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Effect of Pump Flow Mode of Novel Left Ventricular Assist
Device Upon End Organ Perfusion in Dogs With Doxorubicin
Induced Heart Failure

KazUHIRO EvA, EGEMEN TuzuN, JerF CoNGER, HYUN K. CHee, DEeNISE ByLER, CHISATO NoJIRI, O. H. FrAZIER, AND
KAMURAN KADIPASAOGLU

End organ effects of nonpulsatile (NP) and pulsatile (P) left
ventricular assist device (LVAD) flow were compared in a
canine model of doxorubicin-induced heart failure. After
heart failure induction, a prototype bimodal LVAD was im-
planted. Hemodynamics, cardiac dimensions, and myocardial
metabolism were monitored with the LVAD off (baseline) and
on (in NP and P modes at 70% or 100% power). End organ
perfusion was assessed by colored microsphere analysis.
Seven dogs were used: two died before pump implantation
and were excluded from analysis, and the remaining five
survived to study termination. At 70% NP, ascending aortic
flow and myocardial oxygen consumption (MVO,) decreased
significantly. At 100% NP, LV dimensions decreased, aortic
systolic, pulse, and LV pressures decreased but not signifi-
cantly, and ascending aorta flow reversed. At 100% NP,
coronary blood flow, MVO,, and LV free wall subepicardial
and subendocardial blood flows decreased significantly.
However, as NP support increased, the subepicardial/suben-
docardial blood flow ratio remained near baseline. At 100%
NP, right ventricular perfusion decreased but not signifi-
cantly, cerebral perfusion decreased significantly, and renal
perfusion stayed constant. P mode results were similar, ex-
cept that ascending aorta flow decreased significantly at
100% P instead of reversing as at 100% NP. These results
suggest that end organ perfusion is not differentially affected
by LVAD flow mode during chronic heart failure. ASAIO
Journal 2005; 51:41-49.

Mechanical circulatory support (MCS) devices have been
used successfully as bridges to transplantation,’ as bridges to
myocardial recovery,? and as permanent circulatory support®
in patients with end-stage heart failure. These devices can be
classified into two general categories according to the type of
flow they generate: pulsatile (P) or nonpulsatile (NP). Several
experimental studies have investigated the short- and long-
term effects of flow mode upon the microcirculation, metab-
olism, and physiology of end organs (i.e., the heart, brain,
kidney, and liver),*-7 although these studies have usually been
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performed in healthy or acutely failing hearts. To our knowl-
edge, no study has yet evaluated the effect of MCS flow mode
upon end organs in an appropriate model of chronic dilated
cardiomyopathy. In the present study, we assessed the short-
term effects of P versus NP flow from a prototype left ventric-
ular assist device (LVAD) upon the microcirculation, metabo-
lism, and function of major end organs including the heart in
a canine model of doxorubicin-induced chronic dilated
cardiomyopathy.

Materials and Methods
Animals

Experiments were conducted on mongrel dogs (n = 7), each
weighing 35-40 kg. All dogs received humane care in com-
pliance with the Principles of Laboratory Animal Care (Na-
tional Society of Medical Research) and the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health
publication no. 85-23, revised 1996). Our institution’s Animal
Care and Use Committee approved all protocols used in this
study.

Heart Failure Model

Heart failure was induced as follows. Each dog was premed-
icated with acepromazine and oxymorphone, placed in a
supine position, and intubated for mechanical ventilation. An-
esthesia was induced and maintained with isoflurane. The
right femoral artery was punctured and threaded with a 6F
Judkins catheter. The catheter was then advanced under fluo-
roscopic guidance into the left main coronary artery. Serial
ventriculography and two-dimensional echocardiography
were used to evaluate left ventricular (LV) end systolic dimen-
sion (LVSd), LV end diastolic dimension (LVDd), and fractional
shortening (FS). Doxorubicin (Adriamycin) (0.7 mg/kg) was
infused rapidly into the coronary artery through the catheter.
This infusion was repeated weekly for 5 consecutive weeks.
Hemodynamic status was evaluated periodically. After the last
infusion of doxorubicin, each dog was kept in a dedicated
animal care facility for 1 week.

Pump Description

A prototype pump (DuraHeart; Terumo, Inc., Minneapolis,
MN) was used to provide MCS. The prototype pump and its
controller were customized for this particular animal experi-
ment at our institution’s request. The pump is a sterile, titanium
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centrifugal device containing a magnetically suspended impel-
ler. The customized controller has two sets of analog circuitry,
one for magnetic levitation of the impeller and the other for
control of the motor’s rotational speed. For this particular
study, we used a laptop personal computer to control the
rotational speed (rpm) in either NP or P mode.

