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Abstract

Global longitudinal strain and circumferential strain are found to be reduced in HFpEF, which
some have interpreted that the global left ventricular (LV) contractility is impaired. This finding
is, however, contradicted by a preserved ejection fraction (EF) and confounded by changes in
LV geometry and afterload resistance that may also affect the global strains. To reconcile these
issues, we used a validated computational framework consisting of a finite element LV model
to isolate the effects of HFpEF features in affecting systolic function metrics. Simulations were
performed to quantify the effects on myocardial strains due to changes in LV geometry, active
tension developed by the tissue, and afterload. We found that only a reduction in myocardial
contractility and an increase in afterload can simultaneously reproduce the blood pressures, EF
and strains measured in HFpEF patients. This finding suggests that it is likely that the myocardial
contractility is reduced in HFpEF patients.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) is a syndrome accounting for about
one-half of all chronic heart failure (HF) patients [1, 2]. The incidence and prevalence of
HFpEF are increasing at a rate of about 1%/year [2, 3], with mortality rates comparable to
HF with reduced ejection fraction (HFrEF) [2, 4, 5]. Compared to HFrEF, patients diagnosed
with HFpEF are older and have a higher prevalence rate of hypertension [2]. While new
therapies have been proposed [6-10], no proven treatment option currently exists for HFpEF
patients [11, 12].

Because of the presence of many pathological features impairing LV filling [13] (e.g., slow
LV relaxation [14], cardiomyocyte stiffening [14], concentric hypertrophy [15]), diastolic
dysfunction was initially believed to be the sole mechanism underlying HFpEF, which was
previously referred to as diastolic HF [3, 16]. Mounting evidence, however, has suggested
that myocardial contractility in HFpEF patients may also be impaired, thus calling into
question the original notion that systolic myocardial function is preserved in this syndrome
[17-20]. However, seemingly contradictory observations have been challenging to reconcile
and are unable to resolve the question of myocardial contractility in HFpEF. On the one
hand, studies have shown that LV ejection fraction (EF) is normal or increased in HFpEF
(suggesting preserved or increased global ventricular contractility) [21, 22]. On the other
hand, these hearts exhibit decreased global longitudinal strain (£y) and circumferential strain
(E¢o [17] suggesting decreased myocardial contractility.

These seemingly conflicting observations (preserved chamber contractility but decreased
myocardial deformation) are difficult to resolve purely through basic or clinical
experimental studies. This difficulty arises because of the differing influences of increased
vascular resistance (afterload), altered LV geometry and increased LV mass (all encountered
in HFpEF patients) on longitudinal strain, which potentially confound the link between
longitudinal and circumferential strains, as well as myocardial contractility.

Computational modeling has the inherent advantage to isolate factors affecting LV function
and motion in HFpEF patients so as to clarify their individual role(s) and contribution(s).
There are, however, only a few prior studies that have explored the use of computational
modeling to understand ventricular mechanics in HFpEF [23-26]. However, the seemingly
conflicting observations and multiple confounding factors as described above, to the best of
our knowledge, have not been resolved in any of those studies.

Accordingly, the purpose of this study was to determine whether decreased longitudinal and
circumferential strains encountered in HFpEF is truly a reflection of decreased myocardial
contractility or is this simply due to the combined effects of altered LV mass, geometry
and/or afterload resistance. To do so, we employed a computational modeling framework
whose parameters were adjusted to replicate key characteristics of heart and vascular
properties in HFpEF. Resolution of this question is important because of its implication

for advancing understanding of HFpEF, which may also help guide the development of new
therapies.
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Computational Modeling Framework

A coupled left ventricle (LV)-closed-loop circulatory computational modeling framework
(Fig. 1a) was used to simulate the hemodynamics and ventricular mechanics of HFpEF [27,
28]. In this framework, the LV was modeled using the finite element (FE) method with a
realistic 3D ventricular geometry to simulate a beating LV. The mechanical behavior of the
LV was described by an active stress formulation.

In this formulation, the active force developed along the local myofiber direction was
calculated using a modified time-varying elastance model that takes into account length-
dependency of the muscle fiber [29], whereas the passive mechanical behavior was
described using a Fung-type transversely isotropic hyperelastic constitutive model [30]. The
LV FE model was coupled to closed-loop lumped parameter circulatory model describing
the systemic circulation. The circuit consists of proximal and distal arterial and venous
compliances (C; p, C; gand Cyep) and resistances (R p, Ra gand Ryey), mitral and aortic
valves (with resistances R,,and R,,,) and left atrium (LA). Contraction of the LA was
described using a time-varying elastance function. Details of the governing equations for the
computational modeling framework are given in Appendix A. These governing equations
were solved using the finite element method with the open-source library FEniCS [31].

The number of quadratic elements used is 1049, which has been shown is sufficient for
convergence [27].

