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Abstract

Background—Preventing expansion and dyskinetic movement of a myocardial infarction (MI)
can limit left ventricular (LV) remodeling. Using a device designed to produce variable alteration
of infarct stiffness and geometry, we sought to understand how these parameters affect LV
function and remodeling early after M.

Methods—Ten pigs had posterolateral infarctions. An unexpanded device was placed in 5
animals at the time of infarction, and 5 animals served as untreated controls. One week after Ml
animals underwent MRI to assess LV size and regional function. In the treatment group, after
initial imaging, the device was expanded with 2ml, 4ml, 6ml, 8ml and 10ml of saline. The optimal
degree of inflation was defined as that which maximized stroke volume (SV). The device was left
optimally inflated in the treatment animals for three additional weeks.

Results—One week after Ml, device inflation to =6ml significantly (p<0.05) decreased
endsystolic volume (ESV) (0ml:59.9mI+3.8, 6ml:54.0mI=£3.1, 8mI:50.5m1+4.8, 10ml:46.1ml
+2.2) and increased ejection fraction (EF) (0ml:34.6%%1.6, 6ml:39.7%=0.9, 8ml:43.1%+2.7,
10ml:44.1%+0.9). SV significantly (p<0.05) improved for the 6ml and 8ml volumes (Oml: 31.2ml
+2.6, 6ml: 35.7ml£2.0, 8ml: 37.5ml+1.9) but trended downward for 10ml (36.6ml+2.8). At four-
weeks after MI, end-diastolic volume and ESV were unchanged from one-week values in the
treatment group while the control group continued to dilate. SV (38.2+4.4ml vs. 34.0.1+4.8ml,
p=0.08) and EF (36.0+2.6% vs. 27.6+1.4%, p=0.04) were also better in the treatment animals.

Conclusions—Optimized isolated infarct restraint can limit adverse LV remodeling after MI.
The tested device affords the potential for a patient-specific therapy to preserve cardiac function
after MI.
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Introduction

Every year approximately 1.3 million Americans suffer a myocardial infarction (MI).[1]
Two-thirds of the heart failure cases occur in patients who have had a MI. [2] Although it is
tempting to attribute the association between MI and heart failure simply to a reduction in
the amount of healthy myocardium contributing to ejection, the majority of patients who
suffer a Ml are initially well-compensated hemodynamically and only develop symptomatic
heart failure over time as the LV remodels in response to the infarct. In addition to loss of
contractile myocardium, the degree of LV remodeling and systolic impairment are related to
the size, compliance and geometry of the infarct region.[3,4,5]

Immediately after MI the infarct stops contracting, resulting in the development of a systolic
dyskinetic wall motion abnormality. Additionally, a precipitous increase in the systolic
compliance of the affected region occurs, and is associated with myocardial thinning and
stretching. Systolic infarct compliance remains elevated for weeks to months.[3,6] The
persistent stretching and dyskinetic movement of the infarct region leads to adverse LV
remodeling and compromises systolic and diastolic LV performance.[3,4,5,7]

A growing body of theoretical [4,5] and experimental [8—13] evidence supports the
prevention of infarct expansion early after Ml as a viable therapeutic option for limiting
adverse LV remodeling and subsequent symptomatic heart failure. Previous experimental
studies have employed several techniques to limit infarct expansion and associated LV
remodeling, including: complete and partial heart wraps;[8] patches over the infarct;[9,10]
and injected polymers.[11,12,13] Results have been encouraging with most studies
demonstrating mild to moderate amelioration but not cessation of the remodeling process.
The optimal degree of infarct modification and the best means for safely accomplishing has
not been determined. In this experiment the effect of a novel expandable device designed to
variably alter infarct stiffness and geometry was studied in a porcine model of myocardial
infarction (Ml).

Material and Methods

Infarct Model and Device Implantation

Pigs weighing 40-50kgs were used in this study. General anesthesia was maintained with a
mixture of inhaled isoflurane and oxygen. A transmural posterolateral myocardial infarction
of approximately 20% of the LV was produced by ligating the left circumflex artery distal to
the first obtuse marginal artery branch in atrioventricular groove. The distal branches off the
first obtuse marginal artery and the anterior originating diagonal arteries were also ligated
when necessary to achieve a uniform infarction size.