Pulsatile flow was based upon changes in motor speed (sine
wave) at a given frequency. In P mode, mean rotational speed,
amplitude of pulsatility, and pulse rate can be programmed via
the external personal computer to create a pulsatile flow. In
this study, we programmed the computer to produce P flow at
a mean rotational speed of £ 300 rpm (amplitude, 600 rpm)
and a pulse rate of 80 bpm. The pump was operated in each
mode at 70% and 100% of maximum power (7ONP, T00NP,
70P, and T100P, respectively).

Pump Implantation

Each dog was premedicated and anesthetized as described
previously in this article and then positioned for left thoracot-
omy. A Swan-Ganz pulmonary arterial catheter and an arterial
cannula were introduced into the left jugular vein and the left
common carotid artery, respectively. The chest was entered
through the fifth intercostal space, the pericardium was
opened, and a 3 mm perivascular ultrasonic flow probe (Tran-
sonic Systems, Ithaca, NY) was placed around the left anterior
descending (LAD) coronary artery. After intravenous injection
of heparin (1 mg/kg), the pump outlet graft was anastomosed
end to side to the descending thoracic aorta, and a sewing cuff
for the pump inlet was sutured around the LV apex. During
pump inlet insertion, myocardial tissue samples were har-
vested from the LV apex with a coring knife and sent for
histopathologic examination. The pump was then implanted,
and air was thoroughly evacuated from the system. A 16 mm
ultrasonic flow probe was placed around the ascending aorta
and a 12 mm probe around the outlet graft. A microtip pressure
catheter (Millar PC 500; Millar Instruments, Inc, Houston, TX)
was advanced into the left ventricle through the left femoral
artery. An 8-Fr Swan-Ganz catheter was inserted into the
pulmonary artery via the left external jugular vein.

Hemodynamic Assessment

After pump implantation, hemodynamics were allowed to
stabilize for 30 minutes. Hemodynamics were assessed with
the pump off and the outflow graft clamped to avoid pump
regurgitation (baseline) and with the pump operating at the
four experimental settings described previously (70NP,
T00NP, 70P, and 100P) for 30 minutes at each setting. After
each change to a new pump setting, hemodynamics were
allowed to stabilize for 10 minutes before collecting hemody-
namic data. Heart rate (HR), aortic systolic pressure (AoPs),
aortic diastolic pressure (AoPd), mean aortic pressure (AoPm),
LV systolic pressure (LVP), LV end diastolic pressure (LVEDP),
mean pulmonary artery pressure (PAP), central venous pres-
sure (CVP), and cardiac output (CO) were measured at each
setting. Data from 10-20 consecutive beats were averaged and
used to derive steady state parameters.

Echocardiographic Assessment

Serial two-dimensional transepicardial studies were per-
formed at each pump setting. Echocardiographic assessment

was accomplished using a Hewlett Packard Sonos 2000 ultra-
sound system equipped with a 2.5 MHz phased array trans-
ducer, according to the guidelines of the American Society of
Echocardiography.8 The echocardiogram was used to measure
systolic and diastolic LV internal dimensions (LVDs and
LVDd); LV, RV, and septal wall motion; and aortic valve
motion.

Myocardial Oxygen Consumption Assessment

An 18 gauge angiocatheter was inserted into the coronary
sinus to take blood samples at baseline and each experimental
setting. These samples were used to assess myocardial oxygen
consumption (MVO,), calculated as

MVO, = CBF - [a — V] (1)

where a and v are aortic and coronary sinus blood oxygen
content, respectively, and coronary blood flow (CBF) is the left
anterior descending (LAD) coronary artery blood flow rate. A
Novastat Profile M blood gas analyzer (Nova Biomedical Co.,
Waltham, MA) was used for blood gas analysis.

Regional Blood Flow Distribution Assessment

Regional blood flow distribution to end organs of interest
(heart, brain, and kidney) was evaluated by microsphere anal-
ysis using 15 um, nonradioactive, stable isotope-labeled mi-
crospheres (BioPAL, Worcester, MA), as described in detail
elsewhere.?19 The microspheres were injected into the left
atrium (LA) immediately before pump implantation (baseline)
and 10 minutes after pump operation at each experimental
setting (ZONP, TOONP, 70P, and 100P). Labeled microspheres
appeared as follows: with samarium, black; with gold, red;
with iridium, yellow; with lutetium, pink; with rhenium, or-
ange; and with antimony, violet. Each labeled microsphere
was used at a different pump setting. Arterial reference blood
samples were taken from the left common carotid artery after
LA injections and used to normalize tissue sample readings.

