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Abstract

Background—Left ventricular (LV) wall stress reduction is a cornerstone in treating heart
failure. Large animal models and computer simulations indicate that adding non-contractile
material to the damaged LV wall can potentially reduce myofiber stress. We sought to quantify the
effects of a novel implantable hydrogel (Algisyl-LVVR™) treatment in combination with coronary
artery bypass grafting (i.e. Algisyl-LVR™+CABG) on both LV function and wall stress in heart
failure patients.

Methods and results—Magnetic resonance images obtained before treatment (n=3), and at 3
months (n=3) and 6 months (n=2) afterwards were used to reconstruct the LV geometry. Cardiac
function was quantified using end-diastolic volume (EDV), end-systolic volume (ESV), regional
wall thickness, sphericity index and regional myofiber stress computed using validated
mathematical modeling. The LV became more ellipsoidal after treatment, and both EDV and ESV
decreased substantially 3 months after treatment in all patients; EDV decreased from 264+91 ml to
146+86 ml and ESV decreased from 184+85 ml to 86+76 ml. Ejection fraction increased from
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32+8% to 47+18% during that period. Volumetric-averaged wall thickness increased in all
patients, from 1.06+0.21 cm (baseline) to 1.3+0.26 cm (3 months). These changes were
accompanied by about a 35% decrease in myofiber stress at end-of-diastole and at end-of-systole.
Post-treatment myofiber stress became more uniform in the LV.

Conclusions—These results support the novel concept that Algisyl-LVR™+CABG treatment
leads to decreased myofiber stress, restored LV geometry and improved function.

Congestive heart failure; Dilated cardiomyopathy; Coronary artery bypass grafting; Left
ventricular wall stress; Mathematical modeling; Magnetic resonance imaging

1. Introduction

Therapeutic options for patients with severe heart failure and who are refractory to
pharmacological therapies are quite limited. While the use of circulatory support devices
such as Left Ventricular Assist Devices (LVAD), and heart transplant, has increased
significantly over the last two decades, these therapies offer only a modest chance at
extending life and improving the poor quality of life for patients with severe heart failure. In
addition, these therapies are expensive, continue to be associated with significant morbidity
and mortality, and are of limited access to the vast majority of patients. For all of these
reasons, alternatives to the options of LVAD and transplant are being actively pursued.

Reduction of left ventricular (LV) wall stress is considered a cornerstone in the treatment of
heart failure [1]. Data obtained from clinically relevant large animal models and computer
simulations indicate that the addition of non-contractile material to a damaged LV wall can
potentially reduce elevated myofiber stress [2]. Algisyl-LVVR™ is a medical device under
clinical development and is intended to leverage this mechanism to prevent or reverse the
progression of heart failure in patients who have a dilated LV. This device consists of a
proprietary biopolymer gel that is injected into strategic areas of the heart muscle, where it
remains as a permanent implant. Preclinical study [3] and clinical study using
echocardiographic measurements [4] have demonstrated an improvement in LV size 3
months after implantation in patients who also underwent revascularization through
coronary artery bypass grafting (CABG) and/or valve replacement/repair procedure.

The purpose of this paper is to debut, at a longer post-treatment period of up to 6 months,
the quantitative effects of this novel treatment on both LV function and myofiber stress in a
small cohort of patients who simultaneously underwent CABG. To quantify these effects as
accurately as possible, we used magnetic resonance (MR) imaging and mathematical
modeling. Magnetic resonance imaging is the gold standard for measurement of in-vivo
ventricular volumes. Mathematical modeling makes it possible to calculate in-vivo regional
myofiber stress. In-vivo regional myofiber stress is necessary to understand both normal and
pathological ventricular mechanics [5] but cannot be measured directly [6]. Results from our
analysis of this early clinical trial data of Algisyl-LVR™ suggest that the treatment (in
combination with CABG) effectively reduces LV myofiber stress and improves cardiac
function in patients with heart failure.
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2. Methods