Left Ventricular Geometry and Boundary Conditions

An idealized prolate ellipsoid was used to model the LV typical of that found in normal
humans and HFpEF patients. Clinical studies have shown that the LV in HFpEF patients has
both increased wall thickness to cavity diameter (internal dimension) ratio and apex-to-base
length compared to healthy subjects [32-34]. Some studies, however, have also found that
the LV cavity diameter was either not significantly different or slightly decreased (but both
with thicker ventricular wall) in HFpEF patients [35, 36]. To reflect the wide spectrum of LV
geometry found in HFpEF patients, we applied 2 different LV geometries in the modeling
framework to simulate HFpEF, namely, one with a smaller LV cavity (HFpEF I) and one
with a slightly dilated LV cavity (HFpEF II) with respect to a normal LV geometry. Both
HFpEF geometries had a thicker wall and increased mass compared to that in the normal
case (Fig. 1b).

The same boundary conditions as in previous computational models [28, 37, 38] were
applied in all simulations for the LV model. For the normal case, the myofiber direction
(helix angle) was varied transmurally across the LV wall with a linear variation from 60° at
the endocardium to —60° at the epicardium based on a previous experimental measurement
[39]. The relaxation time constant = was set at 25ms, which is within the normal range [14]
(Eq. (14) in Appendix).

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shavik et al. Page 4

Analysis of Strains

Global longitudinal strain £, and circumferential strain £, were calculated using the
method described by Shavik ef a/[27] with end-diastole serving as the reference
configuration. Myofiber stretch in the longitudinal and circumferential directions, denoted
respectively by g and e, were first computed by

/1i=\/eii‘C'ei. 1)

In the above equation, C = FTF is the right Cauchy—Green deformation tensor, F is the
deformation gradient tensor, and g with 7€ (7, ¢) are the unit vectors in the longitudinal /and
circumferential cdirections, respectively. The circumferential direction e; was defined to be
orthogonal to the radial direction and the apex to base direction. The longitudinal direction g
was then defined to be orthogonal to both radial direction and e.. The strain was calculated
using [27]

1

1
6ii=§(1_/1_i2 x100% . )

Simulation Cases

A normal case was first simulated so that the LV geometrical features at end-diastole and
end-systole and hemodynamics, as well as global £..and £ (waveforms and peak values),
were close (within 1 standard deviation) to the values reported in control subjects in clinical
HFpEF studies [17, 32, 40]. Having established the parameters for the normal case, we then
applied them to the 2 HFpEF geometries in cases G and GZ. Preload was increased in
these 2 cases by adjusting the resting venous volume (Vo) and the passive stiffness was
increased (in HFpEF | geometry) so that LV end-diastolic pressure (EDP) is in the range of
18-25 mmHg found in HFpEF patients [36, 41]. The relaxation time constant = was set at
50ms (cf. 25ms in the normal case) to reflect the larger values found in HFpEF patients [42].

Using GIand GZ2as the reference cases, we then simulated a number of cases to isolate the
effects of (1) active tension developed by the tissue (i.e., myocardial contractility) and (2)
ventricular afterload as indexed by arterial resistance, which are factors deemed to affect £/,
in HFpEF. The effect of afterload is considered here because a majority of HFpEF patients
have hypertension [43]. Active tension and afterload were changed, respectively, by scaling
the active stress ( 7,9 and the peripheral resistance (7 ) so that £ fell within the range

of values measured in the clinical study [17]. Based on the insights derived from these
cases, we then systematically modified the parameter values (that reflect a combination of
these factors) to arrive at a combination that simultaneously fit all the conditions (volume,
EF, strains, blood pressures) encountered in HFpEF patients [17]. As explained later, the
myofiber direction (helix angle) also had to be slightly adjusted to simulate the HFpEF
conditions. Heart rate was set constant at 75 bpm for all simulations, consistent with data
reported in prior studies measured under resting conditions [17, 32]. All simulation cases are
summarized with labels in Table 1 and the model parameters are given in Tables 3, 4, 5 and
6 in the Appendix.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shavik et al.

Results

Page 5

Validation of Normal Case

Model predictions for the normal case are in agreement with clinical measurements (Fig. 2).
Specifically, the LV end-diastolic volume (EDV) (109ml), ejection fraction (EF) (60%) and
LV wall thickness at end-diastole (EDWT) (0.8cm) are all within the normal range found

in healthy humans [34, 44]. Diastolic blood pressure (DBP) (77 mmHg), systolic blood
pressure (SBP) (132 mmHg), peak absolute £, (29%), and £ (21%) are all close to the
values found in the clinical measurements of the control in a study on HFpEF patients (EF:
61 £ 3%; DBP: 74 (68, 84) mmHg; SBP: 130 (118, 138) mmHg; £.: 27.1 + 3.1%; £y 20
+ 2.1%) [17]. The E..and £y waveforms are also in agreement with echo measurements of
healthy humans [45-47] (Fig. 2c and d). Internal diameter and EDWT are also in agreement
with those measured in normal humans (Table 2).

