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Objective: The goal of this study was to investigate the efficacy of VPASS with physiological
measurements, magnetic resonance imaging (MRI), and histology in a porcine model of myo-
cardial infarction. Background: A catheter-based ventricle-to-coronary vein bypass (VPASSTM)
has been proposed as a potential treatment strategy for refractory coronary artery disease
patients. Methods: In an acute setting, the VPASS implant was deployed percutaneously in
three swine. The partial pressure of oxygen (PO2) in the anterior interventricular vein (AIV) and
left ventricle (LV) were measured before and after VPASS implant with various combinations
of balloon occlusion in the AIVand left anterior descending artery (LAD). In a separate chronic
study, the VPASS procedure was completed on three swine with a mid-LAD occlusion. Thirty
days post-VPASS procedure, angiography, contrast-enhanced MRI, and histology were per-
formed to assess myocardial viability. Perfusion was analyzed using the average percent sig-
nal intensity change (APSIC) in the anterior walls (AW) and inferior walls (IW). Results: The
VPASS implant was performed without complication. Post-VPASS implantation, the distal AIV
PO2 increased up to the LV PO2 level during simultaneous AIV and LAD blockage (432 6 24
mmHg). At day 30, quantitative perfusion analysis demonstrated no difference in APSIC
between AW and IW (125 6 26% vs. 137 6 38%, P ¼ 0.46). Delayed enhancement and his-
tology showed focal subendomyocardial infarction. Conclusions: VPASS implant with simulta-
neous AIV and LAD occlusion allows perfusion of oxygenated blood to the distal AIV, which in
the setting of an acutemyocardial infarctionmodel was capable of rescuingmost of themyo-
cardium at risk. ' 2005Wiley-Liss, Inc.
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INTRODUCTION

We have reported a catheter-based, intramyocardial,
left ventricle-to-coronary vein bypass (VPASSTM) that
provides retrograde perfusion to the ischemic myocar-
dium via a stent-like implant that provides a path for
blood flow from the left ventricle (LV) to the anterior
interventricular vein (AIV) [1]. In that study we dem-
onstrated that (a) the VPASS procedure could be per-
formed percutaneously; (b) a systolic pressure gradient
between the LV and AIV could create retrograde per-
fusion; and, (c) the retrograde perfusion provided by
the VPASS implant created sustained blood flow to
maintain myocardial viability. The present study was
designed to examine more carefully (a) the pre- and
post-VPASS oxygenation in the distal AIV, and (b) the
myocardial viability in the anterior wall (AW) at day
30 post-VPASS and left anterior descending artery
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(LAD) occlusion, using magnetic resonance imaging
(MRI) and histology.

MATERIALS AND METHODS

Experimental Study

The study was carried out according to the Guide-
lines for the Care and Use of Laboratory Animals and
approved by the Massachusetts General Hospital, Sub-
committee on Research Animal Care. Each swine re-
ceived oral Aspirin (325 mg/day) and Clopidogrel (75
mg/day) tablets beginning three days prior to the pro-
cedure and were continued daily until the animals were
terminated. Six Yorkshire swine (40–50 kg) were pre-
treated with Atropine (0.04 mg/kg) and Acepromazine
(0.1 mg/kg), and subsequently anesthetized with Tela-
zol (4.4 mg/kg) and Xylazine (2 mg/kg). The animals
were then intubated and ventilated with 98% oxygen
and 2% isoflurane. Following sterile skin preparation, a
7 Fr sheath was placed in the right femoral artery and
a 14 Fr sheath was placed in the right femoral vein
using a standard Seldinger technique. Before catheter-
ization, heparin (5,000 U) was injected to maintain an
activated clotting time (ACT) of 250–300 sec.

Percutaneous Coronary Arterial Access

Via the right femoral artery, the LAD was cannu-
lated with a 7 Fr Hockey Stick guiding catheter under
fluoroscopic guidance, 100 lg nitroglycerine was
injected, and baseline coronary angiography was per-
formed in orthogonal views. A 7 Fr standard angio-
graphic pigtail catheter was also advanced retrograde
into the LV using a 0.035@ guidewire. Left ventricu-
lography (LVG) and hemodynamic measurements were
then performed.

