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Abstract: We hypothesized that minimally invasive injections of a softening
agent at strategic locations in stiff myocardium could de-stiffen the left ventricle
(LV) globally. Physics-based finite element models of the LV were created from
LV echocardiography images and pressures recorded during experiments in four
swine. Results confirmed animal models of LV softening by systemic agents.
Regional de-stiffening of myocardium led to global de-stiffening of LV. The
mathematical set up was used to design LV global de-stiffening by regional
softening of myocardium. At an end diastolic pressure of 23 mmHg, when 8 ml of
the free wall was covered by intramyocardial injections, end diastolic volume
(EDV) increased by 15.0%, whereas an increase up to 11 ml due to
intramyocardial injections in the septum and free wall led to a 26.0% increase in
EDV. Although the endocardial intramyocardial injections occupied a lower LV
wall volume, they led to an EDV (44 ml) that was equal compared to
intramyocardial injections in the mid-wall (44 ml) and larger compared to
intramyocardial injections in the epicardium (41 ml). Using an in silico set up,
sites of regional myocardium de-stiffening could be planned in order to globally
soften overly stiff LV in heart failure with preserved ejection fraction. This novel
treatment is built on subject-specific data. Hypothesis-testing of these simulation
findings in animal models is warranted.
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1 Introduction

Approximately 50% of patients with heart failure (HF) have preserved ejection fraction [7,24], a life-
threatening disease for which optimal treatments remain controversial [5,31]. Moreover, the population of
patients with HF with preserved ejection fraction (HFpEF) has increased in the past, and will continue to
increase [4,14,22]. HFpEF can cause end-stage HF, for which the extremely limited treatment options are
mechanical circulatory support devices or heart transplantation. These treatment options, if available, are
risky and expensive.

Experimental and computational studies have shown that intramyocardial injection treatment can be
beneficial for patients with HF [18,19,23,32,33]. We hypothesized that minimally invasive intramyocardial
injections of ALT-711 (phenyl-4,5-dimethylthazolium chloride) at strategic locations in the stiff myocardium
(that has an abnormally stiff extracellular matrix (ECM)) could be used to soften LV globally. The efficacy
and safety of this agent in de-stiffening overly stiff LV has been reported in the literature 1,20,21]. Minimally
invasive intramyocardial injection of ALT-711 may be an effective treatment for HFpEF, which is linked to
overly stiff myocardium. We have known since 1991 [13] that the mechanical properties of the ECM in the
normal LV are non-linear and anisotropic (i.e., transversely isotropic with respect to the local muscle fiber or
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myofiber direction). In other words, the stiffness of the ECM increases as it is stretched, and the ECM is
approximately three times stiffer in the myofiber direction than in a plane perpendicular or transverse to the
myofiber direction [13], even when the heart muscle or myocardium is not contracting. Here, we used cardiac
catheterization Real-time 3D transesophageal echocardiography (RT3D-TEE) and finite element (FE)
modeling to quantify the mechanical properties of myocardium before and after aortic banding. We then used
physics-based left ventricle (LV) FE models to simulate regional myocardium “de-stiffening” to increase LV
end diastolic volume (EDV). The primary reason for using intramyocardial injections for HFpEF is to halt
decreased EDV caused by extracellular pathways in HFpEF [6,27].

2 Methods
2.1 Animal Experiments

All animal experiments were performed in accordance with national and local ethical guidelines,
including the Guide for the Care and Use of Laboratory Animals, the Public Health Service Policy on
Humane Care and Use of Laboratory Animals, and the Animal Welfare Act, and an approved California
Medical Innovations Institute IACUC protocol regarding the use of animals in research.

In vivo data were obtained from swine studies in which the geometry and pressure data were obtained
(Tab. 1). For each animal (n = 4), end diastolic pressure volume relationship (EDPVR) was measured at
multiple time points after aortic banding. For this study, data points with high LV stiftness were used. A
hockey-stick guiding catheter was advanced over a wire through the introducer sheath towards the LV to
measure pressure, and the EDV was obtained from RT3D-TEE images. Then these two findings were used
to approximate EDPVR as described by Klotz and colleagues [17]. The echocardiography images and LV
pressure at the base-line state, and several weeks after aortic banding were used for computational modeling
as described in Section 2.2.