A neutron activation technique was used to detect micro-
spheres in tissue samples.'" This technique consists of first
irradiating a sample with neutrons in a nuclear reactor to
produce specific radionuclides and then quantitatively mea-
suring by gamma spectroscopy the characteristic gamma rays
emitted by the decaying radionuclides. Gamma rays detected
at a particular energy are indicative of a specific radionuclide’s
presence. Data reduction of gamma ray spectra then yields the
concentrations of various elements in the samples being stud-
ied. Neutron activation is capable of detecting a single micro-
sphere in an intact myocardial sample while providing simul-
taneous quantitative measurements of multiple isotope labels.
This high sensitivity and capability for measuring perfusion in
intact tissue are advantages over other techniques, such as
optical detection of microspheres. Neutron activation is also
an effective technique for reducing the production of low level
radioactive waste generated during biomedical research.

At study termination, dogs were euthanized with an intra-
venous bolus of potassium chloride while still under general
anesthesia. The heart, brain, and kidney were then harvested
for further analysis of regional blood flow. In the case of the
heart, both ventricles were isolated, and both were divided
into four equal transverse sections along the atrioventricular
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Table 1. Echocardiographic and Hemodynamic Measurements Before and After Heart Failure Induction by Doxorubicin Infusion

Before First Infusion

After Last Infusion (Before

(Baseline) Pump Implantation) p
LVDs (mm) 219+ 14 315+26 0.05
LVDd (mm) 3420 40.4 = 3.0 0.05
FS (%) 355 +15 22.0 +2.3 0.05
HR (bpm) 99 +3 115 =10 0.05
LVEDP (mm Hg) 6.4 +1.8 13.6 = 2.1 0.05
dp/dt (mm Hg/sec) 2,355 = 95 2,485 = 238 NS
PAP (mm Hg) 246 + 1.5 23.2+0.8 NS
CVP (mm Hg) 4.6 +0.9 52 +0.8 NS
CO (L/min) 4.49 + 0.45 417 £ 0.7 NS

Values shown are mean + SD. CO, cardiac output; CVP, central venous pressure; dp/dt, rate of change in left ventricular pressure over
time; FS, fractional shortening; HR, heart rate; LVDd, left ventricular end diastolic dimension; LVDs, left ventricular end systolic dimension;
NS, not significant; PAP, pulmonary artery pressure; LVEDP, left ventricular end diastolic pressure.

groove. Basal and apical sections were discarded. The more
distal of the remaining two sections was selected. The LV
section was then divided into two segments representative of
the anterolateral and posterior walls. Then, each segment was
further subdivided into an epicardial and an endocardial sub-
region. Two grams of tissue were taken from each region (a
total of four tissue samples) for microsphere analysis. RV blood
flow was assessed in three total thickness tissue samples
weighing 2 g each.

The left hemisphere of the brain was divided into three equal
parts posteroanteriorly, and the middle sections were har-
vested for microsphere analysis. Two grams of tissue were
taken from the cortex and corpus medullare (a total of two
samples) for microsphere analysis.

The left kidney was divided into three frontal sections, and
the middle section was divided into cortical and medullar
subregions. Two grams of tissue were taken from each subre-
gion (a total of two kidney tissue samples) for microsphere
analysis.

All tissue samples were dried overnight at 70°C and sent out
for analysis.

Statistical Analysis

All statistical tests were performed using Microsoft Excel
software on a personal computer. A single tailed Student’s
t-test or analysis of variance (ANOVA) was used to compare
continuous variables. Values of p < 0.05 were considered
significant.

Results
Procedural Success

Five of seven dogs underwent successful pump implanta-
tion, experienced no surgical complications or mechanical
(device) failures, and survived to study termination. Two dogs
experienced complications and died before study termination:
one died of an air embolus in the coronary artery during the
second doxorubicin infusion; the other died of ventricular
fibrillation intraoperatively during pump implantation.

Heart Failure Induction

Comparison of echocardiographic and hemodynamic data
recorded before the first intracoronary doxorubicin injection

and immediately before pump implantation confirmed the
efficacy of the heart failure induction protocol (Table 1). There
was a statistically significant increase in LVDs and LVDd (from
21.9 = 1.4 mmto 31.5 £ 2.6 mm and from 34 = 2.0 mm to
40.4 = 3.0 mm, respectively; p < 0.05) and a decline in
fractional shortening (FS) (from 35.5 = 1.5% to 22.0 = 2.3%;
p < 0.05). Right ventricular dimensions and function were
normal and remained close to baseline levels. Heart rate and
LVEDP significantly increased (from 99 * 3 bpmto 115 £ 10
bpm and from 6.4 = 1.8 mm Hg to 13.6 = 2.1 mm Hg,
respectively; p < 0.05).