Effects of Changes in Geometry, Passive Stiffness, and Preload

Changing the LV geometry and elevation of the preload in cases G and G2 produced

a larger LV wall thickness at ED (~1cm) and normal EF (~65%), which are within the
measured range in HFpEF patients [34, 44] (Table 2, Fig. 3). Peak (absolute) £..was
reduced to 24% in GIand 20% in G2, which are also within the range measured in HFpEF
patients [17]. Peak £y, however, was relatively insensitive to these changes and was only
slightly reduced (18.2% in GZ and 20% in G2), with values well above the measured values
in HFpEF patients (~14.6%) [17]. We note that G2 (larger LV EDV) produced a higher SBP
and DBP that were above the range measured in HFpEF patients. Conversely, SBP and DBP
did not change substantially in GZ (smaller LV EDV). The changes associated with GZ and
GZ2also produced a larger EF compared to normal.

Effects of Afterload

Increasing the afterload led to a decrease in peak £..and £y (Fig. 4). For both HFpEF
geometries, the decrease in peak £, was substantially more. An increase in SBP by 32
mmHg (from 129 in G1to 161 mmHg in GI-A2) in HFpEF | geometry produced a decrease
in peak E..by 4.7% (from 24 to 19.3%). Similarly, an increase in SBP by 47 mmHg (from
155 in G2to 202 mmHg in G2-A2) in HFpEF Il geometry produced a decrease in peak
E;-by 8.1% (from 20 to 11.9%). Corresponding to these increments in SBP, £y was only
reduced by 1.2% (from 18.2 to 17%) in HFpEF I and 2.5% (from 20 to 17.5%) in HFpEF
I1. Ejection fraction was reduced with increasing afterload, but remained above 50% for

all these cases except for G2-AZ2 (with the highest afterload). We note while £, fell within
the clinical measurements of HFpEF patients [17] for these cases associated with increased
afterload, their SBP and/or DBP were all outside the clinical measurements.

Effects of Myocardial Contractility

Reducing myocardial contractility uniformly across the myocardial wall produced a decrease
in SBP, DBP, peak £..and £y in both HFpEF geometries (Fig. 5). Decreasing myocardial
contractility by 60% in HFpEF | and 46% in HFpEF 11 produced a substantial reduction

in peak E,.by 12.7% (from 24 to 11.3%) and 8.9% (from 20 to 11.1%), respectively.
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Similar to afterload, peak £y is less sensitive to myocardial contractility than peak £.. The
same decrement in myocardial contractility produced only a 2.2% decrease in £y (from
18.2 to 16.0%) in HFpEF | geometry and 2.1% decrease in £y (from 20 to 17.9%) in
HFpEF 11 geometry. These reductions were accompanied by a substantial reduction in SBP
from 129 to 94 mmHg in HFpEF | and 155 to 121 mmHg in HFpEF I1. Ejection fraction
was decreased with myocardial contractility, and was below 50% in GI-C2and G2-C2
associated with the largest reduction in myocardial contractility.

Effects of Simultaneous Changes of Both Afterload and Myocardial Contractility

As described thus far, none of the simulation cases associated with isolated changes in
geometry, preload and passive stiffness, or these in combination with either an increase

in afterload or a decrease in myocardial contractility, simultaneously reproduced the blood
pressure, LV EF and strain measurements reported in HFpEF patients [17]. Accordingly,
based on the results of these simulations, we varied the parameters to simultaneously
reproduce the clinical measurements of HFpEF patients. For HFpEF | geometry, peak £y
was just within the range of measurements in G1-A1, but its DBP was above the measured
values (Fig. 6a). Further increases or decreases in afterload would therefore cause DBP

and £y,to be out of range, respectively. The same argument also applies for myocardial
contractility, where further increases or decreases in GI-CI will cause £y and SBP/DBP

to be out of range (Fig. 5a). As such, only a combination of increased afterload and

reduced myocardial contractility can reproduce all the HFpEF measurements (GI-C-A).
This combination, however, just replicates all the measurements. Inclusion of a small change
of myofiber angle by 5° (i.e., linear variation from 55° at endocardium to —55° at the
epicardium) (G1- C-A-55) provided a significantly better fit to peak £, and £, in addition to
all the other measurements (Fig. 6a).

For HFpEF Il geometry, we note that changing the LV geometry to G2already produces
SBP and DBP that are higher than the clinical measurements with £y still above the
measured range. Thus, it is impossible to concurrently fit the clinical measurements of SBP,
DBP, and £y by purely adjusting the afterload. Similarly, we note that G2-CI’s EF, SBP,
and DBP are all within the clinical range but £..and £y are below and above the range of
measured values, respectively (Fig. 5b). While further decrease in myocardial contractility
or increase in afterload reduced £jto within the clinical range, it caused £,.to be much
lower than the clinical range. Given this constraint, we find that the only alternative to
simultaneously fit £,.and £y (as well as other conditions) is to slightly reduce the myofiber
angle (by 5° and 10°) and make the muscle fiber more circumferential (Fig. 6b).