Table 1: EDV and EDP for four pigs used in the study
Baseline Overly stiff LV
EDV EDP EDV EDP

Pig ID
1 49.3 11.4 509 183
2 68.3 4.4 86.1  19.6
3 69.5 16.0 547 242
4 41.9 13.5 400 232

2.2 Computational Modeling

The computational modeling was performed using the data for all animals (Tab. 1). Remodeling of
LV due to supra-valvular aortic banding was quantified using RT3D-TEE. The LV geometry during early
diastolic filling was reconstructed from the RT3D-TEE images [8], and then the geometry was meshed
using TrueGrid (XYZ Scientific Applications Inc, Pleasant Hill, California, USA). To further illustrate, a
sample echo image, reconstructed geometries and a sample mesh are shown in Figs. 1(a)-1(d).
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Figure 1: Geometry reconstruction and material calibration. (a) The echocardiography images were
obtained from swine. Philips Dicom Viewer software (Philips Medical Systems, Best, Netherlands) was
used to show the example end systolic echo images. (b) TrueGrid was used to mesh the reconstructed
geometry. The short-axis views of the LV at (c) baseline and (d) 6 weeks after aortic banding. (e) The
material parameters were determined using the analytical curve suggested by Klotz and colleagues [17]

ABAQUS software was used for FE computations (Simulia, Providence, RI, USA). The main structure
of the model follows the one described in the Living Heart Project literature [3].

The constitutive equations for the material behavior are based on the fiber-reinforced model described
in the literature [11,16]. The following strain energy function is used to calculate passive tissue stress:
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Here, a and b are isotropic stiffness material parameters of the tissue. The parameters with subscripts f, s,
and f's refer to material parameters associated with additional stiffness in the myofiber direction, sheet
direction, and the connection between myofiber and sheet directions. The invariants, 1; , 1,; and lg¢ are:
[;:=tr(C)

Lii:= C: (ip ® ip)

lges: = C:sym(fy & sg) 3)
Here, C, f, and s, are the right Cauchy-Green tensor, and vectors for the local myofiber and sheet
directions, respectively. ] is the determinant of the deformation gradient, and D = 2 /K with K being the
Bulk modulus. The myofiber angles were assumed to change from -60° in the epicardium to 60° in the
endocardium [10,29]. The total stress in the LV tissue was the sum of passive and active stress. The active
stress was computed using the formula reported by Guccione and colleagues [12]. The relevant mechanical
properties are summarized in Tab. 3.

To account for the effects of intramyocardial injections on the passive material properties, the material
definition was adjusted as follows [26]:

g, = b3 4 Z i bi(Li-1? _ 1) 4 265 (obrs(lere)? _ 1 @
dev = 51 © 2. 2b, te J 2bg, te J
i=fs
with
a= a[Pscalingcindex + (1 - Cindex)] (5)

where, Cingex 18 a regionally varying description of ALT-711 injection concentration, and Pgcajing is @
constant that scales the passive response linearly with respect to Ciy,qe,. The regional influence of the ALT-
711 injection is at a maximum with C;,gqex = 1 and has no effect with Cj,gex = 0. For regions within 5 mm
from injection center Cindex=1 and for regions within 5 to 10 mm from injection regions, Cindex changed
linearly with distance from injection center. To model the intramyocardial injections, we did not alter the
geometry of the myocardium but only changed the material properties. The alterations caused by injections
represent effective properties of myocardium and injections together. We assumed injections do not add
volume to LV wall volume, and only affect the tissue behavior (temporary injection volumes were not
considered). The injection is a substance that will change the passive or diastolic mechanical properties of
the myocardium in the vicinity of the injection site. Unlike our previous studies where a non-contractile
material was used for treatment of heart failure with reduced ejection fraction, the injectate in this study is
not intended to support any load [8,19,33].

To determine subject-specific material constants we uniformly scaled the constants in Eq. (1) by two
parameters A (for a, ay, ag, ars) and B (for b, by, by, br), which were determined according to the
analytical volume-pressure curves reported by Klotz and colleagues [9,17,26] (Fig. 1(e)).