2.1. Patient selection

Eleven patients (males, age 44 to 74) were part of the safety and feasibility evaluation
(www.clinicaltrials.gov, identifier NCT00847964) conducted at the German Heart Center in
Munich and the Heart Center at Dresden University Hospital using Algisyl-LVR™ in
combination with CABG. These patients had symptomatic heart failure with a New York
Heart Association (NYHA) class of 111 or IV, an ejection fraction (EF)<40% and a left
ventricular end diastolic dimension indexed to body surface area of 30 to 40 mm/mZ.
Magnetic resonance images were obtained from three of these patients who (out of the
eleven patients) had no contraindications for MR imaging. The ages of these male patients
were 44 (Patient 1), 68 (Patient 2) and 57 (Patient 3). All three patients were diagnosed with
NYHA class Il heart failure and had ischemic cardiomyopathy, hypertension,
hyperlipidemia and renal insufficiency. Of these three patients, one has a history of
peripheral vascular disease, two have diabetes and two have a history of myocardial
infarction. Data concerning symptoms of angina and myocardial perfusion were not
collected in this study. Informed consent was obtained from each patient and the study
protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected
in a priori approval by each institution’s human research committee.

2.2. Algisyl-LVR™ injection

Calcium-Alginate hydrogel (Algisyl-L\VR™, LoneStar Heart, Inc. Laguna Hills, CA) was
used to treat these patients. This hydrogel consists of two components: an Na*-Alginate
component supplied as a sterile aqueous solution with 4.6% mannitol, and a Ca2*-Alginate
component consisting of water insoluble particles suspended in a sterile 4.6% mannitol
solution. These two components were mixed immediately before use, and then combined in
one syringe for intramyocardial injections. The hydrogel achieved its final material strength
of 3-5 kPa with a halftime of 3—4 min. Algisyl-L\VVR™ (0.3 cc each) was then injected at 10
to 15 locations half way between the apex and the base in the LV free wall (excluding the
septum) of the patients (Fig. 1).

2.3. Acquisition of MR Images

Magnetic resonance images were acquired using standard imaging protocols one week
before treatment and at 3 months (all 3 patients) and 6 months (2 patients) after treatment
(See Supplementary materials). The LV endocardial and epicardial borders were contoured
or outlined from these images containing views from the long-axis and short-axis. Three-
dimensional endocardial and epicardial surfaces were obtained by triangulating the resultant
contour points. (Figure S1, supplemental materials). End-diastolic volume (EDV) and end-
systolic volume (ESV) were determined based on these surfaces. Sphericity index (SI) was
also determined based on the reconstructed LV geometry at end-of-systole. It was calculated
as the ratio between the greatest short-axis dimension and the greatest long-axis dimension
measured from the endocardial surface.

Int J Cardiol. Author manuscript; available in PMC 2014 October 03.


http://www.clinicaltrials.gov

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 4

2.4. Mathematical modeling

Our methods have been described in detail previously [2]. Detailed methods are provided in
the Online Supplement.

Although analytical equations based on Laplace’s law can estimate the LV average in-vivo
wall stress [7], they cannot predict in-vivo LV myofiber stress distribution or take into
account several important factors, such as myocardial tissue anisotropy [8]. To overcome
these limitations, we used the acquired MR images to create patient-specific mathematical
models of the LV from these patients before and after treatment (Figure S1, supplemental
materials). The LV was modeled using a validated myocardial passive and active stress-
strain relationship [2] with patient-specific material parameters determined from the LV
cavity volumes measured by MRI. To model the LV at end-of-diastole (ED) and end-of-
systole (ES), physiologically realistic pressures of 20 mm Hg and 125 mm Hg were applied
respectively at the endocardial surface of the LVs. Active stress was also added to the LV
after ED to simulate contraction of the LV. Myofiber stress at ED and ES were then
calculated from these models.

