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Abstract
Background—Heart failure after myocardial infarction (MI) is a result of increased myocardial
workload, adverse left ventricular (LV) geometric remodeling, and less efficient LV fluid
movement. In this study we utilize cardiac magnetic resonance imaging to evaluate ventricular
function and flow after placement of a novel directed epicardial assist device.

Methods—Five swine underwent posterolateral MI and were allowed to remodel for 12 weeks.
An inflatable bladder was positioned centrally within the infarct and secured with mesh. The
device was connected to an external gas exchange pump, which inflated and deflated in synchrony
with the cardiac cycle. Animals then underwent cardiac magnetic resonance imaging during active
epicardial assistance and with no assistance.

Results—Active epicardial assistance of the infarct showed immediate improvement in LV
function and intraventricular flow. Ejection fraction significantly improved from 26.0% ± 4.9% to
37.3% ± 4.5% (p < 0.01). End-systolic volume (85.5 ± 12.7 mL versus 70.1 ± 11.9 mL, p < 0.01)
and stroke volume (28.5 ± 4.4 mL versus 39.9 ± 3.1 mL, p = 0.03) were also improved with
assistance. End-diastolic volume and regurgitant fraction did not change with treatment. Regional
LV flow improved both qualitatively and quantitatively during assistance. Unassisted infarct
regional flow showed highly dis-coordinate blood movement with very slow egress from the
posterolateral wall. Large areas of stagnant flow were also identified. With assistance,
posterolateral wall blood velocities improved significantly during both systole (26.4% ± 3.2%
versus 12.6% ± 1.2% maximum velocity; p < 0.001) and diastole (54.3% ± 9.3% versus 24.2% ±
2.5% maximum velocity; p < 0.01).

Conclusions—Directed epicardial assistance can improve LV function and flow in ischemic
cardiomyopathy. This novel device may provide a valuable alternative to currently available heart
failure therapies.

Coronary artery disease and resulting myocardial infarction (MI) are the most common
cause of clinical heart failure [1, 2]. Approximately 70% of heart failure cases are associated
with antecedent MI, with approximately one third of MI patients progressing to ischemic
cardiomyopathy (ICM) [3, 4]. Further, models predict a 25% increase in heart failure
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prevalence and 16.6% increase in coronary artery disease prevalence by the year 2030 [5].
Despite strides in medical therapies, 5-year mortality after heart failure diagnosis remains at
approximately 50% [6]. Surgical therapies and technology have similarly improved;
however, resource allocation, morbidity profiles, strict exclusion criteria, and technical
barriers often limit patient access to these treatments [7]. Therefore, demand remains for
novel treatment modalities directed toward the growing ICM population.

Wall thinning after infarct, increased scar compliance, and borderzone expansion result in
gradual dilation of the left ventricle (LV) and decreased systolic and diastolic function [8–
12]. Early conductance catheter-based studies have demonstrated an increase in the zero-
pressure volume of the LV in ICM heart models, which parallels adverse ventricular
remodeling after MI [13]. Intraventricular blood flow patterns have been further defined
using advanced cardiac magnetic resonance imaging (cMRI) techniques whereby four-
dimensional intraventricular flow can be visualized and quantified [14–17]. When compared
with healthy hearts with highly organized vortical flow patterns, ICM is associated with
significantly increased blood transit time from the mitral orifice through the aortic valve—so
called “delayed ejection blood” and “residual volume” [18]. The result of less efficient fluid
movement within the ventricle is manifested clinically by progressively reduced systolic
function, symptomatic heart failure, and intraventricular thrombus formation [19, 20].