Percutaneous Coronary Venous Access

Via the right femoral vein, the coronary sinus (CS)
was selectively cannulated with a 7 Fr preformed por-
cine catheter (Transvascular, Inc., Menlo Park, CA)
and a 0.035@ hydrophilic exchange wire (Terumo Cor-
poration, Tokyo, Japan). The wire was then advanced
from the CS to the AIV. Over the exchange wire, a
14 Fr CS guide catheter with dilator (Transvascular)
was delivered to the ostium of the CS. The exchange
wire was then replaced with a 300-cm, 0.014@ BMW
guidewire (Guidant Corporation, CA).

Pressure Measurements

In all swine, a 5 Fr 110-cm wedge-balloon (ARROW
International Inc., PA) was advanced to the AIV over
the 0.014@ BMW guidewire. Before the VPASS proce-
dure, the wedge-balloon was inflated and pressure

measurements were taken at the mid-AIV and com-
pared with the systolic LV pressure.

VPASS Implant Procedure

A 6.2 Fr TransAccess CrossPoint-CX catheter (Med-
tronic, Inc., MN) was advanced to the mid-AIV over
the 0.014@ BMW guidewire through the CS guiding
catheter. Using the solid-state, 64-element, phased-
array intravascular ultrasound imaging element (20
MHz), the CrossPoint-CX catheter was oriented in the
direction toward the LV chamber [2,3]. The catheter
was rotated until the LAD was located between 8 and
9 o’clock and the pericardium between 4 and 5
o’clock; the puncture needle was then oriented towards
the LV chamber at 12 o’clock. A 24G nitinol needle
was then extended 9 mm into the myocardium, and
extended incrementally up to 22 mm based on the
myocardial thickness. Once the needle exited the myo-
cardium into the LV, the 300-cm, 0.014@ BMW guide-
wire was advanced through the needle lumen into the
LV and then further advanced through the LV chamber
into the ascending aorta for support during the VPASS
implant. The CrossPoint-CX catheter was removed and
a 3.0-mm balloon catheter was advanced within a 9 Fr
subselective catheter and inflated to 10 atm for the
channel dilatation.
After balloon deflation, a VPASS delivery system

(Percardia Inc., NH) was tracked to the target location.
The VPASS delivery system design allows for tactile
feedback, in combination with fluoroscopic guidance,
to place a section of the VPASS implant in the AIV
and the remaining length in the myocardium (Fig. 1A).
The delivery system is a double balloon system con-
sisting of a balloon to inflate the AIV VPASS implant
section, and a balloon to inflate the myocardial VPASS
implant section. The total length of the VPASS im-
plant in the myocardium was 28 mm [1].
After final positioning, the VPASS implant was

deployed. Fluoroscopic orthogonal views showed the
VPASS implant to be deployed satisfactorily. A veno-
gram confirmed that a connection was made from the
AIV to the LV with flow distal to the VPASS implant.

Oxygenation Measurements

A blood sample was collected through the wedge
balloon in the distal AIV before VPASS implant. After
the VPASS procedure, partial pressure of oxygen (PO2)
was measured in the distal AIV and LV and compared
with different combinations of proximal AIV and LAD
balloon-occlusions. These settings were AIV occlusion
without LAD occlusion and, both AIV and LAD oc-
clusions. A 9 Fr subselective guiding catheter was
advanced close to the VPASS implant to create the
wedged condition. The wedged condition was con-
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firmed by an approximately equal pressure from the dis-
tal subselective guiding catheter to the LV pressure. A
3.5-mm coronary balloon was advanced into the LAD
through the 7 Fr Hockey Stick guiding catheter for coro-
nary occlusion. A coronary balloon catheter was also
advanced into the distal AIV and the blood samples were

collected through this coronary balloon (Fig. 1B). The
PO2 reflects the amount of oxygen dissolved in the blood
and is calculated in reference to the fraction of inspired
oxygen. The PO2 was measured with a GEM Premier
3000 (Instrumentation Laboratory, Lexington, MA),
under 98% oxygenation conditions.