3. Results

Magnetic resonance images of the LV (long-axis view) of individual patients at different
time points are shown in Fig. 2. Movie clips associated with the short-axis and long-axis
views of the MRI are also available as supplementary materials. Individual results from each
patient are tabulated in Table 1.

3.1. Patient characteristics

The NYHA classification improved from Il to 1l in all 3 patients 3 months after treatment.
In the 2 patients who had a follow-up visit 6 months after treatment, the NYHA class
improved to | in one patient and remained as Il in the other.

The Kansas City Cardiomyopathy Questionnaire was administered to all 3 patients. On
average, the Overall Summary Score reported by the patients improved from 58.7+£20.9
(mean % standard deviation) before treatment to 78.5+18.6 and 79.2+20.4 at 3 months and at
6 months after treatment, respectively.

3.2. Wall thickness

In all 3 patients, LV wall thickness increased monotonically after treatment. On average,
wall thickness increased by about 20% (from 1.06+0.21 cm to 1.3+0.26 cm) 3 months after
treatment (Fig. 3a). Wall thickness further increased by about 12% (average) 3 months later
(Fig. 3a). The increase in wall thickness after treatment was most pronounced in regions
adjacent to the injection sites on the free wall (Fig. 3b,c).

3.3. Global Performance Indicators

In all patients, EDV and ESV decreased substantially 3 months after treatment (EDV:
264491 ml to 146486 ml; ESV: 184485 ml to 8676 ml) (Fig. 4a, b). Between 3 and 6
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months after treatment, EDV did not decrease significantly, but ESV decreased further by
about 30% in the two patients who had the 6 month follow-up visit.

Stroke volume decreased in all patients 3 months after treatment, but improved between 3
and 6 months after treatment, consistent with the continuing decrease in ESV.

Ejection fraction increased monotonically in all patients after treatment, from 32+8% at
baseline to 47+18% at 3 months. It increased further in two patients 3 months later (average
EF was 69% at 6 months) (Fig. 4c).

Sphericity index also improved and decreased monotonically in all patients after treatment,
from 0.74%0.03 to 0.68+0.06 at 3 months. It further decreased in the two patients 3 months
later and the average S1 was 0.62+0.08 (Fig. 4d). The LV thus became more ellipsoidal after
treatment.

3.4. Myofiber stress

In all patients, calculated volumetric-averaged myofiber stress at ED and ES decreased after
treatment (Fig. 5). Three months after treatment, volumetric-averaged ED myofiber stress
decreased from 6.6+1.9 kPa to 4.4+1.8 kPa and volumetric-averaged ES myofiber stress
decreased from 37.1+13.2 kPa to 23.1+12.8 kPa. Peak ES myofiber stress also decreased
from 103.2+65.1 kPa to 61.7+42.8 kPa 3 months after treatment, and decreased further
during the 3 to 6 month post-treatment period. Consequently, post-treatment myofiber stress
became more homogeneous within the LV (Fig. 5d).

4. Discussion

The overall result from this first study to quantify the effects of Algisyl-LVVR™ injection
+CABG in humans is promising. This treatment resulted in a decrease in Sl (i.e. the LV
became more ellipsoidal) and an increase in LV wall thickness that was accompanied by a
substantial reduction of EDV and ESV. The two treatments given, CABG and Algisyl-
LVR™ have different mechanisms of action, with CABG rescuing hibernating viable
myocardium while the injection of Algisyl-LVR™ should, in principle, produce local stress
reduction in the myocardial wall. Both of these should lead to reverse remodeling and long-
term LV geometry and function changes.