One of the models with high LV stiffness was used to assess the effects of injection properties (pig #4,
6 weeks after aortic banding, Tab. 1). A range of 1-16 intramyocardial injections was made in the LV free
wall (Fig. 2). To examine the effects of intramyocardial injections in the septum, an additional 12
intramyocardial injections were made in the septum. Two shapes of intramyocardial injections, cylindrical
and spherical, were simulated. Cylindrical intramyocardial injections extended from the endocardium to
the epicardium regions, whereas spherical intramyocardial injections were centered at each injection site.
To examine the effects of injection stiffness, EDV was calculated for the 1-16 spherical intramyocardial
injections with Pgc,jing altered at 0.01, 0.3, 0.5, 0.7, and 0.9.
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Figure 2: Site and shape of intramyocardial injections made in the LV free wall. The free wall injections
were made in a 4 x 4 pattern. A set of 12 injections was also made in the septum. Two shapes of injections
were used: spherical (left) and cylindrical (right). Three transmural locations for injections were used:
epicardium, mid-wall and endocardium. This is a three dimensional view with the free wall on the left side

3 Results

The EDV increased as the volume of intramyocardial injections increased. Moreover, the stiffness of
the injected region influenced EDV. When the stiffness decreased, the EDV increased (Fig. 3). The highest
EDV (44 ml) was obtained with 16 intramyocardial injections (volume = 8 ml) and lowest stiffness scale

(Pscaling =0.01).

EDV (ml)

Injection Volume (ml) Stiffness Scale (Pscaling)

Figure 3: EDV vs. injection volume and stiffness. The EDV increased with the volume of intramyocardial
injections. Mid-wall spherical intramyocardial injections were used for this surface

Intramyocardial injections perturbed end systolic strain. In the untreated case, the LV mainly
experienced compressive strain in the myofiber direction. Unlike in the untreated case, tensile strains in the
myofiber direction were seen at the sites of intramyocardial injections located proximal to the base and/or
epicardium. Compared to the untreated case, compressive strains in the myofiber direction increased at the
injection sites within the endocardium and close to the apex (Fig. 4).
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Figure 4: End-systolic logarithmic strain distribution in the myofiber direction. The end-systolic strains in
the myofiber direction were altered by intramyocardial injections. The results pertain to 16 cylindrical and
16 mid-wall spherical intramyocardial injections (Pgcajing = 0.01). Injection volumes are summarized in

Tab. 2. This is a long-axis view with the cut plane as shown

The EDPVR shifted toward higher EDVs when the intramyocardial injections were made in both
septum and free wall, than when they were only within the free wall (Fig. 5). Both spherical and cylindrical
intramyocardial injections led to higher EDV when made in the free wall and the septum, whereas
cylindrical intramyocardial injections led to higher EDVs. At EDP = 23 mmHg, the cylindrical
intramyocardial injections and spherical intramyocardial injections in the free wall and septum led to EDV
= 50 and 47 ml, respectively (Tab. 2).

Table 2: The EDV for normal base-line, untreated pressure overload, and intramyocardial injection
treated states for the pig #4. The injection volume represents the region where Cingex = 1.0 (The dark blue
region in Fig. 2)

Intramyocardial injection shape Intramyocardial injection Volume (ml) EDV (ml)
Healthy Base-line NA 42
Untreated Pressure Overload” NA 40
Spherical Intramyocardial injections

Free wall
Mid-wall 7 44
Endocardium 4 44
Epicardium 4 41
Free wall and septum 12 47

Cylindrical Intramyocardial injections
Free wall 8 46
Free wall and septum 11 50
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Table 3: The mechanical properties

191

for four pigs

Properties
Pig ID a b ar bf dg bs dfg bfs
(MPa) (MPa) (MPa) (MPa)
1 5.781e-3 12356 1.906e-2 23.709 2.646e-3 20.558 1.555e-3 5.0595
2 1.338e-3  6.222 4.4080e-3 11.938 6.122e-4 10.351 3.540e-4 2.548
3 8.840e-4 31.303 2.914e-3 60.065 4.047e-4 52.081 2.377e-4 12.818
4 6.834e-3 11917 2.253e-2 22.867 3.128e-3 19.828 1.838e-3 4.880
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Figure 5: ED PVR for intramyocardial injections in the free wall with/without septum. Injections in the
septum and free wall led to higher diastolic LV volumes at all diastolic LV pressures compared to injections
only in the free wall with either mid-wall spherical or cylindrical injections. The triangle shows EDV, EDP