To date, many surgical approaches have been described to treat or reverse adverse
ventricular remodeling in ICM. Modern left ventricular assist device therapy offers complete
and partial LV support; however, access to these therapies is limited and morbidity remains
high as a result of blood activation and infection. Partial left ventricular assist device support
has demonstrated a significant decrease in LV oxygen consumption in ICM through
reduction in cardiac work, but these devices have similar limitations as complete support
devices [21, 22]. Modification of infarct properties through passive restraint devices [23–28]
or directed polymer injections have also shown promise [29–31], with mild-to-moderate
improvement in function. In this study, we evaluate the effect of a novel directed epicardial
pulsation device on ventricular function and flow. Because the implantable portion of the
device was designed to be MRI compatible, this study also represents the first in vivo
evaluation of an active LV support device using cMRI.

Material and Methods
The immediate effects of a novel non–blood-contacting epicardial assist device were studied
in a porcine ICM model. The device consisted of a neoprene rubber inflatable bladder that
was positioned centrally within the dyskinetic infarct and secured to the infarct periphery
using polypropylene mesh. The inflation drive line was accessible through the chest wall
and allowed for LV pressure-gated synchronous inflation/deflation using an external rapid
gas exchange pump. Because the implantable components of the device were entirely MRI
compatible, cMRI was utilized to assess ventricular flow and function.

With approval from the University of Pennsylvania’s Institutional Animal Care and Use
Committee, 5 male Yorkshire swine weighing 36.6 ± 2.0 kg were used in this study. These
animals underwent posterolateral infarction followed by delayed insertion of a novel
directed epicardial assist device. Additionally, 5 healthy weight-matched controls (weight
61.2 ± 1.7 kg) were used for volumetric comparisons at the terminal timepoint to ensure
adequate remodeling. All studies were performed in compliance with the “Guide for the
Care and Use of Laboratory Animals” (National Institutes of Health Publication no. 85–23,
revised 1996).
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Infarction and Remodeling
Treatment animals were sedated with intramuscular ketamine injection (25 to 30 mg/kg),
intubated, and mechanically ventilated. General anesthesia was maintained with a mixture of
inhaled isoflurane (1.5% to 3.0%) and oxygen, delivered by volume-controlled ventilation at
a tidal volume of 10 to 15 mL/kg. Through a left thoracotomy, animals underwent selective
ligation of the circumflex artery or its branches with nonabsorbable suture to produce a
posterolateral infarct of uniform shape involving approximately 20% to 25% of the LV. Ten
custom-made 2-mm platinum markers were positioned at the periphery of the infarct region
to delineate its position during subsequent MRI acquisitions. Hemodynamic and
echocardiographic data were recorded before and after infarction. After ensuring
hemodynamic and electro-physiologic stability, all animals were allowed to recover and
undergo LV remodeling for 12 weeks.

Device Implantation
At 12 weeks after infarct, treatment animals were again anesthetized for device insertion.
General anesthesia was again initiated, and the animals underwent left minithoracotomy.
Before device insertion, transthoracic echocardiogram was performed to ensure adequate
remodeling. The locations of the infarct border were then identified using the previously
placed platinum markers as a guide. The custom-made directed assist bladder was positioned
centrally within the infarcted region. Using polypropylene mesh (Ethicon, Bridgewater, NJ),
the device was then secured to the infarct periphery using nonabsorbable suture (Fig 1A).
Care was taken to ensure the mesh had a small amount of laxity at end diastole to prevent
mesh dehiscence with bladder inflation and not to restrict regional diastolic filling. The
inflation port of the device was then tunneled substernally and exteriorized from the
subxiphoid abdominal wall. An external helium-powered pulsation device was connected to
the inflation port, and inflation was synchronized to the isovolemic contraction using LV
pressure gating and epicardial echocardiographic guidance (Fig 1B). Device inflation
pressure was limited to 200 mm Hg by the external gas exchange pump and was not
adjusted between subjects. Hemodynamic and echocardiographic data were acquired before
and after device implantation. After closure of the thoracotomy, the animal underwent
immediate MRI for postimplantation function and flow analysis.