While surgical revascularization probably contributed to the observed decrease in the LV
chamber volume through the rescue of hibernating myocardium and subsequent remodeling,
it is unlikely that the dramatic and rapid changes reported here can fully be attributed to
revascularization alone, based on reports from previous clinical studies. The Algisyl-LVR™
treatment is responsible for at least a portion of the dramatic changes we observed. For
example, in three retrospective analyses on patients with ischemic cardiomyopathy, EF was
found to have increased by 3.2 percentage points (25.8% to 29%) at 7-35 days after surgery
[9], by 12 percentage points (33% to 45%) at 8+3 months after surgery [10] and by 7.8
percentage points (23.7% to 31.5%) at 9.1+12.7 months after surgery [11]. End diastolic
volume and end-systolic volume index were found to have decreased after CABG by only
about 10% (194424 ml to 174+39 ml) [9] and by 6% at 4 months in the STICH trial [12],
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respectively. In a prospective study by Carluccio et al. [10], the average end-diastolic and
end-systolic volume index were found to have decreased by 16% (118+26 ml/m? to 99+26
ml/m?) and 28% (7823 ml/m? to 5623 ml/m?) respectively, at 8+3 months after surgery.
In comparison, our results indicate that just 3 months after treatment, EF increased by 15
percentage points and both EDV and ESV decreased by about 50%. Over a longer time
period of 6 months, EF increased by an average of 31.4 percentage points in our 2 patients,
whereas both the average EDV and ESV (from these 2 patients) decreased by 55% and 78%,
respectively. In addition, the 6-month changes in both of these patients are outside the range
of response Carluccio et al. observed in the 40+ patients in their study, suggesting that it is
very unlikely that the improvement in our patients came solely from revascularization.

Due to the positive effects on ventricular geometry, calculated myofiber stress became more
homogeneous in the LV and was reduced substantially in the patients. Left ventricular
myocardial oxygen consumption MVO, would, therefore, also be predicted to have reduced
substantially [13]. Because an increase in wall stress is strongly correlated with subsequent
LV remodeling, and the reduction of left ventricular wall stress is known to attenuate LV
remodeling [14], we postulate that the injection of Algisyl-LVR™ into the LV free wall may
stimulate reverse remodeling over a sustained period of time.

In all 3 patients, performance indicators of LV cardiac function that were analyzed improved
monotonically and remarkably 6 months after treatment, with the exception of stroke
volume. Although stroke volume decreased 3 months after treatment in all patients, it
increased between the 3 to 6 month period in the two patients who underwent MRI at the 6-
month follow-up visit. In Patient 1, stroke volume reverted back to its baseline value 6
months after treatment. This transient decrease in stroke volume is consistent with the
results from a mathematical model of Algisyl-LVR™ injection in a dog with a failing LV
[15]. In that study, the immediate effects of injections were a decrease in both myofiber
stress and stroke volume. The optimal number of implants producing the best compromise
between lowering the myofiber stress and stroke volume was found to be 7, and the best
position for the implants was found to be at the LV mid wall (half-way between the apex
and base) excluding the septum. Because the LV is larger in humans than in dogs, the
number of implants (of similar size) was increased from 7 to 10-15 when treating patients.

Our study augments and extends the previous study by Retzlaff et al. [16], who used
echocardiography to assess the 3-month effects of Algisyl-LVR™ in 6 patients with
ischemic or non-ischemic dilated cardiomyopathy who had undergone the injection
treatment in combination with either CABG or valve repair. In that study, sustained
improvements in the LV size, function and in quality of life were observed as early as 3 days
after surgery in all patients. Our results show that these improvements extend beyond 3
months and were still observed even in the 3 to 6 month period, although improvements
occurred at a slower rate.

The injection therapy studied here differs fundamentally from other developing treatments
for heart failure such as surgical ventricular restoration (SVR) [12] and passive restraint
devices (i.e. Acorn CorCap Device [17] and Myocor Coapsys [18]), even though they all
share the same primary aim of reducing ventricular wall stress. While injection therapy
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sought to achieve this aim by increasing the LV wall thickness by adding biocompatible
material into the ventricular wall, the strategy of the other treatments is to alter the shape of
the LV (Myocor Coapsys) and to decrease the LV chamber size either through surgery
(SVR) or by mechanically restraining the LV (Acorn CorCap). Results from clinical trials
have shown that LV size decreased after these treatments. Left ventricular end systolic
volume index, end-diastolic dimension and EDV were found to have decreased by 19%,
10% and by about 20 ml after treatment with SVR+CABG [12], Coapsys+CABG [18] and
Acorn+mitral valve repair [17], respectively. Mathematical models studying the effects of
these treatments have also shown that the ventricular wall stress decreased after these
treatments [19,20]. However, the recently completed STICH Trial [12] concluded that SVR
did not add any benefit when performed with CABG even though the size of the LV was
reduced significantly after treatment.