Figure 1. Electron micrograph showing degeneration of isolated
cardiac myocytes 4 weeks after fifth and final doxorubicin infusion.
Signs of degeneration include myofibril loss, intracytoplasmic vacu-
oles (some containing membrane whorls) (black arrows), and
Z-band widening and splitting (white arrows). Magnification x2,500.
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Table 2. Echocardiographic, Hemodynamic, and Perfusion Data During Pump Support

Pump Setting (% Support)

Pump Off 70NP 100NP 70P 100P

LVDs (mm) 31.5+26 22.7 = 3.6* 20.8 = 6.5* 23.2 = 5.1* 20.2 = 5.3*
LVDd (mm) 40.4 = 3.0 31.3 = 2.9* 25.8 = 6.7* 31.8 = 4.2* 26.2 = 4.9
FS (%) 22.0*+23 278 =56 20.5*+ 4.9 27.56 + 8.5 23.4 = 6.7
HR (bpm) 115 + 10 108 + 14 108 = 13 109 = 4 109 + 17
Aortic pressure (mm Hg)

Systolic 98 = 11 90 = 8 75 + 9* 86 = 10 78 = 15*

Diastolic 57 =8 64+ 6 65+ 8 616 55+9

Mean 69 = 8 73+7 69 =9 70 £ 7 64 = 10
Pulse pressure (mm Hg) 41 + 16 27+ 6 10 = 5* 27 =10 21 14
LVP (mm Hg) 94 +8 85+ 10 54 + 18* 82 + 11 52 + 12*
dp/dt,... (mm Hg/sec) 2,485 + 238 2,281 + 329 1,576 + 285* 2,293 + 115 1,531 + 410*
LVEDP (mm Hg) 13.6 £ 2.1 12 = 2.7 11.8 + 2.6 122+ 24 11.8 £ 2.2
CO (L/min) 417 = 0.7 3.85 = 0.7 3.80 = 0.4 410 = 0.2 3.71 =04
Pump flow (L/min) 0 2.23 £ 0.36 3.37 = 0.43* 2.31 £ 0.14 3.47 = 0.38*
Asc Ao flow (L/min) 3.44 = 0.3 0.98 + 0.16* -0.14 = 0.3* 0.94 = 0.11* —0.24 = 0.33*
CBF (mL/min) 64 £ 9 519 41 + 12* 56 = 7.1 44 + 11*
MVO, 317 + 51 221 + 69* 153 + 31* 224 + 25* 137 * 45*
CBF/MVO, 0.21 = 0.04 0.24 + 0.06 0.27 = 0.05 0.25 = 0.03 0.33 + 0.07*
PAP (mm Hg) 23.2+0.8 23.1 = 0.6 22.4 = 0.6 229+ 0.6 22.6 = 0.5
CVP (mm Hg) 5.2+ 0.8 5.0 + 0.6 5.3+ 0.4 51+07 5.2+ 0.7

Values are mean * SD. Asc Ao, ascending aorta; CBF, coronary blood flow; CO, cardiac output; CVP, central venous pressure; dp/dt, rate
of change of left ventricular pressure over time; FS, fractional shortening; HR, heart rate; LVDd indicates left ventricular end-diastolic
dimension; LVDs, left ventricular end systolic dimension; LVEDP, left ventricle end diastolic pressure; LVP, left ventricle systolic pressure;
MVO,, myocardial oxygen consumption; NP, nonpulsatile; P, pulsatile; PAP, pulmonary artery pressure.

*p < 0.05 vs. pump off.
**p < 0.05vs. 70 NP or 70 P.

Electron microscopic evaluation of myocardial tissue
showed degenerative changes including loss of myofibrils and
cytoplasmic vacuolization, as well as atypical myocyte ar-
rangement without signs of disarray (Figure 1).

Hemodynamic Assessments

Hemodynamic data are summarized in Table 2. The inter-
action between CO, pump flow, and ascending aortic flow is
shown in Figure 2. Changes in CBF and MVO, are shown in
Figure 3.

At 70NP, no statistically significant changes were observed
in aortic pressures, pulse pressure, LVP, dp/dt,,.,, LVEDP, or
CO. The mean pump flow was 2.23 * 0.36 L/min. The mean
contribution of the pump to CO was 54 * 11%. Compared
with baseline (pump off) values, ascending aortic flow and
MVO, decreased significantly (p < 0.05); CBF also decreased
but not significantly. The CBF/MVO, ratio was not affected.
PAP and CVP remained close to baseline levels.