The intramyocardial injections in the free wall shifted the EDPVR toward higher EDVs compared to
the untreated case (Fig. 6). The cylindrical intramyocardial injections had greater effects on increasing EDV
compared to spherical intramyocardial injections. At EDP =23 mmHg, the EDV was 46 ml for cylindrical
intramyocardial injections. At the same EDP, the EDV for spherical intramyocardial injections was 44
(made in mid-wall), 44 (made in endocardium) and 41 ml (made in epicardium) (Tab. 2).
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Figure 6: The intramyocardial injection treatment shifted EDPVR toward higher EDVs. The LV PV curve
altered in the treated case such that it recovered toward the base-line case. The triangle represents EDV and
EDP, and for the healthy condition, the curve has been extrapolated (pig #4)

The injected zones within the endocardial region experienced higher strains than in the untreated case
(Fig. 7). Similarly to end systolic strains, end diastolic strains increased at the injection sites, as compared
to the untreated case.
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Figure 7: End-diastolic logarithmic strain distribution in the myofiber direction. The endocardial surface
experienced high end-diastolic logarithmic myofiber strains at the injection sites. This is a top view, looking
at the LV base

In all 4 subjects, the intramyocardial injection treatment was effective in increasing EDV (Figs. 6 and
8). Softening of LV (as seen in EDPVR) was observed for each subject. By adjusting injections number
and the parameter Pgc,)ing, the EDPVR was de-stiffened in such a way that EDPVR normalized toward
normal EDPVR (Figs. 6 and 8).
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Figure 8: The intramyocardial injection treatment de-stiffened the LV in four pigs (also see Fig. 6). The
curves correspond to: baseline (before overly stiff myocardium), untreated (after overly stiff myocardium
and before injection treatment), and treated (after injection treatment). Subject-specific parameters affected
the LV EDV after intramyocardial injection treatment. Subjects 1, 2 and 3 received 4, 4 and 16 injections,
respectively; and for these subjects, parameter Pscaing was 0.01, 0.3 and 1e-4, respectively

4 Discussion

To best of our knowledge, this is the first FE modeling study of a treatment for HPpEF that reduces
the stiffness of the diastolic myocardium or extracellular matrix at strategic locations. These findings
generate the hypothesis that regional intramyocardial injections of ALT-711 is an effective treatment for
HFpEF. Although some of the findings are rather intuitive, the utility of the mathematical modeling is that
we can assign specific numbers to the expected or predicted effects of this hypothesized novel treatment.
For example, Tab. 2 and Fig. 5 show how EDV changes with different injection specifications. Specifically,
with 8.0 ml of cylindrical intramyocardial injections in only the free wall and with EDP = 23 mmHg, EDV
increased by 15.0% compared to the untreated case, and with 11 ml of cylindrical intramyocardial injections
in both the free wall and the septum, EDV increased by 26.0%. These quantitative data could be used to
identify the optimal parameters for ALT-711 intramyocardial injections.

Cylindrical intramyocardial injections that spread all the way from endocardium to epicardium were
more effective in increasing EDV and improving the LV EDPVR (Tab. 2, Figs. 5 and 6). Moreover, the
endocardium has a key role in intramyocardial injection treatment. Although the injection volume was less
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for intramyocardial injections in the endocardium than in the mid-wall, they led to a higher increase in EDV
(Tab. 2, Fig. 6). These computational results can lead to more directed and efficient animal-model experiments.

Although the free wall is more accessible for intramyocardial injections than the septum, the LV
mechanics would be improved significantly if the intramyocardial injections were made in both the free
wall and the septum (Fig. 5). We found that at EDP = 23 mmHg, with 8 ml intramyocardial injections only
in the free wall, EDV increased by 15%, but that with 11 ml of intramyocardial injections in both the free
wall and the septum, EDV increased by 26%, compared to the untreated case (Tab. 2).

The endocardial surface experienced high compressive strains in the injection regions, but we did not
see noticeable distortions in injected regions, compared to the surrounding area (Figs. 4 and 7). The high
compressive strains and regions with tensile strains may be a result of the alterations in mechanical
properties caused by intramyocardial injections (inhomogeneous mechanical properties caused by
injections). Although the intramyocardial injections did not lead to noticeable distortions in the injected
sites, they noticeably altered the global mechanics of the LV, including EDV and EDPVR.