Compared to these treatments, our results show that the combination of Algisyl-LVR™
injection into the LV wall and CABG resulted in a much greater decrease in LV chamber
size (45% decrease in EDV and 53% decrease in ESV at only 3 months). Thus, the strategy
of thickening the LV wall to promote reverse remodeling apparently has a greater effect in
restoring the LV size than in directly altering its size or shape.

However, a decrease in LV chamber size is, of course, not a sole indicator of the overall
improvement in LV function, as was exemplified by the above-mentioned STICH trial. In
addition to a decrease in LV chamber size, our results show that this favorable outcome was
accompanied by other indicators of improvement in LV function, such as an increase in LV
wall thickness and ejection fraction, as well as a reduction in calculated myofiber stress.
Moreover, besides decreasing LV size, injection of Algyisl-LVR™ with CABG also
decreased the Sl of the LV, making it more ellipsoidal than it was before treatment. An
improvement in LV Sl was also observed in the Acorn study [18]. Studies have shown that
an increase in LV sphericity is associated with the development of LV dysfunction [21] and
it is widely believed that the LV functions better when it is more ellipsoidal. By contrast, the
LV after SVR has been found to be typically more spherical than it was before surgery [22].

5. Study limitations

While very promising, our study has four main limitations. First, there is no control group of
patients who received only CABG. As a result, the effects of Algiysl-L\VVR™ shown here
were confounded with the effects of CABG. To overcome this limitation and to assess the
efficacy of Algisyl-LVR™, we have relied on the results from past clinical studies to
estimate the magnitude of the effects of CABG alone on patients who had ischemic
cardiomyopathy. The improvements in LV function after treatment by CABG reported in
past clinical studies suggest that CABG should produce a significantly smaller change and a
less rapid improvement than what is observed here. Second, given that the original intent of
this study was to evaluate structural changes to the heart and clinical outcomes after
treatment by Algisyl-LVR™+CABG, the extent of scarred myocardium was not acquired by
delayed hyperenhancement MRI before and after treatment. Consequently, the effect of
Algisyl-LVR™+CABG treatment on the extent and function of viable myocardium is not
known in this study, which also diminishes the ability to delineate the effects of CABG
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versus Algisyl-LVVR™ injection. Third, stroke volume was calculated from the difference
between EDV and ESV. Consequently, we did not account for the impact of mitral
regurgitation on true forward stroke volume. While none of the patients have undergone
mitral valve replacement, the reduction in LV volume and restoration of LV shape might be
expected to lessen the degree of mitral regurgitation. Last, we were forced to assume
physiologically reasonable values of 20 mm Hg as ED pressure and 125 mm Hg as ES
pressure for all patients, since patient-specific LV pressure data, which requires invasive
measurements using micromanometer-tipped catheters, was not available. Our experience
has, however, indicated that a variation in pressure within physiological limits will not affect
the conclusion drawn here. Based on a previous study, we found that a variation in ES
pressure by about £10 mm Hg resulted in roughly a £10% change in the peak ES myofiber
stress (Figure S2, supplemental materials). That variation is small compared to the 40%
decrease in peak ES myofiber stress post-treatment (3-months) that we observed in the
current study.