At TOONP, mean AoPs declined progressively from baseline
levels (from 98 = 11 mm Hg to 75 = 9 mm Hg; p < 0.05).
Mean AoPd and AoPm also decreased, although the declines
were less pronounced and were not statistically significant.
Mean aortic pulse pressure decreased significantly from 41 =
16 mm Hg to 10 £ 5 mm Hg (p < 0.05), as did LVP and
dp/dt,... (p < 0.05). Mean LVEDP and CO values slightly
decreased but not significantly. Mean pump flow rose gradu-
ally from 2.23 = 0.36 L/min to 3.37 = 0.43 L/min (p < 0.05,
vs. 70NP). The mean contribution of the pump to CO at 100
NP was 86 * 6%. The mean blood flow in the ascending aorta
dropped significantly from 3.44 = 0.3 L/min to —0.14 = 0.3
L/min (p < 0.05 vs. pump off) and reversed direction toward

the aortic valve. Mean CBF decreased from 64 = 9 ml/min to
41 = 12 ml/min (p < 0.05 vs. pump off). The reduction in
mean MVO, levels (from 317 £ 51 ml/min/kg to 153 £ 31
ml/min/kg) was consistent with the fall in CBF (p < 0.05 vs.
pump off). The ratio of CBF to MVO, was well preserved at
T00NP. PAP and CVP remained near baseline (pump off)
levels.

At 70P, aortic pressures remained close to baseline (pump
off) values, and pulse pressure slightly decreased. LVP, dp/
dt,. LVEDP, CO, and pump flow measurements did not
change significantly. The mean contribution of the pump to
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Figure 2. CO, pump flow, and Asc Ao Flow during pump support.
CO, cardiac output; Asc Ao Flow, ascending aorta flow; NP, non-
pulsatile; P, pulsatile. *p < 0.05 vs. pump off; *p < 0.05 vs. 70 NP
or 70 P.
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Figure 3. CBF and MVO, during pump support. CBF, coronary
blood flow; MVO,, myocardial oxygen consumption; NP, nonpulsa-
tile; P, pulsatile. *p < 0.05 vs. pump off.

CO was 56 * 6%. The mean blood flow in the ascending aorta
diminished from 3.44 = 0.3 L/min to 0.94 = 0.11 L/min (p <
0.05 vs. pump off). The mean CBF decreased slightly, whereas
the mean MVO, significantly decreased from 317 = 51 ml/
min/kg to 224 = 25 ml/min/kg (p < 0.05 vs. pump off).
Nevertheless, the CBF/MVO, ratio was not adversely affected.
Again, PAP and CVP remained near baseline (pump off) levels.

At 100P, mean AoPs decreased significantly (from 98 + 11
mm Hg to 78 = 15 mm Hg; p < 0.05 vs. pump off). Mean
AoPd and AoPm also decreased, but not significantly. Unlike
at 100NP, pulse pressure did not significantly decrease at
100P. Mean LVP and dp/dt max both decreased significantly
from baseline levels (from 94 = 8 mm Hg to 52 = 12 mm Hg
and from 2,485 = 238 mm Hg/secto 1,531 = 410 mm Hg/sec,
respectively; p < 0.05). Mean pump flow increased signifi-
cantly from 2.31 = 0.14 L/min to 3.47 % 0.38 L/min (p < 0.05
vs. 70P). The mean contribution of the pump to CO was 93 =

1%. Blood flow in the ascending aorta reversed direction
toward the aortic valve at a rate of —0.24 = 0.33 L/min (p <
0.05 vs. pump off). CBF and MVO, decreased sharply (from
64 = 9 ml/min to 44 = 11 ml/min and from 317 = 51
ml/min/kg to 137 * 45 ml/min/kg, respectively; p < 0.05).
Although mean CBF and MVO, both decreased gradually, the
CBF/MVO, ratio significantly increased (from 0.21 = 0.04 to
0.33 = 0.07; p < 0.05 vs. pump off). Again, PAP and CVP
remained near baseline (pump off) levels.

Echocardiographic Assessments

At 70NP, LVDs and LVDd were significantly reduced com-
pared with the pump off values (Table 2; p < 0.05, for both).
At T00NP, LVDs and LVDd further decreased (Table 2; p <
0.05 vs. pump off). Similarly, at 70P, LVDs and LVDd signifi-
cantly decreased (Table 2; p < 0.05 vs. pump off). At 100P,
LVDs and LVDd decreased even further (p < 0.05 vs. pump
off). When compared with baseline values, FS, RV dimensions,
and wall motion did not change at any experimental setting.

Microsphere Analysis of End Organ Perfusion

The results of microsphere analysis of end organ perfusion
are summarized in Table 3.