Fig. 1. A: Scheme of percutaneous VPASS implant. The per-
cutaneous VPASS implant (Percardia) was deployed from AIV
to myocardium. After the VPASS implant, a 5-mm balloon-
expandable blocker stent (VetourTM, Transvascular) was
deployed 10 mm proximal to the VPASS implant in the AIV to
establish retroperfusion to the myocardium. To create pro-
found acute ischemia, a Tornado platinum embolic coil (0.035@,
4 cm length, 533 mm diameter, Cook) was deployed in the
mid-LAD. The arrow indicates the direction of blood flow from
LV into the distal AIV. B: Scheme of blood collection after
VPASS implant. After the VPASS implant procedure, but prior

to deployment of the Vetour blocker, a coronary balloon cath-
eter was advanced into the distal AIV. Blood samples were
collected through this coronary balloon with different combi-
nations of proximal AIV and LAD balloon occlusions. A 3.5-mm
coronary balloon was advanced into the LAD for coronary
occlusion. A 9 Fr subselective guiding catheter was advanced
close to the VPASS implant to create the wedged condition.
The wedged condition was confirmed by an approximately
equal pressure from the distal subselective guiding catheter
to the LV pressure.
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Chronic Study

In a separate chronic pilot study, after the VPASS
implant, a 5-mm balloon-expandable blocker stent (Ve-
tourTM, Transvascular) was deployed 10 mm proximal
to the VPASS implant in the mid-AIV to establish ret-
roperfusion to the myocardium [3].
In three animals, in order to create profound acute

ischemia, a Tornado platinum embolic coil (0.035@,
4 cm length, 5 3 3 mm diameter; COOK, IN) was
deployed in the mid-LAD using a 5 Fr microcatheter
(Tracker, Boston Scientific/Medi-Tech, Ireland) through
a 7 Fr Hockey Stick guiding catheter. Coronary angiog-
raphy was performed to confirm total occlusion in the
LAD due to the coil. Left ventriculography was per-
formed to confirm flow through the VPASS implant
and occlusion of the Vetour in the proximal AIV.
Electrocardiography was obtained 30 min post-LAD
occlusion. The animals were allowed to recover and
were kept for 4 weeks, receiving aspirin (325 mg/day)
and Clopidogrel (75 mg/day) orally.

Left Ventricular Function and VPASS Patency

Immediately after implant and at 1 month post-
VPASS procedure, coronary angiography and LVG
were performed to assess LAD occlusion, VPASS
implant patency, and LV function, using a Siemens
single plane fluoroscopy system with on-line digital
imaging software. Postoperative and follow-up left
ventriculograms were analyzed by standard quantitative
means (ViewPlus, Sanders Data Systems, CA). The
LV end-diastolic volume, end-systolic volume, and
ejection fraction (EF) were calculated using the area-
length method [4].

Magnetic Resonance Imaging

One month post-VPASS procedure, an magnetic res-
onance imaging (MRI) was performed with a 1.5T
Signa Horizon CV/I MRI system (GE Medical Sys-
tems, WI). After identification of the long axis, 6-mm
short axis slices, perpendicular to the long axis, were
obtained by a FIESTA (fast imaging employing
steady-state acquisition) sequence (repetition time (TR)
¼ 3.5–4.5 msec, echo time (TE) ¼ 1.5–2.0 msec, flip
angle ¼ 458–558).
First pass perfusion images were performed after