Five animals underwent wound closure and recovery; the other five animals underwent
device implantation followed by closure and recovery (Figure 1). The device was composed
of a polypropylene mesh shaped to match the area of infarction. The mesh was precisely
placed over the infarct and sutured to the demarcation line between viable and nonviable
myocardium. A two finger-breath pocket was created in between the mesh and the
underlying infarcted tissue. A commercially available balloon catheter (Millar International
Inc., Erlanger, KY) was placed beneath the mesh and anchored with sutures. The proximal
end of the catheter was tunneled into the subcutaneous tissue to allow for easy access at the
one-week study period.

All animal experiments were conducted under an experimental protocol approved by the
University of Pennsylvania's Institutional Animal Care and Use Committee and were in
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compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes
of Health Publication no 85-23, revised 1996).

Magnetic Resonance Imaging

MRI studies were performed using a 3T TIM Trio Scanner (Siemens Inc., Malvern, PA)
before infarction as well as at one and four weeks after infarction. Prior to imaging a high
fidelity pressure transduction catheter (Millar Instruments, Inc., Houston TX) was advanced
into the LV under fluoroscopic guidance to allow for hemodynamic assessment and gating.
One week after MI all animals again underwent MRI. In the treatment group after initial
imaging, the device was incrementally expanded with 2ml, 4ml, 6ml, 8ml and 10ml of saline
to achieve an increasing degree of infarct stiffening and geometric alteration. Regional and
global LV geometry and function were serial assessed at each level of device expansion. The
optimal infarct restraint was defined as the level of device filling that yielded the largest
stroke volume. The device was then left optimally filled in the 5 treatment animals for three
additional weeks. MRI four weeks after M1 assessed global and regional LV function and
the degree of LV remodeling. All images were cardiac and respiratory gated to ensure
consistent spatial positioning of the heart during each acquisition using a custom designed
system which gates the MRI by monitoring LV pressure and ventilator pressure.

The imaging consisted of localizers followed by a 2D CINE TrueFISP cardiac acquisition
using the following parameters: field of view 300 x 244, acq. matrix 192 x 156, TR/TE
3.11/1.53 ms, BW 1184 Hz/pixel, slice thickness 4 mm, 2 signal averages and 6 to 8 k-space
lines acquired per cardiac frame. The images were archived and stored for off-line analysis.

A 3D SPAMM tag sequence was used to measure regional LV strain at the 1 week time
point with the following parameters: field of view 260 x 260, acg. matrix 256 x 128, TR/TE
7/2.6 ms, BW 330 Hz/pixel, slice thickness 2 mm, 4 signal averages and 4 to 6 k-space lines
acquired per cardiac frame. [14]

Data Analysis

The recorded pressure data were analyzed to generate LV hemodynamics for each device
volume at one-week after MI and at the four-week after MI time point. The maximum (dP/
dtmax) and minimum (dP/dty;,) pressure change were calculated using a linear fit of the
pressure versus time data. End-diastolic pressure (EDP) was defined as the LV pressure
value prior to the rise in dP/dt. Peak pressure was the maximum LV pressure and the heart
rate was averaged over 10 cardiac cycles.

LV volume data was obtained from the CINE MR images. The short axis slices were
reformatted to nine long axis slices using open access software (ImageJ, NIH). LV contours
were drawn for each slice in all the phases. The long-axis contours where then imported into
a custom program in MATLAB (MathWorks, Natick MA) to calculate LV end diastolic
volume (EDV), LV end systolic volume (ESV), stroke volume (SV), and ejection fraction
(EF) from rotational slices. Regional LV volumes and regional ejection fraction function
were assessed by contouring the MRI short-axis slices at equally spaced LV locations from
base to apex. The LV was divided into five equal sections and the volume of the short axis
slices for each section was measured for both end-systole and end-diastole.

Systolic LV regional strain at one-week post infarct was measure from the SPAMM tag
images using an optical flow method (OFM).[14] Endocardial and epicardial contours of the
LV were manually drawn on the end-diastolic phase for all slices in ImageJ (NIH). OFM
was used to produce the x, y, and z displacement flow fields from the stack of tagged
images. Maximum principal strain was then calculated from the displacements.
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Data are presented as mean £ SEM. One-week post MI data data were assessed using one-
way repeated measures ANOVA with Tukey post hoc evaluation to account for differences
between device volumes. A two-way repeated measures ANOVA with Tukey multiple
comparisons was used to analyze the four-week post MI arm of the study to measure
differences between control and treated groups and time points and for regional volume and
ejection fraction between Oml and 8ml. Four week hemodynamic data were analyzed using a
t-test. P < 0.05 was considered statistically significant for all comparisons.