6. Conclusion

Our results support the novel concept that the injection of material into the LV free-wall
with CABG is an effective strategy for inducing LV reverse remodeling that improves the
LV cardiac function and results in a decreased myofiber stress. Although the power of this
finding is limited by the small sample size, the effects of this treatment are interesting and
remarkable. The results of a recently initiated, randomized, controlled study to evaluate
Algisyl-LVR™ solely as a method of LV augmentation for patients with severe heart failure
(AUGMENT-HF) should provide definitive conclusions about the clinical benefits of
Algisyl-LVR™ therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic of Algisyl-LVR™ injection in the left ventricle. (A) Short-axis view of the mid-

ventricle, half way between the apex and base. (B) Algisyl-L\VR™ (0.3 cc each) injected at
10 to 15 locations at the mid-ventricle free wall (excluding the septum).
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Fig. 2.
Long-axis view of the MRI in 3 patients at (a) end-systole and at (b) end-diastole.
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Fig. 3.

Efgects of injection on left ventricle (LV) regional wall thickness. (a) LV average wall
thickness at different time points. Cross-shaded: Patient 1, diagonally-shaded: Patient 2, dot-
shaded: Patient 3 and plain-shaded: average. Average is shown with standard deviation. (b)
Long-axis view of magnetic resonance image (MRI) at baseline (left) and at 6 months (right)
from Patient 1 at end-of-systole. (c) Top: cross-section view of LV at baseline (left) and 6
months (right). Bottom: measured regional LV wall thickness based on the MRI-
reconstructed LV of Patient 1. Thickness (cm) is indicated by the color shown on LV
endocardium.

Int J Cardiol. Author manuscript; available in PMC 2014 October 03.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Leeetal.

Page 13

W]
o

400 300
P2
~ 350 =
H £ 250
3 300 b
7} [}
E £ 200
S 250 =
2 "3 2
PL

© 200 o159
S =
% 150 8
© ¥ 100]
S @
- 100
2 o
o] =

50 w

0 o 0 .

Baseline 3 months 6 months Baseline 3 months 6 months
Time Time

c d

80 .

70

60

40

30

Ejection fraction (%)
Sphericity Index

20

o
N

i~
o
o
-

™ Baseline 3 months 6 months o0

Baseline 3 months 6 months
Time Time

Fig. 4.

GIG(,)baI LV performance indicator. (a) End-diastolic volume, (b) End-systolic volume, (c)
Ejection fraction, (d) Sphericity index at baseline, 3 and 6 months post-treatment. Cross-
shaded: Patient 1, diagonally-shaded: Patient 2, dot-shaded: Patient 3 and plain-shaded:
average. Average is shown with standard deviation.
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Fig. 5.
Effects of treatment on myofiber stress. (a) VVolumetric-averaged end-diastolic stress. (b)

Volumetric-averaged end-systolic stress. (c) Peak end-systolic stress. (d) End-systolic
regional myofiber stress distribution of Patient 1 LV at baseline (left) and 6 months after
surgery (right). LV epicardium is displayed in white.
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Table 1
Summary on the effects of Algiysl-LVR™+CABG at different time points.

Patient 1 Patient 2 Patient 3

Baseline 3 months 6months Baseline 3months 6months Baseline 3 months 6 months

EDV (ml) 197.4 98.2 98.2 367.6 244.7 - 228.2 94.6 93.8
ESV (ml) 122.4 34.0 23.7 280.4 173.3 - 148.1 50.1 35.7
SV (ml) 75.0 64.2 74.5 87.2 71.4 - 80.1 445 58.1
EF (%) 40 65.4 75.9 23.7 29.2 - 35.1 47.0 61.9
Sphericity index 0.74 0.61 0.56 0.72 0.7 - 0.77 0.73 0.67
Average thickness (cm) 1.12 1.52 1.65 0.83 1.02 - 1.24 1.35 1.58
Average ED stress (kPa) 5.6 3.1 3.1 8.7 6.4 - 5.4 3.6 2.8
Average ES stress (kPa) 29.6 12.7 9.4 52.4 37.4 - 29.4 193 128
Peak ES stress (kPa) 61.9 27.2 24.5 178.2 109.6 - 69.4 48.2 35.2
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