intravenous injection (0.2 mmol/kg) of gadopentetate
dimeglumine (Magnevist, Berlex Laboratories, NJ),
which was injected at the rate of 2.0 ml/sec, followed
by a 20-ml saline flush at the rate of 2.0 ml/sec by an
infusion pump. Imaging was acquired using an echo-
planer imaging sequence for 30 sec after the injection.
Imaging parameters are as follows: TR/TE/a, 7.6/1.7/
25; echo train length, 4; image matrix, 128 3 128;
slice thickness, 6 mm. The LV was divided into six
segments (PS1: anterior, PS2: antero-septal, PS3: infero-
septal, PS4: inferior, PS5: infero-lateral, PS6: antero-
lateral) using the interactive program CINE (GE Medi-
cal Systems) (Fig. 2A) [5]. To quantitatively evaluate
myocardial viability, average percent signal intensity
change (APSIC) was calculated and compared in each
segment of myocardium. The percent signal intensity
change was defined as (signal intensity at time t � sig-
nal intensity at time 0)/signal intensity at time 0 3 100 in
a pixel [6]. The PS1, 2, and 6 segments were defined as
anterior wall and the PS3, 4, and 5 segments were
defined as inferior wall. The APSIC of the anterior walls
(AW) was compared with that of the inferior walls (IW).

Fig. 2. Quantitative myocardial viability. MRI perfusion
images 1 month post-VPASS and LAD occlusion and a graph
of the average percent signal intensity change (APSIC) curve
in each segment. APSIC, average percent signal intensity

change; PS1, anterior (red); PS2, antero-septal (light green);
PS3, infero-septal (yellow); PS4, inferior (white); PS5, infero-
lateral (blue); PS6, lateral (purple).
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Twenty minutes after intravenous injection of Mag-
nevist, delayed enhancement images were also
acquired using ECG-gated inversion prepared gradient
echo MR sequence. The sequence was timed to acquire
images at the end diastole of the cardiac cycle. The
range of inversion time was 160–220 msec. Images
were acquired in the short axis. The imaging parame-
ters were TE/TR, 3.1–3.2/6.6–6.7; flip angle, 208; field
of view, 280–320 mm; matrix, 192 3 192; slice thick-
ness, 6 mm. Each image was acquired with 17–22-sec
breath-holds [7].

Euthanasia

Upon completion of the protocol, the animal was
sacrificed with intravenous Pentobarbital (100 mg/kg)
and the heart was excised.

Histology

Masson’s trichrome staining was done to evaluate
the tissue viability at 1 month post-VPASS.

Statistics

All results are expressed as mean 6 standard devia-
tion. Data were compared between different groups
using the unpaired t-test. P-value < 0.05 was consid-
ered statistically significant.

RESULTS

The VPASS procedure was successfully performed
in all six animals without complication via CS
approach. Premature ventricular contractions were
observed during the myocardial puncture and during
the implant deployment. However, there were no inci-
dences of sustained ventricular arrhythmias after these
procedures were complete.
Contrast injection through the 9 Fr subselective

guide catheter demonstrated implant patency in all
cases, as well as capillary blush and contrast in the
LV. After VPASS implant deployment and LAD
occlusion, there were no electrocardiographic ischemic
changes (Fig. 3, animal 1) or clinical signs of heart
failure in any of the animals.

Fig. 3. Electrocardiograph obtained 30 min post-LAD occlusion and VPASS implant (animal
1). There were no electrocardiographic ischemic changes.
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Pressure and Oxygenation Measurements

In 3 animals studied in the acute setting, at baseline,
the PO2 of the blood in the distal AIV was signifi-
cantly lower than that of the arterial blood in the LV
(Fig. 4).
Following deployment of the VPASS implant and

AIV occlusion proximal to the VPASS implant, PO2

increased to 154 6 99 mmHg in the distal AIV, indi-
cating retrograde flow and mixing of arterial and
venous blood in the distal AIV. When the LAD was
also occluded, PO2 increased further to 432 6 24
mmHg, close to the value of the normal arterial blood
(491 6 26 mmHg), indicating little contribution of
venous blood.
In all animals studied (n ¼ 6), mean AIV systolic

wedge pressure was 486 5 mmHg and mean LV systolic
pressure was 88 6 10 mmHg before the VPASS implant.
Post-VPASS implant, the mean AIV systolic wedge pres-
sure increased to 84 6 7 mmHg, which was similar to the
mean LV systolic pressure (836 6 mmHg).