One- Week Post MI Testing and Optimization

Figure 2 demonstrates representative MRI images at end-diastole and end-systole for the
baseline (pre-infarction) time point and for different device inflation volumes at one-week
post-MI. From baseline to one-week post-MI there is a significant change in the LV
geometry with an increase in LV volume and a dyskinetic bulging of the infarct region.
Hemodynamic data are presented in Table 1. The effect of increasing infarct restraint on LV
size and function were determined by measuring the changes in EDV, ESV, SV and EF for
different device volumes at 1 week. Device volume had no significant effect on end-
diastolic volume (EDV) (Table 1). In contrast, device volume had a significant effect on
ESV. At device volumes of 4ml and lower, there was no significant change in ESV but at
device inflation volumes of 6ml and greater there was a significant decrease in ESV (Table
1). Stroke volume showed relatively little change at the lower device inflation volumes with
a significant improvement occurring at device volumes of 6ml and 8ml (Table 1). In all
animals, SV was greatest at a device inflation volume of 8ml (Table 1).

At 1 week, regional changes in EF were also detected at device inflation volumes of 6ml or
greater. When the heart was divided into 5 transverse segments from base to apex the
greatest improvements in regional EF were observed in the most basilar three segments.
These segments included the majority of the infarct and were the regions of the heart in
closest approximation to the device. This phenomenon is depicted for a device filling
volume of 8ml in Figure 3B. A regional shift in EDV from the basilar segments toward the
most apical segments was also observed with increasing device volume (Figure 3A).

Regional LV maximum principal strain (E.nax) Was calculated for the Oml and 8ml device
inflation volumes at 1 week. Strain was measured in the infarct region, the basal remote
region at the level to the device and in the apical remote region distant from the device
position. Enay is essentially equivalent to radial wall thickening in uninfarcted myocardial
regions; for transmural infarction regions increasing Emay is indicative of dyskinetic
stretching.

Representative color maps of the regional maximum principal strain are shown in Figure 4.
Strain patterns were altered in all regions by device inflation to 8ml. The composite strain
data shows device filling significantly increased Emax in both the adjacent remote
(0.09+0.0034 vs. 0.08+0.0031, p=0.002) and apical remote regions (0.081+0.0031 vs.
0.072+0.0031, p<0.001), as shown in Figure 5. Systolic stretching of the infarct region was
significantly reduced with device inflation as indicated by the decline in infarct Emax
(0.046+0.0048 vs.0.022+0.0034, p<0.001).

Four- Week Post MI Testing

In the control group EDV continued to increase significantly between the one-week and
four-week time points from 86.9+6.3ml to 121.3+6.1ml (p=0.001); ESV in the control group
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also increased during this time frame from 54.8+2.7ml to 87.0+3.5ml (p=0.001) (Table 2).
However, EDV in the treatment group remained stable between one and four-weeks after Ml
as did ESV. SV and EF were similar in both groups 1 week after MI; however, SV
(38.2+4.5ml vs. 32.1+4.8ml, p=0.08) and EF (36.0+2.7% vs. 27.6+1.7%, p=0.02) were both
greater in the treatment group by four-weeks after Ml (Table 2).

Hemodynamic data comparing treatment and control groups are presented in Table 2. The
only significance between-group difference was observed for LV end diastolic pressure
(EDP) which was less in the treatment group (6.8+1.0mmHg) than in the control group
(12.6£1.8mmHg), p=0.02.

Increased compliance (reduced stiffness) of the infarct region results in infarct expansion
after MI. Infarct expansion compounds the loss of contractile myocardium. Immediately
after MI the compliant infarct becomes an energy sink which reduces systolic pump
function: work performed by the uninfarcted myocardium is consumed in stretching the
infarct region. The expanding infarct region also alters LV cavity geometry resulting in a
right-shift in the pressure-volume relationship and increased LV wall stress. Increased wall
stress initiates and sustains the LV remodeling that ultimately leads to symptomatic heart
failure and death. [15,16,17]

There is increasing interest in ameliorating adverse LV remodeling by limiting infarct
expansion in the early post-MI time period. Therapeutic strategies include complete heart
wrapping,[8] partial wrapping,[10] infarct reinforcement with surgical mesh[9] and infarct
modification with biomaterials.[11-13] In addition, some studies have suggested that
reperfusion therapy and stem cell therapy elicit positive effects on post-MI remodeling by
favorably altering infarct material properties.[18, 19] While these approaches to mechanical
infarct restraint have demonstrated some efficacy with regard to altering remodeling,
definitive improvement in LV contractile function as assessed by ejection fraction and
stroke volume have been more difficult to consistently demonstrate. The development of
restrictive cardiac physiology and the potential for significant patient-to-patient variability in
therapeutic response remain areas of concern.[20,21]

