig. 5). Upon inspection of
different nodes in the model, such intuitions are confirmed by the evident dis-
parity in regional deformations. Such findings are consistent with experimental
studies attempting to characterize the RV’s irregular motion, which previously
concluded that the RV displays a clear pattern of regionally varying mechan-
ical activation [20]. Specifically, the mid-height epicardial section where force
is applied undergoes a decreased deformation with increasing force. While this
specific finding is interesting in its own right, it also points to the more gener-
alizable observation that these computational methods are necessary to address
such discrepancies, especially ones which are intimately involved with patient
specific geometry.

Fig. 6. Prototype of elastic metamaterial sleeve. A) Systolic conformation, B) Diastolic
conformation
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5 Conclusion and Implications for Device Design

In this study, we investigated the effects of external mechanical support on the
RV to elucidate physically interpretable insights to inform the design of prospec-
tive devices. Studies leveraging modeling approaches have previously demon-
strated that the interplay between hemodynamic and biomechanical effects of
interventions can be surprising and counter-intuitive. For example, studies aimed
at evaluating the effects of isotropic stiffening of newly infarcted cardiac tissue
found no net hemodynamic benefit despite substantial alteration in mechanical
properties - an effect that was later validated experimentally in a large animal
model [21]. Similarly, it is worth noting that the results of the present study also
contrast the authors’ original predictions. It was initially hypothesized that a
lower magnitude force delivered over a longer time period (i.e. the 25% case),
would be biomechanically favorable and hemodynamically unfavorable compared
to a higher, impulse-like force, the 100% case. Instead, the results show the oppo-
site trend, evidencing the complex dynamics of cardiac function.

Nevertheless, these findings are useful to inform the design of physically real-
izable mechanical systems based on favorable force profiles characterized in this
report. For example, elastic structures can be designed and tuned to display
desired energy release dynamics, by modifying properties such as effective stiff-
ness. Mechanical design coupled with additive manufacturing can be leveraged
to yield smart mechanical metamaterials with effective stiffness properties that
change as a function of time or deformation. An example of this approach is
provided in Fig. 6, where early prototypes of an elastic, metamaterial support
sleeve are shown. The two panels show the different configurations of the sleeve
in systole (A) vs. diastole (B) in a benchtop setup. The passive support behavior
was achieved using auxetic motifs, patterned onto a ventricular surface, to simu-
late ventricular mechanical behavior. Further investigation of material behavior
and effective support provided by passive structures to ventricular tissue is war-
ranted through %in-vitro and %in-vivo studies following initial computational
findings.

Overall, we believe the elucidation and quantification of the trends exposed
in this preliminary study can provide insight for the rational design of patient-
specific mechanical support for LVAD-adjunct therapies aimed at supporting
the right heart. Future investigations can build on this work by designing force
profiles representative of physically realizable mechanical elements.
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