Magnetic Resonance Imaging
General anesthesia was maintained for the duration of the imaging procedures, as described
above. Immediately after device implantation, cMRI was performed to assess ventricular
function and ventricular flow. A high-fidelity pressure transduction catheter (Millar
Instruments, Houston, TX) was positioned for LV pressure gating. The MRI was performed
using a 3T Siemens Trio Magnetom scanner (Siemens, Malvern, PA). Treatment animals
underwent prospectively gated cine MRI for evaluation of ventricular volumes and four-
dimensional phase contrast MRI to assess intraventricular flow patterns in both assisted and
unassisted (deflated) states. Weight-matched healthy controls also underwent cine MRI
acquisitions to assess the degree of remodeling. Three-dimensional spoiled gradient echo
cine MRI acquisitions used the following parameters: temporal resolution 24.2 ms, echo
time 2.4 ms, flip angle 15 degrees, field of view 300 mm × 243 mm, matrix 192 × 156, slice
thickness 4 mm, averages 2, cardiac and respiratory gating with total acquisition time
averaging approximately 20 minutes. Four-dimensional velocity-encoded flow-sensitive
MRI was acquired using the following parameters: velocity encoding 75 cm/s, temporal
resolution 20.8 ms, echo time 2.77 ms, flip angle 8 degrees, field of view 320 mm × 320
mm, matrix 160 × 160, slice thickness 2 mm, averages 1, cardiac and respiratory gating with
total acquisition time averaging approximately 50 minutes. Images were archived and stored
offline for postprocessing (see following text).
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Image Analysis
The LV volume and function data were obtained from MRI cine images. Short-axis
endocardial contours were manually drawn at each slice from apex to base using public
domain image analysis software (ImageJ, Bethesda, MD). Contours were drawn at both end
systole and end diastole. Volume at each cardiac time point was then calculated using total
contour area × in-plane pixel resolution per mm2 × slice thickness × number of slices.
Ejection fraction (EF) and stroke volume were then computed using the calculated end-
diastolic volume (EDV) and end-systolic volume (ESV).

Intraventricular flow and regurgitant fractions were obtained from MRI four-dimensional
phase contrast acquisitions. Noise, aliasing, and eddy currents were corrected using a custom
program designed in Matlab (Mathworks, Natick, MA) and exported to a commercially
available computational fluid dynamics software package (CEI Ensight, Apex, NC). Using
the computational fluid dynamics software, particle tracings were then visualized using
velocity vectors obtained from the corrected phase-encoded images. Overlaid cine steady-
state free precession images were used to identify anatomical landmarks and the device
position. Three regions of interest (ROI) were identified—the left ventricular outflow tract
(LVOT), anteroseptal remote myocardium, and posterolateral infarcted myocardium. A
spherical ROI was placed adjacent to the endocardial border of the remote and infarcted
areas. A planar ROI was positioned within the subvalvular LVOT. Average three-
dimensional blood velocity within each respective region over the cardiac cycle was
calculated using the following formulas:

A where ||v|| is the magnitude of the velocity (cm/s), t is cardiac cycle length (ms), V is the
volume of the respective infarct or remote ROI (cm3), and A is the area of the planar LVOT
ROI (cm2). Remote and infarct velocity profiles were then normalized to peak LVOT
velocity (vinf/vLVOT[max]) to ensure comparability between subjects.

Statistical Analysis
Numerical LV function data were assessed using a paired Student’s t test and are presented
as mean ± SEM. Regional flow data are presented as a percentage of peak LVOT blood
velocity ± SEM. Regurgitant fraction is presented as percentage of LV inflow ± SEM. For
all comparisons, p less than 0.05 is considered statistically significant.