In this experiment we used a device that allowed progressive increase in infarct restraint. LV
geometry and function were assessed with cardiac MRI. One week after infarction, device
filling resulted in progressive increases in both SV and EF. Interestingly, device filling had
virtually no effect on EDV while causing significant decreases ESV at device volumes
above 4 ml. Increasing device filling also did not increase LV EDP; increased levels of
restraint actually resulted in a trend toward lower EDP.

The precise degree of infarct stiffness was not measured; however, the reduction in infarct
Emax With device filling indicated that infarct stretching was greatly reduced during systole
(Figure 5). For a similar large animal infarct model, Dang and colleagues [22] employing a
finite element model of the LV to estimate that converting a dyskinetic infarct into an
akinetic infarct required a 250-fold increase in infarct stiffness. In large animal models of
transmural infarcts, this degree of infarct stiffening has only been accomplished by infarct
reperfusion within one hour of the onset of ischemia.[18]

The persistent application of optimized infarct restraint improved both LV geometry and
function at four-weeks after MI. In the control group, EDV and ESV increased progressively
from baseline to four-weeks after MI, while EF progressively decreased during this time.
However, in the treatment animals further LV remodeling between the one-week and the
four-week post MI time points was prevented. EF and SV were also higher in the treatment
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group at four-weeks after MI. In addition to reduced LV dilation and improved systolic
function the treatment animals also had better diastolic function; LV EDP was 50% less in
the treatment group relative to control.

The mechanism by which aggressive localized infarct restraint improves global LV
remodeling is likely complex and was not fully elucidated in the experiments reported here.
There are at least three elements that contribute to the salutary effects of this type of post-Ml
infarct restraint. First, transforming a large dyskinetic myocardial segment into an akinetic
segment reduces the systolic pump energy losses consumed in stretching the infarct region.
Second, infarct restraint reduces LV wall stress, which improves borderzone contractile
function and reduces the stimulus for global LV remodeling. Third, aggressive infarct
restraint appears - from the results of this study — to effectively improve near and longer-
term diastolic function by shifting diastolic volume from the compromised areas of the LV
towards more remote regions, thereby allowing healthy myocardium to improve regional
function by the Starling mechanism.

A device capable of variable localized restraint was previously described by Hung et al. and
used to treat ischemic mitral regurgitation (IMR) in sheep. The focus of that study was
fundamentally different from ours. These investigators were interested in how their device
affected papillary muscle position and degree of IMR in both acute and chronic IMR
models. While these authors did demonstrate a trend toward increased end systolic elastance
with device inflation, they did not explore how the device affected LV remodeling and
function over time.[23]

In summary, this report adds to a growing body of pre-clinical research that supports the
efficacy of early infarct restraint as a means of limiting post-MI LV remodeling. The
therapeutic approach used in this study is unique in that variable levels of mechanical
restraint were imposed directly on the infarct region. The potential for variable restraint
levels and, therefore, patient-specific therapy was demonstrated.
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Infarct

Mesh
Overlay

Bladder

Fill Port

Figure 1. Restraint Device

Panel A depicts a schematic drawing of the restraint device used in this study. A bladder
type catheter is placed over the infarct between the epicardium and a mesh sutured to the
heart surface. External filling is performed via an exteriorized fill port. Panel B is an
intraoperative photograph of the implanted device sutured to the LV epicardium directly
over the infarct region. MRI compatible markers are sutured to the edge of the mesh and
epicardium to delineate the infarct on MR imaging.

Ann Thorac Surg. Author manuscript; available in PMC 2014 January 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Koomalsingh et al.