Discussion

We used a computational modeling framework to determine if reduced longitudinal strain
observed in HFpEF patients was due to reduced myocardial contractility, an increase in
afterload resistance and/or the accompanying altered geometry. Starting from a rnormal case
that was validated against measurements of LV geometry (EDV, EDWT, mass), function (EF,
E.. Ey ) and hemodynamics (DBP, SBP, EDP) in healthy humans (including the controls
of several HFpEF studies [17, 32, 34]), we first show that a change in LV geometry, passive

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 December 01.
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stiffness and preload to those found in HFpEF patients, without any other changes, decreases
peak E;-and £y (Fig. 4). While the decrease in £, is within the clinical measurements,

the decrease in £y is, however, moderate (~2 to 3%, absolute) and is less than half of that
measured in HFpEF patients [17]. This result is irrespective of the 2 HFpEF geometries
(both with thicker LV wall and increased mass) that we considered here (i.e., HFpEF | with
smaller LV cavity and HFpEF Il with a slightly larger LV cavity compared to normal). Based
on this, we conclude that the decrease in Ey (along with other changes) found in HFpEF
patients cannot be explained solely by a mere change in LV geometry, pre-load, and passive
Stiffness.

Next, we tested the hypothesis that the reduction in £y associated with HFpEF can be
explained by either an increase in afterload (given that hypertension is present in 60%

of HFpEF patients in the clinical study [17] and has a prevalence of 55-86% in HFpEF
patients [43]) or a decrease in myocardial contractility. By superimposing these changes
with a change in LV geometry, preload and/or passive stiffness in the simulations, we

found that these changes, when imposed in isolation, could not simultaneously reproduce
reported values of SBP, DBP, EF, £, and £ in HFpEF patients. In both HFpEF
geometries considered here, increasing afterload reduced £..and £y to the level found

in HFpEF patients but produce SBPs and DBPs that are well above the measurements,

and unphysiologically high (> 180 mmHg) for a slightly dilated HFpEF geometry (Fig. 4).
Similarly, reducing myocardial contractility in the LV produced £..and £y that agreed with
the measurements, but caused SBPs and DBPs below the measured values (Fig. 5). As such,
we conclude that the reduction in Ey in HFpEF cannot be produced by isolated changes in
afterload or myocardial contractility.

Finally, we investigated the combined changes of myocardial contractility, afterload and
myofiber angle changes that can simultaneously produce the conditions in SBP, DBP,

EF, £y, and £, all with magnitudes similar to those found in HFpEF patients [17]. As
explained in the “Effects of Simultaneous Changes of Both Afterload and Myocardial
Contractility” section, we found that a combination of reduced myocardial contractility
(16%) and increase in afterload (20%) marginally reproduced all the above changes for
HFpEF | geometry (smaller LV). A slight reduction in myofiber angle of 5° (i.e., more
circumferential myofibers across the ventricular wall) provided a better fit to all target
parameters. For HFpEF Il geometry (dilated LV), a combination of reduced myocardial
contractility (30%) and slight reduction in myofiber angle (5 to 10°) can reproduce all the
conditions in HFpEF patients. We therefore conclude that the reduction in Ey in HFpEF
can only be explained by a reduction in myocardial contractility and may be accompanied a
small degree of myofiber reorientation.

Due in part to the heterogeneity of clinical characteristics encountered in HFpEF patients,
the pathophysiology of HFpEF is likely to be multifactorial [11, 48]. It is essentially
impossible to unravel the relative contributions of these multiple factors to changes

in longitudinal strain purely from clinical observations or experiments. Computational
modeling, on the other hand, is an important tool that can serve this purpose. While there
are some computational modeling studies of HFpEF [23, 24, 49], the existing studies, to the
best of our knowledge, have not comprehensively assessed the contributions of changes in

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 December 01.
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afterload, tissue active tension and geometry to abnormalities in both hemodynamics (SBP
and DBP) and functional indices (£ and £, found in HFpEF patients.

The key model prediction that the decrease in £y in HFpEF patients must be accompanied
by a reduction in myocardial contractility compares favorably with measurements of
myocyte active tension from biopsy samples of hypertensive patients exhibiting diastolic
dysfunction and concentric LV remodeling [50, 51]. Specifically in patients undergoing
coronary bypass grafting, maximum developed isometric tension of isolated myocytes was
found to be about 50% lower in those with hypertension, concentric remodeling but with
normal EF compared to those without hypertension (10.67 + 1.38 vs. 20.64 + 3.29 mN/
mm?) [50]; this is regardless of whether the patients had heart failure or not. Similarly,
myocyte isometric tension was also found to be lower (though not statistically significant) in
patients who had hypertension and diastolic heart failure compared to the recipients of heart
transplants (20.3 + 7.5 vs. 24.2 + 12.4 kN/m?) [51]. This key model prediction is also largely
consistent with previous modeling studies, with one suggesting that the active tension of
myocytes is reduced at the subendocardial region but is increased at the subepicardial region
in the LV of HFpEF patients [23], and the other suggesting the systolic contractile force is
reduced in HFpEF due to abnormal calcium homeostasis [25]. We note that some clinical
measurements, however, showed that epicardial (as well as endocardial) £y is significantly
reduced in HFpEF patients (cf. normal) by about 4% [52], 2.4% [53] and 5% (mid LV) [54].
These results suggest that contractility is likely to be reduced also in the epicardial region
because an increase in contractility in that region would have locally produced an increase in
peak myofiber strain [23].