Results
Feasibility

All animals successfully underwent device placement through minithoracotomy. Device
placement time was less than 30 minutes, and inflation/deflation was successfully
synchronized using echocardiographic guidance in all cases. No adverse events (ie, wall
perforation, arrhythmia, or death) were encountered during device implantation. High-
quality three-dimensional cine spoiled gradient echo and four-dimensional flow MRI images
were safely acquired with and without device assistance (Fig 2).
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Ventricular Function
After posterolateral infarct and a 12-week remodeling period, all subjects showed marked
LV dilation (EDV 95.3 ± 3.5 mL versus 114.0 ± 9.2 mL, p = 0.10) and significant systolic
dysfunction (EF 45.8% ± 1.6% versus 26.0% ± 4.9%, p < 0.01; ESV 51.6 ± 2.3 mL versus
85.5 ± 12.7 mL, p < 0.05) when compared with healthy weight-matched controls (Fig 3).
Global ventricular function significantly improved when receiving synchronous infarct
assistance, with EF increasing from 26.0% ± 4.8% to 37.3% ± 4.5% (p < 0.01). The ESV
decreased from 85.5 ± 12.7 mL to 70.1 ± 11.9 mL when assisted (p < 0.01). The EDV was
similar after application of the assist device (114.0 ± 9.2 mL versus 110.0 ± 10.6 mL, p =
0.23), which corresponded to a significant increase in stroke volume from 28.5 ± 4.4 mL to
39.9 ± 3.1 mL (p = 0.03). Hemodynamic variables are summarized in Table 1. There were
no significant differences noted between unassisted and assisted timepoints.

Ventricular Flow
Unassisted four-dimensional flow particle tracings revealed highly discoordinate flow with
large flow voids throughout the posterolateral infarct region (Fig 4, bottom panel). Most
notably, compliant infarcted myocardium appeared to create Windkessel-like flow patterns
throughout the cardiac cycle. During both systole and diastole, predominant blood flow was
toward the infarct region with slow and small-volume efflux away from this area. Several
large signal voids indicative of very slow or stagnant flow were also identified within the
periinfarct ventricular space.

In contrast, four-dimensional flow particle tracings during synchronized epicardial
assistance highlighted dramatic regional and global flow improvements (Fig 4, top panel).
Rapid deflation of the device at the onset of diastole augmented filling by actively pulling
blood into and through the infarct region. Blood remaining within or near the infarcted
region was subsequently forced away during rapid bladder inflation at onset of systole.
Repetitive inflation-deflation events generated continuous flow along the entire
posterolateral wall throughout the entire cardiac cycle, with no obvious signal voids
identified.

These qualitative findings were supported by regional blood velocity profile curves, which
confirmed increased diastolic and systolic blood flow within the infarcted region during
assistance compared with no assistance (Fig 5). Regional average diastolic blood velocity
was significantly improved near the infarct with active assistance (54.3% ± 9.3% versus
24.2% ± 2.5% vmax, p < 0.01). Similarly, average infarct systolic blood velocities also
dramatically improved with assistance (26.4 ± 3.2% versus 12.6% ± 1.2% vmax, p < 0.001).
Remote anteroseptal regional diastolic and systolic blood flow profiles did not show any
difference between timepoints (diastolic 39.8% ± 5.4% versus 41.1% ± 3.7% vmax, p = 0.85,
and systolic 18.6% ± 1.9% versus 18.0% ± 1.4% vmax, p = 0.81).

All animals had evidence of mitral regurgitation. Nonetheless, antegrade and retrograde flow
analysis at the aortic root and mitral annulus found no difference in mitral regurgitant
fraction during unassisted and assisted timepoints (10.5% ± 6.7% versus 11.9% ± 1.8%, p =
0.77).

Comment
Increased scar compliance after MI initiates a self-detrimental cycle of increasing LV wall
stress and infarct expansion that ultimately leads to less efficient pump function and
ventricular dilation [8–12]. In addition to adverse wall remodeling, a growing body of
evidence has demonstrated a loss of normal vortical flow patterns and less efficient blood
ejection in dilated cardiomyopathy [18, 32]. These findings suggest that the effects of
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dysfunctional myocardium, altered LV geometry, and disorganized intraventricular flow
patterns act in harmony and—when considering kinetic energy losses—perhaps
synergistically to result in symptomatic heart failure.