Page 10

Baseline | oml 2ml éml 10 ml |

One-week Post-infarct

Figure 2. The Effect of Device Filling on LV Geometry

Mid-ventricular end-diastolic (ED) and end-systolic (ES) images at baseline and one week
after infarct. From baseline to one-week post infarct the end diastolic volume (EDV) and
end systolic volume (ESV) have increased significantly. Progressively increasing device
volume from 0 ml to 10 ml decreases the infarct bulging and alters the infarct and LV
geometry. Arrows in Oml image denote the infarct region and in 2ml image point to the
device.
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Figure 3. Regional Effect of Device Filling on LV Function
(A) Device filling shifts the end-diastolic volume from the basal region where the device

was positioned (0-40%) to the apical region (60-100%). (B) Basal and apical regional

ejection fraction increased with device filling. (* p<0.05 versus Oml)
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Figure4. Color Map of Regional Maximum Principal Strain Pre and Post Device Filling

0.2

018
016
0.14
012
o1

0.08
0.06
0.04

0.02

Page 12

(A) Device filling (8ml) altered both the geometry and strain in the basal region where the
device was positioned. The septum and posterior wall had increased strain while the infarct
region strain diminished. (B) The apical remote geometry was less affected by device filling

while strain was significantly altered.
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Figure 5. The Effect of Device Filling on Regional Maximum Principal Strain

Device filling significantly improved the adjacent remote function by shifting volume from
the infarct region to the normal remote region increasing loading. Similar results occur in the
apical region where device filling increased apical remote strain. Filling the device
significantly decreased infarct strain indicating a stiffer infarct and diminished systolic

stretch. (* p<0.05 versus Oml)
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Table 1

Left Ventricular Function and Hemodynamic Parameters 1 Week after Infarction at VVaried Device Inflation
Levels (Mean+ SEM)

Device Inflation L evel

Parameter oml 2ml 4aml 6ml aml 10 mi
End-Diastolic VVolume (ml) 90.0+5.6 89.845.9 94.8+7.1 89.7+4.7 88.2+4.6 82.8+4.9
End-Systolic Volume (ml) 59.9+3.8 59.1+3.9 60.3+55 | 5404317 | 505+4.8" | 46.1+2.2%

Ejection Fraction (%) 346+1.6 | 338431 | 365+2.8 | 3907+09% | 43.1+2.7% | 44.1+09%
Stroke Volume (ml) 31.242.6 | 30.7#4.0 | 345+3.7 | 357420 | 375+1.9° | 36.6+2.8
Heart Rate (bpm) 108.3+8.3 | 108.0+7.5 | 108.3+8.3 | 109.5+5.6 | 109.8+7.4 | 106.7+6.8

LV End Diastolic Pressure (mmHg) | 14.1+3.6 12.2+2.3 11.7+1.9 11.8+1.9 11.8+1.9 10.4+1.8

Peak LV Pressure (mmHg) 70.84£5.5 65.9+2.4 65.8+2.1 69.1+4.5 67.2+3.2 64.6+1.3
dp/dtyax (MMHg/s) 907+104 861+58 817+74 839+48 850+65 786185
dp/dtpin (MmHg/s) -806+45 -731+39 -744+44 | -815+106 | -834+47 -791+56

*
p<0.05, versus Oml, On-way ANOVA with repeated measures and Tukey multiple comparison
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Table 2

Ventricular function and Hemodynamic Parameters for Control and Treated groups.

Control Treated
Baseline 1-week 4-week Baseline 1-week 4-week
End-Diastolic Volume (ml) 61.3x1.2 | 86.9¢5.5™ | 121.3+5.47 | 64.3+1.3 | 97.2¢6.3” | 106.0+7.67
End-Systolic Volume (ml) 36.5+0.8 | 54.8+2.3% | 86.9+3.17 | 38.8+1.0 | 65.1+45™ | 67.8+4.9%
Ejection Fraction (%) 415+0.3 | 36.3+2.6% | 27.6+1.47 | 41.0+0.2 | 327+3.7% | 36.0+2.67
Stroke VVolume (ml) 33.3+0.3 | 32.0+4.1 34.1+3.1 29.9+1.7 32.0+4.8 38.2+4.4
Heart Rate (bpm) - - 102.5+2.9 - - 104.5+7.6
LV End Diastolic Pressure (mmHg) - - 12.6+1.7 - - 6.3+1.0"
Peak LV Pressure (mmHg) - - 69.9+2.1 - - 75.7+6.7
dp/dtmax (MMHg/s) - - 636+58 - - 873177
dp/dty,in (MmHg/s) - - —-742+38 - - -952+125

Ventricular Function; Two way ANOVA with repeated measures and Tukey multiple comparison. Hemodynamics; t-test.

*
p<0.05 Baseline vs. 1-week,

Tp<0.05 1-week vs 4-week,

Jtp<0.05 Control versus Treated at 4-weeks,

‘p<0.05 Control versus Treated at 1-week,
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