Our simulations also suggest that the reduction in £;in HFpEF patients may also be driven
by a slight reorientation of the myofiber circumferentially. This result is consistent with

a recent study that uses diffusion tensor magnetic resonance imaging to characterize the
myocardial microstructure in patients with cardiac amyloidosis and exhibiting concentric
hypertrophy with preserved EF [55]. The study found that these patients had reduced
longitudinal orientation of the myofiber in the epicardial and endocardial layer, and these
microstructural changes are strongly correlated with a reduction in global longitudinal strain.
We also note that while a few histological studies have reported no change in the myofiber
orientation [56] associated with concentric LV remodeling, the small change of 5 to 10°
predicted by the model may not be detectable given that the standard deviation of typical
histological studies is ~10° [57].

Our findings support the previously proposed interpretation that a reduction in £5in

HFpEF patients relates, in large part, to a reduction in myocardial contractility. While

this conclusion does not a priori imply that inotropes are a potential treatment for

HFpEF, it does contribute to the growing body of evidence documenting similarities of
myocardial pathologies across the range of EFs [58]. Indeed, many of the abnormalities
leading to systolic dysfunction also contribute to impaired diastolic function. For example,
abnormalities of calcium metabolism by the sarcoplasmic reticulum contribute to both
decreased contractility and decreased rate of relaxation [59]. Accordingly, based on such
suppositions and detailed analyses, it has been suggested that despite failed studies,
neurohormonal blockers may provide benefit at least in some segment of the chronic HFpEF
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population [58]. Furthermore, the prior clinical studies on which our analysis is based
only examined LV function at rest; whether or not impaired resting systolic function at
rest is also associated with impaired contractile reserve has not been assessed. Such an
abnormality could contribute to exercise intolerance that is characteristic of HFpEF. The
current findings highlight the need to determine whether and the degree to which reduced
myocardial contractility contributes to symptoms or prognosis in HFpEF.

Model Limitations

The current findings need to be interpreted within the context of potential limitations.

First, we have assumed the LV geometry to be an idealized truncated ellipsoid (for
simplicity), and consequently, did not consider any asymmetrical geometrical differences
(e.g., focal hypertrophy of the interventricular septum [60]), patient-specific variability
(due to multifactorial nature of the disease) or possible effects of the right ventricle. Patient-
specific geometrical (as well as hemodynamics and functional) variability can be considered
in future studies by repeating the analysis on a sample of patient-specific data (with
sufficient statistical power), which is substantially more involved and complex. Second, we
do not consider regional or transmural changes in myocardial contractility in this study. Due
to the transmural differences in metabolism [61] and perfusion [62], changes in myocardial
contractility may be different across the LV wall as suggested in one study [23]. Future
study will investigate the effects of any transmural changes in myocardial contractility

in HFpEF. Third, we have confined our study to longitudinal and circumferential strains,
and did not investigate ventricular torsion that has been found to be reduced in HFpEF

[63]. Fourth, we have only considered ventricular properties under resting conditions as

the clinical measurements were performed under those conditions. However, symptoms and
hemodynamic abnormalities of many HFpEF patients are manifested and exaggerated even
during mild exertion. Whether this reflects an alteration of intrinsic ventricular properties
or a more complex interplay between peripheral and ventricular properties is currently
unknown and not addressed in the present analysis. Fifth, we did not consider the effects

of left atrial (LA) dysfunction, which may be present (e.g., lower LA peak strain) given
that the LA is exposed to an elevated LV filling pressure in HFpEF [64]. Finally, we

have focused largely on modeling features from the data acquired in a number of clinical
studies [17, 19, 32] that do not distinguish between the time course over which HFpEF

has developed. As such, the findings here reproduce the observations in a cross-section of
HFpEF patients, and do not correspond to any specific etiology and/or time point during
disease progression. Given that the clinical data that this study was based on show a
reduction in both circumferential and longitudinal strains, the findings here may correspond
to a more advanced phenotype of HFpEF as suggested in a study [65]. Future studies

with longitudinal data will be able to help characterize the time course of the alteration of
ventricular properties in HFpEF patients.

Summary and Conclusion

Based on a validated FE computational model, we replicated key aspects of ventricular
geometry, chamber size, blood pressure, LV EF, and circumferential and longitudinal strain
reported in HFpEF patients. Optimal matching of model prediction to all these features was

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 December 01.
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achieved only through simultaneous reduction of myocardial contractility with a moderate
reduction in the myofiber helix angle and an increase in afterload. Thus, we conclude that
the reduction of longitudinal strain reflects a reduction of myocardial contractility in HFpEF
and is not simply a reflection of increased afterload or altered geometry. In view of the fact
that reduced longitudinal strain has been associated with worse survival in HFpEF patients
[66], the current results provide an important clarification of the mechanisms by which strain

is reduced.