In the left ventricle, blood flow remained near baseline
levels at 7ONP or 70P. At TOONP, however, blood flow de-
creased significantly below baseline levels in the posterior and
anterolateral epicardial segments, in the anterolateral endocar-
dial segment, and in the subendocardium and subepicardium
of the LV free wall, which were calculated as the means of
anterolateral and posterior subendocardial and subepicardial
blood flow, respectively (Figure 4). At 100P, blood flow de-
creased significantly in the anterolateral epicardium and en-
docardium and in the subepicardium of the LV free wall
(Figure 4). In the right ventricle, transmural blood flow de-
creased gradually, but not significantly, from baseline levels at
increasing NP and P settings (Figure 5).

Table 3. End Organ Perfusion

Pump Setting (% Support)

Pump Off 70NP 100NP 70P 100P
Left ventricle
Anterolateral wall
Epicardium 1.263 = 0.575 0.952 += 0.300 0.477 = 0.199* 0.840 = 0.18 0.514 = 0.191*
Endocardium 1.495 = 0.808 1.096 = 0.240 0.509 + 0.271* 0.968 + 0.21 0.598 + 0.339*
Posterior wall
Epicardium 1.302 = 0.692 1.003 = 0.329 0.501 = 0.221* 0.919 = 0.20 0.590 + 0.273
Endocardium 1.603 = 0.981 1.170 = 0.319 0.573 = 0.323 1.032 £ 0.26 0.612 = 0.40
Free wall
Epicardium 1.282 + 0.624 0.977 = 0.624 0.489 + 0.212* 0.880 = 0.186 0.552 + 0.226*
Endocardium 1.549 = 0.850 1.133 = 0.269 0.541 + 0.283* 1.000 + 0.231 0.605 + 0.353*
Right ventricle 0.947 + 0.444 0.831 = 0.323 0.467 = 0.200 0.748 = 0.12 0.539 = 0.215
Brain
Cortex 0.493 = 0.190 0.446 = 0.182 0.325 = 0.105* 0.435 = 0.125 0.352 = 0.142
Medulla 0.327 = 0.165 0.348 = 0.175 0.261 = 0.177 0.335 = 0.148 0.265 = 0.133
Kidney
Cortex 5.050 = 1.824 4.819 = 2.624 2.944 +=1.372 4.599 + 2.221 3.409 = 1.850
Medulla 6.971 = 3.177 5.778 = 0.427 3.907 = 1.973 5.799 = 1.505 4.291 = 2.348

Values (mL/min/g) are mean * SD. NP, nonpulsatile; P, pulsatile.

*p < 0.05 vs. pump off.
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Figure 4. Epi and Endo blood flow in left ventricular free wall. Epi,
epicardial; Endo, endocardial; NP, nonpulsatile; P, pulsatile. *p <
0.05 vs. pump off.

In the brain, cortical blood flow at 70NP decreased, but not
significantly, from baseline levels. At 100P, this decrease be-
came statistically significant. At 70P and 100P, the blood flow
reduction was less pronounced and not statistically significant.
In the corpus medullare, blood flow decreased slightly from
baseline levels at increasing NP and P settings.

In the kidneys, blood flow in the renal cortex and medulla
gradually decreased, but not significantly, at increasing NP
and P settings.

Discussion

Using a prototype LVAD capable of producing both NP and
P flow in a canine model of doxorubicin induced heart failure,
we showed that flow mode did not significantly affect either
hemodynamics or end organ perfusion in the short term.

Our decision to use a model in which dilated cardiomyop-
athy is induced by intracoronary doxorubicin infusion offered
several experimental advantages. First, this model not only
mimicked the altered end organ perfusion seen clinically be-
fore pump implantation, but it also controlled for the influence
of the native healthy heart on pump performance. Thus we
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Figure 5. Myocardial (full thickness) blood flow in right ventricle.
NP, nonpulsatile; P, pulsatile.

were able to assess more precisely the microcirculatory effects
of MCS upon poorly perfused end organs (heart, brain, and
kidney). Second, intracoronary delivery of doxorubicin al-
lowed us to avoid systemic side effects such as myelosuppres-
sion,'213 avoid complex surgical interventions including tho-
racotomy and ligation of coronary arteries,'#-'¢ and selectively
depress LV wall function without severely impairing RV func-
tion.'” Intracoronary delivery also gave us a superior alterna-
tive to coronary embolization, which may induce chronic
ischemic cardiomyopathy and, consequently, result in higher
mortality rates related to myocardial infarction-induced ar-
rhythmias.'® Third, this model produced hemodynamic and
neurohumoral changes that are similar to those seen clinically
in patients with heart failure.’” One disadvantage of the
model, however, was its possibility of inducing irreversible
myocardial damage, which would have precluded any exper-
imental assessment of myocardial recovery.20

In light of our present results, we believe that our model, and
its simple and minimally invasive protocol for inducing heart
failure by doxorubicin infusion, can be safely used to evaluate
experimentally the short- and long-term end organ effects of
LVADs. Indeed, only two dogs died before study termination,
one of a coronary air embolism during the doxorubicin induc-
tion period and the other of ventricular fibrillation during
surgical pump implantation; the five remaining dogs all under-
went pump implantation surgery as scheduled. Moreover, as
shown by echocardiographic examination of the left ventricle
before and after doxorubicin induction, heart failure was suc-
cessfully induced (Table 1).