The injection-induced heterogenous strain distribution reveals an important factor in injection
treatment. Regions with high or low strains may not function efficiently during systole in terms of
contractile force generation. This potential effect of injections could be minimized using our FE models,
and be implemented in experimental studies. This result shows the importance of FE modeling to optimize
experimental studies.

An intrinsic part of the intramyocardial injection treatment presented here is the use of subject-specific
data, an aspect of treatment that could make this solution more effective, given the subject to subject
variability. The overly stiff EDPVR was normalized toward subject-specific healthy EDPVR by patient-
oriented injections number and the parameter Pgca)ing (Fig. 8), a key finding because subject-specificity is
not routinely considered in pharmacological strategies.

This study focused on modeling the effects of LV wall de-stiffening on the mechanics of LV, using
intramyocardial injection treatment that targets abnormally stiff ECM. Although we used ALT-711 as the
intramyocardial injection material because animal and human studies reported its safety and efficacy in de-
stiffening LV when given systemically [1,20,21], percutaneous intramyocardial injections can be used with
other softening agents (Tab. 4).

Table 4: Examples of agents that can be used in intramyocardial injections for de-stiffening

Agent/Publication ~ Species Route of Efficacy Journal
administration
Aminoguanidine dogs oral myocardial stiffness decreased Diabetes
[25]
ALT-711[1,21] dogs oral collagen upregulation reversed PNAS
(proposed in this myocardial stiffness decreased Am. J. Physiol. Heart Circ.
project) Physiol.
LCZ696 2] human oral NT-proBNP reduced Lancet
Anakinra [28] human  subcutaneous systemic inflammatory reduced Am. J. Cardio.
Saxagliptin/Tadalafil ~ swine oral collagen deposition prevented J. Am. Heart Assoc.
[30]

The focus of this study is on the theoretical foundation of the injection treatment prior to testing in
animals and patients. We have used in silico models to understand mechanisms of HFpEF [9]. Therefore,
the in silico model to examine the concept of injection treatment for stiff LV in HFpEF was created from
and is supported by experimental data in the literature and from our lab. As noted above, de-stiffening
therapy has been attempted in animals and patients but not intramyocardially. Given that this is novel, we
believe it is prudent to test this approach in silico prior to in vivo. Along these lines, we have previously
shown the translation of our computational models in a similar study where FE was used to model effects
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of injections of a non-contractile material into myocardium for treatment of heart failure with reduced
ejection fraction (HFrEF) [32]. That theoretical study led to pre-clinical [15] and clinical studies [23]. Our
present computational model is more clinically relevant and is expected to guide relevant animal and pre-
clinical studies.

5 Limitations and Future Directions

Heart failure is a complex phenomenon. There are many factors involved in onset and development of
this disease. Our experimental data showed complex non-linear alterations in LV pressure and volume over
time in HF. Interpretation of these alteration could provide valuable information about the development of
HF, which is the subject of our on-going studies.

As any novel treatment, there may be side effects with our injection treatment approach for HFpEF. Of
note, the systolic function of the heart such as stroke volume, end systolic volume and ejection fraction may
be affected by injections. This paper was concerned with diastolic de-stiffening of LV by intramyocardial
injections because diastolic overly stiff myocardium is at the core of HFpEF. As a future direction, effects of
injection on other aspects of LV mechanics, including systolic behavior, still need to be assessed.

6 Conclusions

The results of FE modeling based on subject-specific data from 4 swine with LV pressure overload
suggest that intramyocardial injection treatment can de-stiffen the EDPVR, and more importantly, the level
of de-stiffening may be planned by adjusting intramyocardial injection specifications. Therefore, it may be
possible to find a set of intramyocardial injections that result in the greatest increase in EDVs in the EDPVR,
using our in silico subject-specific approach. There is likely an optimal level for EDPVR de-stiffening, after
which LV function might not improve further, but defining that level will require actual implementation of
intramyocardial injection treatment in animal experiments. This manuscript presents a hypothesis-
generating novel approach of intramyocardial injection treatment for HFpEF; however, animal experiments
are needed to verify these model predictions.
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