Funding
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Appendix

Closed Loop Systemic Circulatory Model

The LV FE model was coupled to a closed loop lumped-parameter circulatory model that
describes the systemic circulation (Fig. 1), which is similar to our previous work [27]. The
modeling framework consists of five compartments of the systemic circulation namely, LV,
LA, proximal artery, distal artery, and vein. The total mass of blood needs to be conserved
in the circulatory model, which requires that the rate of volume change in each storage
compartment of the circulatory system to the inflow and outflow rates by the following

relations,
dV 4@
% = Guen(t) = qmu(D), (1a)
dVyiy(t)
% = va(t) - an(t)s (1b)
AV, (1)
—a = dao) = da, (1) (tc)
av, 4()
5 = a0 — da a0, (19
AV yon(®)
% =dq, d(®) = Quen(®), (1e)

where Vy 4, Viy Vi, o0 Vi g and Ve, are volumes of LV, LA, proximal artery, distal artery,
and vein, respectively, and Gyen Gmu Gao Ga, p aNd G5 gare flow rates at different segments.
Flowrate at different segments of the circulatory model depends on their resistance to flow
(Rao Ra, pr Ra, on Rven and Rpy,) and the pressure difference between the connecting storage
compartments (i.e., pressure gradient). The flow rates are given by
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Pry(t) = Pyt
Pry(® = Pa, ,() when, Pry(t) 2 Pq, p(1)

Gaot) = Rao , (2a)
0 when, Pry(t) < P, p(1)
P, (1) — Py ()
Ga, 1) =~ @)

a, p

Py 4(t) — Ppey(t
Qa,d(t)=—a’d()R d”e”(), (20)
a,

Ppon(t) — PrA(®)
enlt) = — ", 24)
en

Pra®) = Pry(®) when, Py A(t) = Py (1)

Gmi(1) = R (e)
0 when, Py 4(t) < Pry(t)
Pressure in each storage compartment is a function of its volume. A simplified pressure—
volume relationship
Va,p() =Vap.o
Pa, p(t) = L C 2P ’ (33)
a,p
Va,d®) —Vado0
P, 4(t) = 2 —25= C = (3b)
a,d
Vien®) =V,
Pven(’) = M (30)

>
Cuen

was prescribed for the proximal artery, distal artery, and veins, where Vz, o, Vg 0, and
Ven, o are constant resting volumes of the proximal artery, distal artery, and veins. C; p,

Cs, o and Cep are the total compliance of the proximal artery, distal artery, and venous
system. On the other hand, pressure in the left atrium £, 4(§ was prescribed to be a function
of its volume V} 4(9 by the following equations that describe its contraction using a time-
varying elastance function [67]

Prs(t) = e()Pes, 1 oAV LAW) + (1 — e()) Pog, 1 a(VLAD), )
where

Pos 1AV LAW) = Eos 1 A(V LA = Vo, L4)- (5a)
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Peg 1AV AM) = ALA(eBLA(VLA(t) ~Vo.L4) _ 1), (5b)
and,
l(sin ( T )t— f] + 1); 0<1t<3/2 0
2 tmax 2
e(t) = | . (5¢)
o T EmaIITLA 300

In Egs. (5a-h), Egs, 1 4 is the end-systolic elastance of the left atrium, V4 ;4 is the volume
axis intercept of the end-systolic pressure—volume relationship (ESPVR), and both A, 4 and
B, 4 are parameters of the end-diastolic pressure—volume relationship (EDPVR) of the left
atrium. The driving function &(J) is given in Eq. (5c¢) in which Z;,, is the point of maximal
chamber elastance and zis the time constant of relaxation. The values of £y 4, Vo 14,
Al a Bra tnax, and t; 4 are listed in Table 3.

Finally, pressure in the LV depends on its corresponding volume through nonclosed form
function

Pry() = XV ym), ®)

The functional relationship between pressure and volume in the LV was obtained using the
FE method as described in the next section. Parameter values associated with the closed loop
circulatory model are tabulated in Table 4.