In contrast with reports of improved FS in normal healthy
hearts during long-term LVAD support,2' our present results
suggest that no improvement in FS should be expected imme-
diately after pump implantation in a chronic cardiomyopathy
model. In our study, FS remained unchanged even after pump
implantation and operation at all experimental settings. How-
ever, LVDd and LVDs improved, most likely as a result of
effective unloading of the left ventricle.22-24

The effect of NP versus P flow upon LV function is contro-
versial. Several previous studies suggest that flow with no or
reduced pulsatility during acute or chronic NP support does
not adversely affect LV function,?2>2¢ whereas other studies
with CPB machine or VADs suggest that P support is superior
to NP support in preserving major end organ perfusion and
metabolism.27-30 Our present results have shed some light on
these two issues. For instance, even though pulse pressure at
70P was 35% lower than at baseline in our study, there was no
significant difference between the functional effects of 70P and
70NP flow (Table 2). This may have been related to partial
unloading of the left ventricle that allowed blood to eject
through the aortic valve, thus preserving aortic pulsatility. Nor
was there any significant decrease in pulse pressure at 100P. At
T100NP, however, the pulse pressure significantly narrowed,
presumably as a result of extensive unloading of the left ven-
tricle and impaired aortic valve opening.23

Although blood flow through the pump is continuous
throughout the cardiac cycle, aortic blood flow remains par-
tially pulsatile. This is because of the contribution of left ven-
tricular contractions, which increases the inlet pressure of the
pump during systole (Figure 6, A and B). On the other hand,
the aortic pressure and pump flow waveforms observed during
pulsatile pump support were irregular and different from those
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of the natural heart (Figure 6, C and D). This phenomenon was
probably related to the independent pulse rate of the pump,
which was not electrocardiography (ECQ) triggered, and one
might even speculate that some degree of negative interference
may have affected cardiac hemodynamics and end organ
microcirculation.

The gradual decrease in dp/dt,,,, that we observed at in-
creasing levels of pump support has been noted before22.23
and may be attributed to delayed LV relaxation secondary to
extensive LV unloading, particularly at 100% of pump support.
In fact, the gradual decrease in LVP with increasing pump
support, whether NP or P, may lead to a decrease in myocar-
dial work.31

Even though the decrease in CBF that we observed was more
pronounced in NP mode than in P mode, this did not adversely
affect the MVO, of the left ventricle (Figure 3). In fact, the
continuous decrease in CBF (i.e., myocardial perfusion) at
increasing levels of pump support (i.e., increasing levels of LV
unloading) and in different flow modes paralleled the contin-
uous decrease in the reduced energy demand of the myocar-
dium (MVO,) secondary to decreased myocardial work and
LV wall tension. This was consistent with the findings of pre-
vious studies.t3233 Moreover, the increase in CBF/MVO, ratio
at increasing levels of pump support suggested that the pump
did not cause any iatrogenic ischemia of the left ventricle
when operating in either NP or P mode.

The gradual decrease in total subendocardial and subepi-
cardial blood flow in the LV free wall that we observed at
increasing levels of pump support was consistent with the
decrease in CBF and myocardial energy demand. The endo-
cardial/epicardial ratio remained constant as pump support
increased, and there was no marked difference in regional
perfusion patterns between NP or P flow modes. Yet, even
though LV hemodynamics were not altered during our 4 hour
study period, longer-term studies are needed to assess the
recovery potential of myocytes and the adaptive response of
the myocardium to chronically reduced perfusion conditions
during prolonged periods of LVAD support.

The effects of P and NP flow upon cerebral perfusion have
been studied previously. A number of groups have used hy-
pothermic cardiopulmonary bypass models but produced in-
consistent results.>4-37 Others have shown cerebral circulation
not to be adversely affected by continuous (i.e., NP) pump flow
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Figure 6. Waveforms of AoP, PAP, P Flow, and Asc Ao Flow
during pump support. AoP, aortic pressure; PAP, pulmonary artery
pressure; P Flow, pump flow; Asc Ao Flow, ascending aortic flow;
NP, nonpulsatile; P, pulsatile.

in either acute38 or chronic” settings and cerebral autoregula-
tion to be well maintained in both. In the present study,
however, we found that regional perfusion of the cerebral
cortex and medulla gradually decreased with increasing pump
support until the decrease finally became significant in the
cerebral cortex at T00NP. These findings are inconsistent with
several previously published reports.38-40 This inconsistency
may be related to differences in measurement techniques (mi-
crosphere analysis* vs. tissue flow meters3® or behavioral ob-
servation”), model (chronic dilated cardiomyopathy'” vs.
acute cardiogenic shocke), or device (a single bimodal pump
implanted in the same animal*' vs. different pumps with dif-
ferent flow modes implanted in different animals®?). It may
even be related to anesthesia induced alterations in the cere-
bral autoregulatory system.