Left Ventricular Function and VPASS Patency
in a Chronic Setting

Immediately, and 30 min after implant, LAD
occlusion was confirmed by coronary angiography
post-VPASS implant. One month post-VPASS proce-
dure, coronary angiography showed TIMI (thrombol-
ysis in myocardial infarction) grade 1 flow in two
animals and TIMI grade 0 flow in one animal [8].
VPASS implant patency was shown with LVG; con-
trast flow into the distal AIV from the LV, through
the VPASS implant, was observed in all chronic ani-
mals presented (n ¼ 3). The average EF immediately

after VPASS implant and acute LAD occlusion with
the coil was 46 6 8% and 1 month post-VPASS was
still 50% 6 3%. LV function was preserved even
with the LAD occlusions.

Magnetic Resonance Imaging

Quantitative perfusion analysis. The first-pass
perfusion imaging distal to the VPASS implant was
evaluated by quantitative perfusion analysis. Figure 2
shows the 6 segmentations of the MRI perfusion
images 1 month post-VPASS implant and the APSIC
in each segment is shown in the graph for animal 2.
Figure 5 shows the comparison of APSIC between

AW (n ¼ 9) and IW (n ¼ 9) in all three animals. There
was no significant difference in the APSIC between
AW and IW (125 6 26% vs. 137 6 38%, P¼ 0.46).
Figure 6 shows the FIESTA (A–C), the perfusion

(D–F), and the delayed enhanced images (G–J) from
animal 3. Myocardial thickness was preserved, and the
epicardial and midmyocardium were viable. A small
focal perfusion defect was observed in the subendo-
myocardium (Fig. 6E) and a delayed enhanced area
was observed in the anterior subendomyocardium (Fig.
6H). Figure 7 shows the FIESTA (A and B) and
delayed enhanced images (C and D) from animal 2.
Myocardial thickness was preserved and there was no
obvious infarction area with the delayed enhanced
images (C and D).

Histology

Figures 7 and 8 show gross image and Masson’s tri-
chrome staining of the short-axis LV slices distal to
the VPASS implant from animal 2. The myocardial
thickness was preserved and Masson’s trichrome stain-
ing demonstrated fibrous infarction in the subendomyo-
cardium (Fig. 8). Similar histological results were seen
in animals 1 and 3.

Fig. 5. Comparison between anterior wall and inferior wall
APSIC. APSIC, average percent signal intensity change.

Fig. 4. Comparison of oxygenation measurements (n ¼ 3).
PO2, partial pressure of oxygen; LV, left ventricle; AIV, anterior
interventricular vein; LAD, left anterior descending artery; Pre-
AIV, before VPASS; AIV� LADþ, AIV occlusion without LAD
occlusion; AIV� LAD�, simultaneous AIV and LAD occlusion;
*, P < 0.01.
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DISCUSSION

This study demonstrates that the VPASS procedure
can be safely and effectively performed percutaneously
in a large-animal model. The VPASS implant provides
oxygenated blood into the ischemic myocardium dur-
ing concomitant LAD and AIV occlusions. One month
post-VPASS procedure and LAD occlusion, VPASS
implant patency was shown and most of the myocar-

dium was viable, as assessed by MRI and histology,

despite a total acute occlusion of LAD by an embolic
coil.
In a different preliminary study, we performed the

control group with an emboli coil alone, which was

deployed at the same position compared to the VPASS

group. At 30 days, there was TIMI grade 1 flow. How-

ever, MRI showed thinning of the myocardium, which

Fig. 6. MRI images from animal 3. FIESTA images in the upper row (A–C), 1 month post-
VPASS and LAD occlusion. Perfusion in the middle three images (D–F). Delayed enhancement
in the lower three images (G–J). Left to right: Base to apex. A small focal perfusion defect
was observed in the subendomyocardium (black arrow in Fig. 6E) and a delayed enhanced
area was observed in the anterior subendomyocardium (white arrow in Fig. 6H).
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was not observed in the VPASS group (data not
shown).