Table 3

Fixed parameters of LA time varying elastance model for all cases

Parameter Unit  Values
End-systolic elastance, £, 14 Pa/ml 60
Volume axis intercept, Vg ;4 ml 10

Scaling factor for EDPVR, A, 4 Pa 2.67

Exponent for EDPVR, B; 4 mli~t  0.019
Time to end-systole, 7, msec 120
Time constant of relaxation, msec 25

Table 4

Fixed parameter values of the circulatory model for all simulation cases

Parameter Unit Values
Aortic valve resistance, R,, Pamsml~t 500
Proximal aorta resistance, Rap Pamsml~l 18,000
\Venous resistance, Ry, Pamsml~l 100
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Parameter Unit Values
Mitral valve resistance, R, Pamsml™l 200
Proximal aorta compliance, C; , ml Pa 0.0032
Distal aorta compliance, C, 4 ml Pa 0.033
Venous compliance, Cyep, ml Pa 0.28
Resting volume for proximal aorta, Vy, o  ml 360
Resting volume for distal aorta, Vo mi 40

Finite Element Formulation of the LV

The weak form associated with finite element formulation of the LV was derived based on
the minimization of the following Lagrangian functional [28, 37],

Z(u, p, Peay, €1, 02) = ‘/(;OW(")dV - LOP(J = DAV = Py (Veay) = V) — ¢;

(7
/ udV—cz-/ XXudV,
Q0 2

where, u is the displacement field, P,y is the Lagrange multiplier to constrain the LV
cavity volume V¢, (u) to a prescribed value V[68], pis a Lagrange multiplier to enforce
incompressibility of the tissue (i.e., Jacobian of the deformation gradient tensor J= 1), and
both ¢; and ¢, are Lagrange multipliers to constrain rigid body translation (i.e., zero mean
translation) and rotation (i.e., zero mean rotation) [[69]]. The LV cavity volume V¢, isa
function of the displacement u and is defined by

1
Vcav(u) = / dv= — § / Xx.nda, ®
Qinner Linner

where Q1S the volume enclosed by the inner surface T j;,0-and the basal surface at z=0,
and n is the outward unit normal vector.

Pressure—volume relationship of the LV required in the lumped parameter circulatory model
(i.e., Egs. (6)) was defined by the solution obtained from minimizing the functional [27].
Taking the first variation of the functional in Eq. (7) leads to the following expression:

53(1‘!’ D, Pcav’ Cl, CZ) = LO(P - pF_T)
: - -1 - P, F
Vou dv [20 5p(J — 1)dV — Py L <o/ (F)

(©)
2VéudV — 5Pepy(Veay(w) — V) — 8¢y - L udV —écp - /(; X
0

0
xudV—cl-/ 5udV—c2~/ XXxéudV.
2 2
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In Eq. (9), P is the first Piola Kirchhoff stress tensor, F is the deformation gradient tensor,
8u, 8p, SP.ay, 6C1, 6Cy are the variation of the displacement field, Lagrange multipliers

for enforcing incompressibility and volume constraint, zero mean translation and rotation,
respectively. The Euler-Lagrange problem then becomes finding u € H(Qg), p € L2(Qyp),

Peav €R, ¢ € R3, ¢; € R3 that satisfies
6Z(u, p, Peyy, c1,¢0) =0 (10)

and u(x, ¥, 0).n|pase = 0 (for constraining the basal deformation to be in-plane) V 8u(Qg), &p
€ L2(Qq), 6Peyy € R, S¢; € R3, 0y € R3.

Constitutive Law of the LV

An active stress formulation was used to describe the LV’s mechanical behavior in the
cardiac cycle. In this formulation, the stress tensor P can be decomposed additively into a
passive component P, and an active component Py (i.e., P = P, + Pp). The passive stress
tensor was defined by Pp = dWaF, where Wis a strain energy function of a Fung-type
transversely isotropic hyperelastic material [30] given by

W = %C(eQ‘l), (11a)

where,

2 2 2 2 2 2 2 2 2
Q = byrE}f + by Egy + Enn + Egy+ Egg) + bpx(Efu + Enp+ Ejo + Egy). (1)

In Eq. (11), Ejywith (4 j) € (£ s, 1) are components of the Green—Lagrange strain tensor E
with £ s, ndenoting the myocardial fiber, sheet, and sheet normal directions, respectively.
Material parameters of the passive constitutive model are denoted by C, bg by, and by

The active stress P, was calculated along the local fiber direction using a modified time
varying elastance model,

2

Pryva=Trey Cer® €10 (12)

Ca} + ECa?,

In the above equation, efand ey, are, respectively, the local vectors defining the muscle

fiber direction in the current and reference configuration, 7,.¢is the reference tension and
Cay denotes the peak intracellular calcium concentration. The length dependent calcium
sensitivity £Casg and the variable Cyare given by [29]

(CQO)max

HO0 = Texp(BU o)~ T

(13)
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In Eqg. (13), Bis a constant, (Cag),,. i the maximum peak intracellular calcium

(14)

concentration and / is the sarcomere length at which no active tension develops. In Eg. (14),
Iy is the time taken to reach the peak tension, #is the time at which isovolumic relaxation of
LV starts and s the time constant of the isovolumic relaxation. Parameter values associated

with the LV model are tabulated in Table 5.

Table 5

Fixed parameter values of the LV FE model

Parameter Unit Values
Exponent of strain energy function, by Unitless 29
Exponent of strain energy function, b, Unitless 26.6
Exponent of strain energy function, b5 Unitless 13.3
Maximum peak intracellular Ca concentration, (Cép) max UM 4.35
Peak intracellular Ca concentration, Cay UM 4.35
Parameter for isometric tension-sarcomere relationship, 8~ pm~! 4.75
Sarcomere length at zero-active tension, / um 1.58
Time to peak tension, & msec 275
Time to beginning of relaxation, & msec 300

Parameters for each simulation cases are tabulated in Table 6.