There have been many studies of kidney perfusion during
circulatory support. In an ovine model of acute myocardial
ischemia, Meyns et al.* observed an insignificant decrease in
cortical and medullar perfusion during both P and NP support.
In another experimental study, Saito et al” showed that
chronic NP circulatory support induced no functional or his-
tologic changes in the kidneys. Many other experimental stud-
ies have shown the superiority of P over NP support.39.42.43
Most of those studies, however, were performed in acute
cardiogenic shock models, in which the renal autoregulatory
(neurohumoral) mechanisms may have differed from those that
would be seen in comparable chronic heart failure mod-
els.44-46 In the present study, both NP and P support in our
animal model of chronic heart failure reduced kidney perfu-
sion to similar extents in the short term. It remains to be seen
whether the long-term adaptive responses to P and NP circu-
latory support in these two types of models differ substantially
from the short-term responses. Furthermore, it is impossible to
extrapolate these animal findings to the human patient with
chronic heart failure and its multiple variables. For instance,
the chronic pulmonary hypertension that accompanies
chronic heart failure in humans is not reproduced in this or any
other experimental animal model.

Others have reported that, under NP flow conditions, the
velocity of erythrocytes in capillaries and the number of per-
fused capillaries decrease in direct proportion to the impair-
ment of basal and flow stimulated release of nitric oxide from
the microvascular endothelium.#” In our study, we did not
observe any significant difference in end organ regional per-
fusion between the flow modes; however, we do note here that
the NP and P modes at different pump support levels were
maintained for only 10 minutes before measurements were
taken. Perhaps the 10 minute time period has not been long
enough to allow the pump flow mode to affect erythrocyte
flow patterns and microsphere distribution in the end organs.
Therefore, further studies are needed to clarify the short- and
long-term effects of NP and P flow upon cerebral and other
end organ microcirculation.

The effects of mechanical LV support upon the unassisted
right ventricle have not been fully documented. Several inves-
tigators have argued that ventricular septal shifting or in-
creased venous return that reportedly occurs during LVAD
support may detrimentally affect RV function.48-50 Others
have suggested that LVAD support may exacerbate a preexist-
ing state of RV ischemia or induce it.>" In general, experimen-
tal studies have not shown any effect of LVAD support upon
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the function of a nonischemic right ventricle.5'.52 In an exper-
imental study using healthy pig hearts supported by a pulsatile
LVAD operating in synchronous (ECG triggered) and asynchro-
nous (volume triggered) modes, Hendry et al.53observed a
gradient of regional blood flow within the right ventricle along
the right coronary artery in both modes. They also observed
that this gradient did not cause RV dysfunction and that per-
fusion throughout the LV septum and free wall remained al-
most constant. In our present study, we observed that RV
myocardial perfusion was adversely affected at increasing lev-
els of pump support, regardless of flow mode, but we could not
say whether this was due to the pump’s flow properties. Con-
sequently, the potential effects of long-term P and NP pump
support upon RV perfusion, with or without increased venous
return or septal shift, should be tested in larger numbers of
animal subjects in appropriate nonischemic and ischemic
models.

Our study did have some limitations. Although performed in
a doxorubicin-induced chronic dilated cardiomyopathy
model, it did not produce findings upon which we could base
any definitive conclusions about the long-term effects of con-
tinuous or pulsatile flow upon the end organ (heart, kidney and
brain) microcirculation. Instead, our findings reflected the
acute setting changes that were made when autoregulatory
mechanisms were at work. Moreover, it was not possible to
quantify or standardize the effects of the anesthesia performed
and surgical trauma incurred during pump implantation, al-
though the baseline hemodynamics immediately after pump
implantation were normal. It is also not clear what effect, if
any, the choice of graft anastomosis site (i.e., ascending vs.
descending aorta) had upon aortic and myocardial blood flow
properties. Further studies in this regard are warranted.

Conclusion

The present results suggest that hemodynamics and end
organ function are not differentially affected by LVAD flow
mode in a canine model of doxorubicin-induced congestive
heart failure. Larger, longer-term studies are warranted to con-
firm the validity of these findings in chronic circulatory assist
and to establish the usefulness of this animal model.
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