VPASS Efficacy

The quantitative perfusion analysis showed that the
anterior segments were perfused by the AIV via the
VPASS implant even with the LAD occlusion. However,
it was unclear whether the perfusion through the VPASS
implant can rescue the subendomyocardium. In this

study, the delayed enhancement and histology demon-
strated a focal infarction area in the subendomyocardium.
This indicated that the VPASS could rescue most of the
myocardium, but not the entire transmural myocardium,
in the condition of an acute myocardial infarction.
A possible reason might be due to a low-pressure

perfusion in the distal AIV. Hochberg et al. reported
the efficacy of long-term retrograde perfusion through
a coronary venous bypass (CVBG) into the AIV. Dur-

Fig. 7. MRI and gross anatomy. FIESTA (A and B) and delayed enhanced images (C and D)
from animal 2. Myocardial thickness was preserved (A, B, E, and F), and there was no
obvious infarction area with the delayed enhanced images (C and D).
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ing the operation, the LAD was ligated to create an
ischemic event, and the AIV was ligated proximally to
the CVBG-AIV anastomosis to prevent shunting of
venous blood directly to the coronary sinus. Myocar-
dial flow was measured using 141Ce microspheres 3–5
months post-CVBG. The microsphere injection was
performed to measure the flow to the anterior wall
supplied by retrograde venous perfusion. The endocar-
dial/epicardial flow ratio was 1.4:1, indicating that the
retrograde coronary venous bypass graft effectively
delivered blood to the subendomyocardium [9]. On the
other hand, our MRI and histology results demon-
strated that VPASS did not fully protect the subendo-
myocardium, presumably reflecting the different mecha-
nism of perfusion compared with CVBG, which perfuses
ischemic myocardium during both systole and diastole.
VPASS, in contrast, can supply blood only in systole.
Although Gott et al. reported that the optimal mean pres-
sure to perfuse the blood or solution through the trans-
mural myocardium was 30 mmHg in the coronary
venous system [10], the flow and pressure from VPASS
appeared insufficient to perfuse the entire transmural
myocardium because of the fluctuating in-and-out flow
through the VPASS implant.

VPASS Oxygenation

Based on our previous data, an LV and AIV pres-
sure gradient can create the retrograde flow in the dis-
tal AIV. The measure of distal oxygenation is affected
by the amount of venous drainage, since venous blood
will dilute the oxygenated blood delivered from the
implant. Total occlusion of the LAD notably dimin-
ishes the amount of venous drainage in the AIV, and
in turn, increases the distal oxygenation. It is not
known if these levels of distal oxygenation can be
replicated in the clinical setting.
Previous studies demonstrated that during AIV and

LAD balloon inflations, coronary venous flow in the distal

AIV decreased; however, the flow did not cease. Possible
explanations are collateral blood supply to the distal arte-
rial segments, from branches arising proximally to the tar-
get lesion or from a different coronary artery, and the pres-
ence of an extensive venous network [11–14].
To assess the venous drainage, we measured the

wedge pressure to evaluate the pressure gradient
between the AIV and LV. We believe this might be a
good indicator to estimate the venous drainage from
the distal AIV. In the clinical setting, it will be very
important to understand the wedged pressure or flow
in the AIV before conducting this procedure.

Limitations

The chronic study was performed in a small number
of animals and the efficacy of VPASS implant was
only evaluated in the setting of acute ischemia. Further
studies are needed to evaluate the long-term patency in
the setting of chronic ischemia and intimal growth in
the VPASS implant, as well as larger cohort studies to
support the data presented thus far. However, these ini-
tial studies demonstrate a benefit provided by the
VPASS procedure in a condition of acute infarction.

CONCLUSIONS

VPASS implant with simultaneous AIV and LAD
occlusion can create oxygenated blood in the distal
AIV. The VPASS implant could rescue most of the
myocardium in the setting of an acute myocardial
infarction. This technique could be an alternative
method of coronary bypass surgery, especially in those
patients not amenable to conventional revascularization
procedures.
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