Many novel therapies have been introduced that are directed toward limiting postinfarct LV
remodeling, ranging from heart wrapping [23–25] to local restraint devices [26–28] to
injectable stiffening agents [29–31]. Although these therapeutic strategies have shown
efficacy at limiting geometric changes and improving myocardial contractile function, their
targeted function is passive mechanical stiffening/restraint, not LV flow. On the other end of
the spectrum, continuous-flow left ventricular assist device therapies, by definition, have
profound effects on LV flow patterns; however, patient access, surgical invasiveness, and
serious morbidity risks (ie, embolic events and infection) remain barriers to treatment.
Accordingly, novel “active” therapies that improve postinfarct LV geometry—and directly
affect intraventricular flow—remain in demand.

In this study, we present our preliminary experience with a novel directed epicardial assist
device that actively augments infarct wall motion in synchrony with the cardiac cycle.
Historically, LV assistive therapies have not been MRI compatible; however, because all
internal components of this device are composed of non-ferromagnetic materials, advanced
cMRI techniques were used to qualitatively and quantitatively assess ventricular function
and flow after device implantation. All swine enrolled in this study had significant systolic
dysfunction at 12 weeks after circumflex ligation. Acute device implantation and activation
resulted in immediate improvement of ESV, stroke volume, and EF—with no identifiable
effect on EDV or regurgitant fraction. In agreement, four-dimensional flow cMRI showed
improved blood inflow/outflow and decreased flow voids near the posterolateral scar when
receiving active epicardial assistance.

The mechanism by which this device improved global LV function is likely multifactorial.
The extrinsic pumping action of the device may have directly contributed to systolic
ejection; however, blood movement after rapid device inflation did not appear to
preferentially move toward the LVOT. Instead, particle tracings illustrated blood dispersion
in all directions along the curvature of the assisted endocardial wall. Further, velocity
profiles also indicated that the most notable effect on blood velocity was seen during
diastolic deflation—with a much less prominent effect in systole. These findings suggest
that redistribution of otherwise stagnant blood toward functional remote myocardium may in
itself create a more efficient environment for blood ejection. Lastly, the authors have
recently reported that passive local infarct restraint improves borderzone strain and
decreases infarct stretch [26]. While the overall design and function of these devices differ
in several respects, some attributes—such as mesh fixation and device positioning—are
shared. Strain was not a primary endpoint of the present study owing to image acquisition
time limitations; however, the improvement in systolic function with epicardial assistance
may in part be a result of improved borderzone function during device inflation. Given its
importance in understanding the mechanistic effects on LV performance, strain analysis will
be addressed as a primary endpoint in future longitudinal studies.

This study represents a paired comparison between unassisted and assisted states in a
chronic posterolateral infarct model with fixed inflation parameters, yet the potential
variables are essentially limitless and outside the scope of this preliminary experience. In all
cases, we utilized very rapid (approximately 50 ms) inflation/ deflation times to coincide
with isovolemic contraction and relaxation, respectively. All treatment animals had mitral
regurgitation after infarct; however, inflation timing was not changed depending on the
severity of mitral regurgitation. Further, the device was completely deflated during diastole
and maximally inflated (200 mm Hg) during systole. Variables including, but not limited to,
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inflation/deflation onset, inflation/deflation ramp time, partial diastolic support, chronic
device placement, infarct location/size, and the effect of timing on mitral regurgitation will
be the focus of future studies. Computational fluid dynamics and lumped parameter
modeling have proven valuable methods of predicting the effect LV geometry and material
property alterations have on flow and function [9, 32–34]. As such, these tools will be
essential for optimization of device and ventricular functioning going forward.

Lastly, the use of cMRI to assess flow has improved our understanding of ventricular flow
patterns in normal and diseased conditions. To date, few studies have utilized this imaging
modality to analyze therapeutic efficacy [32, 35, 36], and this report represents the first to
assess an assistive therapy in vivo. While its use remains experimental at present, four-
dimensional flow cMRI has potential to provide valuable qualitative and quantitative metrics
for a variety of cardiovascular therapies.