Table 6

Parameters for simulation cases

Distal arterial

Passive Active tension .
resistance, R, ¢

stiffness C (Pa) Ty (kKPa)

Resting venous
volumeV gng (Ml)

Relaxation time

constant z(ms)

(kPa ms mI~1)
Normal 130 130 106 3370 25
G1 145 130 106 3100 50
G1-C1 145 91 106 3100 50
G1-c2 145 52 106 3100 50
GI-Al 145 130 212 3100 50
GI1-A2 145 130 318 3100 50
GI-C-A 145 100 139.2 3100 50
GI1-C-A-55 145 109 128 3100 50
G2 130 130 106 2950 50
G2-C1 130 100 106 2950 50
G2-C2 130 70 106 2950 50
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Distal arterial

R L s R Vil s
G2-Al 130 130 212 2950 50
G2-A2 130 130 318 2950 50
G2-C-55 130 91 106 2950 50
G2-C-50 130 91 106 2950 50
Abbreviations

DBP Diastolic blood pressure

EF Ejection fraction

EDV End-diastolic volume

= Global longitudinal strain

Ecc Global circumferential strain

HFpEF Heart failure with preserved ejection fraction

HFrEF Heart failure with reduced ejection fraction

HF Heart failure

FE Finite element

LV Left ventricle

Ra d Peripheral resistance parameter

SBP Systolic blood pressure

T ref Active tension parameter
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(a)

C.,p

HFpEF |

Geometrical dimensions and mass

Pap

Normal HFpEF | HFpEF Il
WT (cm) 113 138 1.45
R (cm) 2.00 1.82 2.00
L (cm) 8.30 8.10 8.85
Mass (g) 108.9 127.5 160.2
Fig. 1.
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HFpEF Il

a Schematic of the computational framework showing the LV FE model coupled to a closed
loop lumped parameter circulatory model. b LV geometries of normal, HFpEF I, and HFpEF
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Normal case a Pressure waveforms of the LV (LVP) and proximal artery (AOP); b pressure—
volume loop; ¢ £ waveform compared with echo measurements (dotted [47] and dashed
[45] lines); d & waveform compared with echo measurements (dotted [46] and dashed [45]

lines)
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Effects of geometry, passive stiffness, and preload (case GIand G2) on a E,.waveform; b
Ey waveform; c peak £, £, SBP, DBP, and EF with respect to values measured in HFpEF
patients (black bars). Dashed lines show the range of the measured values in HFpEF patients
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Fig. 4.
Effects of afterload on a HFpEF | geometry with a smaller LV cavity; b HFpEF Il geometry

with a dilated LV cavity. Dashed lines show the range of the measured values
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Fig. 5.

Effects of myocardial contractility on a HFpEF | geometry with a smaller LV cavity;
b HFpEF 11 geometry with a dilated LV cavity. Dashed lines show the range of values
measured in HFpEF patients
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Fig. 6.
Combination of factors to reproduce clinical measurements. a HFpEF | geometry with a

smaller LV cavity (GI-A1 as starting reference); b HFpEF 11 geometry with a dilated LV
cavity (G2-C1 as starting reference). Dashed lines show the range of the measured values
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Simulation cases

in this study

Table 1

Page 27

Geometry  Myocardial contractility ~ Vascular resistance  Passive myocardial stiffness  Case Fiber angles (endo/epi)
Normal Normal Normal Normal Normal 60/-60°
HFpEF | NC NC 1 10% G1 60/-60°
1 30% NC 1 10% GI1-C1 60/-60°
1 60% NC 1 10% G1-c2 60/-60°
NC 1 50% 1 10% GI1-Al 60/-60°
NC 1 200% 1 10% G1-A2 60/-60°
1 23% 1 30% 1 10% GI-C-A 60/-60°
1 16% 1 20% 1 10% GI1-C-A-55 55/-55°
HFpEF - 11 NC NC NC G2 60/-60°
1 23% NC NC G2-C1 60/-60°
1 46% NC NC G2-C2 60/-60°
NC 1 100% NC G2-Al 60/-60°
NC 1 200% NC G2-A2 60/-60°
1 30% NC NC G2-C-55 55/-55°
1 30% NC NC G2-C-50 50/-50°

NC, no change with respect to normal
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Table 2

Left ventricular geometry at end-diastole

Parameter Normal Case G1

Case G2

Model Clinical [34] Model Clinical [44]

Model Clinical [34]

Internal diameter (cm) 5.0 4.8+0.6 4.7 4.6 (4-5)

Wall thickness (cm) 0.8 08+01 102 1.12(1.02-1.29)*

5.2 5.1+0.8

1.05 0.9+0.2%

*
Posterior wall thickness
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