In all, this study utilizes a novel approach in the treatment of ICM and further improves our
understanding of pathologic flow in the failing ventricle. Our findings support the use of
less-invasive assistive therapies as a valuable alternative within the surgical arsenal against
ischemic heart failure.
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Abbreviations and Acronyms

cMRI cardiac magnetic resonance imaging

EDV end-diastolic volume

EF ejection fraction

ESV end-systolic volume

ICM ischemic cardiomyopathy

LV left ventricle

LVOT left ventricular outflow tract

MI myocardial infarction

ROI region of interest
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Fig 1.
(A) Intraoperative view of post-infarction heart after device placement. The inflation bladder
has been positioned centrally within the infarct area and secured to the surrounding
borderzone with polypropylene mesh and suture. The driveline is seen exiting the imaging
as it is tunneled through the chest wall. (B) Schematic of magnetic resonance imaging (MRI)
equipment. Green line represents pressure signal received from left ventricle pressure
catheter; red line represents driveline powering the inflation bladder.
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Fig 2.
Cine magnetic resonance imaging time lapse of assisted state (top panel) and unassisted state
(bottom panel) in a single subject. Dynamic movement of the posterolateral wall in
synchrony remote myocardium is observed while receiving epicardial assistance. Red line
demarcates left ventricle epicardium; white arrow identifies posterolateral infarct and
inflation bladder position.
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Fig 3.
Left ventricular volume analysis in healthy controls (blue bars), unassisted postinfarct
animals (red bars), and assisted postinfarct animals (green bars). *Denotes p < 0.05 when
compared with healthy weight-matched controls by unpaired t test. *Denotes p < 0.05 when
compared with the unassisted state by paired t test. (EDV = end-diastolic volume; EF =
ejection fraction; ESV = end-systolic volume; SV = stroke volume.)
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Fig 4.
Velocity-encoded particle tracings during assisted state (top panel) and unassisted state
(bottom panel) in the same animal. Three phases of the cardiac cycle are shown: (A) early
systole, (B) late systole, and (C) early diastole. In assisted systole (top panel A and B), there
is efflux of blood in all directions away from the posterolateral scar. In contrast, during
unassisted systole (bottom panel A and B) there is discoordinate movement of blood toward
the infarct. Assisted systole (top panel C) shows augmentation of mitral inflow through the
posterolateral toward the apex. Little movement of blood is identified during unassisted
diastole (bottom panel C). Large flow voids are also visible along the unassisted
posterolateral wall, which was improved after device activation. Bracket indicates
posterolateral wall/device position. (Ao = aortic root; Ap = apex; LA = left atrium; RV =
right ventricle.)
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Fig 5.
Normalized regional blood velocities of all subjects during assisted state (blue diamonds)
and unassisted state (red triangles). (A) Posterolateral blood velocity was significantly
improved with assistance throughout the cardiac cycle. (B) Remote anteroseptal blood
velocity did not change with assistance. Green dashed line denotes aortic flow.
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Table 1

Summary of Hemodynamic Variables

Hemodynamic Variable Unassisted Assisted Healthy Controls

Heart rate, beats/min 94.4 ± 4.7 94.8 ± 4.9 99.5 ± 6.7

End-diastolic pressure, mm Hg 10.4 ± 1.0 10.7 ± 1.2 11.35 ± 3.9

Peak left ventricle pressure, mm Hg 74.5 ± 5.3 76.2 ± 5.8 82.9 ± 6.23

dP/dTmax, mm Hg/s 773.8 ± 60.6 789.2 ± 58.4 1320.3 ± 108.0a

dP/dTmin, mm Hg/s −940.6 ± 80.4 −906.8 ± 78.3 −1305.6 ± 104.6a

a
Denotes p < 0.05.

dP/dT = rate of rise of left ventricular pressure.
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