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Abstract

Objective: To assess the hemocompatible performance of a novel implantable pneumatic ven-
tricular assist device (VAD, Innovamédica, México) in healthy swine. The aim of this pilot study was
first, to determine if short-term VAD implantation elicited a remarkable inflammatory response
above that expected from surgical trauma; and second, to assess if heparinized or passivated
VAD coatings, in combination with systemic anticoagulant or antiaggregant therapies, modified
the VAD’s hemocompatible performance. Methods: Hemodynamic, physiologic, inflammatory
and histological parameters were measured in 27 pigs receiving VAD support for six hours,
testing combinations of heparinized or passivated VAD coatings and systemic anticoagulant/
antiaggregant therapies. Mean concentrations of interleukin-1 8 (IL-18), interleukin-6 (IL-6),
C-reactive protein (CRP), or thrombin-antithrombin Il (TAT) complexes (coagulation indicator)
were measured from blood. ANOVA statistics were employed. Results: No substantial increases
in mean IL-1B, IL-6, CRP, or TAT were obtained during VAD support. Hemodynamic and physiolo-
gic parameters were normal. We found no evidence of thromboembolisms or micro-infarctions
in heart and lung samples. No major coaguli/deposits were found in VAD compartments. Ove-
rall, no remarkable differences in measurements were found using heparinized, passivated,
or uncoated VAD, or with systemic anticoagulation, antiaggregant therapy, or no treatment.
Conclusions: Our findings demonstrate, firstly, that during the time-period tested, the VAD
elicited negligible inflammation above the effects of surgical trauma; and secondly, that little
coagulation was observed upon VAD support in any of the cases tested. Contemplating further
validation studies, our data indicate that the Innovamédica VAD is a highly hemocompatible
system.
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Evaluacion de la hemocompatibilidad in vivo (cerdos sanos) de un dispositivo de asistencia
ventricular

Resumen

Objetivo: Evaluar la hemocompatibilidad de un nuevo dispositivo de asistencia ventricular
(DAV, Innovamédica, México) neumatico e implantable, en cerdos sanos. En este estudio piloto
se propuso determinar primero, si la implantacion a corto plazo del DAV suscitaria una res-
puesta inflamatoria por encima de aquella esperada tras trauma quirtrgico; segundo, evaluar
si recubrimientos heparinizados o pasivos del DAV, en combinacion con tratamientos sistémicos
anticoagulantes o antiplaquetarios, modificarian la hemocompatibilidad del DAV. Métodos: Se
midieron parametros hemodinamicos, fisioldgicos, inflamatorios e histologicos en 27 cerdos reci-
biendo soporte del DAV durante seis horas, evaluando combinaciones de recubrimientos hepariniza-
dos y pasivos del DAV, y terapias sistémicas anticoagulantes / antiplaquetarias. Se obtuvieron,
a partir de sangre, las concentraciones promedio de interleucina-1 (IL-18), interleucina-6 (IL-
6), proteina C reactiva (PCR) y los complejos trombina-antitrombina Ill (TAT) (indice de coagu-
lacion). Se emplearon analisis estadisticos ANOVA. Resultados: No se observaron incrementos
importantes en los niveles promedio de IL-18, IL-6, PCR, o TAT durante soporte del DAV. Los pa-
rametros hemodinamicos y fisioldgicos fueron normales. No existi6 evidencia alguna de trom-
boembolias o micro-infartos en muestras de miocardio y pulmon. No se encontraron coagulos
o depdsitos mayores en compartimentos del DAV. En general, no se apreciaron diferencias
notables de mediciones utilizando dispositivos con recubrimiento heparinizado, pasivo o sin
recubrimiento, en conjunto con terapia sistémica anticoagulante, antiplaquetaria o sin ella.
Conclusiones: Nuestros hallazgos demuestran, primero, que durante el periodo de medicion ex-
perimental, el DAV suscitd una respuesta inflamatoria minima por encima de los efectos de trauma
quirdrgico, y; segundo, en todos los casos evaluados, se observaron escasos o inexistentes efectos
de coagulacion durante soporte ventricular. Contemplando estudios adicionales de validacion,

nuestros datos indican que el DAV Innovamédica es un sistema altamente hemocompatible.

Introduction

Mechanical circulatory support devices used for cardio-
vascular diseases and cardiovascular surgery presently
face the important challenge of blood and tissue compa-
tibility. This requires ensuring that the material surfaces
utilized for circulatory support do not promote hemoly-
sis, thrombus formation, or cellular/protein adhesion.
Moreover, it is crucial to assess whether these devices
elicit inflammatory responses upon implantation. To this
end, we have assessed the in vivo biocompatibility and
hemocompatibility of a previously described pneumatic
ventricular assist device (VAD), developed by Innovamé-
dica, SAPI de CV."? The Innovamédica VAD has been de-
signed for paracorporeal use in circulatory support appli-
cations including Right ventricular assist device (RVAD),
Left ventricular assist device (LVAD), or Biventricular
assist device (BIVAD), trans-operative, short-term or
long-term."3 The VAD consists of a soft contoured pump
shell and a disposable pumping unit, which includes: a
pump sac, an inlet and an outlet (a.k.a. discharge) with
one-way valves, and tubing connectors (Figure 1). The
design specifically allows continuous and fluid unidirec-
tional blood movement, while limiting blood-contacting
surfaces.'? The blood-interacting surfaces of the emplo-
yed VAD (disposable sac, valve, cannulae and connectors)
consist of medical grade silicone rubber.'3 Silicone has
been widely used as a biomaterial; due to its flexibility,
chemical and mechanical stability, heat resistance and
biocompatibility, it is a preferred substrate for various
biomedical applications.*

To attain a better defined product development stra-
tegy for the new VAD device, we designed a pilot study
using swine as animal subjects, evaluating VAD hemo-
compatibility. In the work presented herein we show the
results of this hemocompatibility assessment, whereby
hemodynamic, physiologic, and inflammatory variables
were measured. We hypothesized that VAD support in
vivo should not elicit a significant inflammatory response
exceeding the one observed by surgical trauma. Our ob-
jective in this study was two-fold: first, to evaluate the
inflammatory response of pigs receiving VAD support for a
period of six hours, and second, to compare - during this
same experimental time-frame - the hemocompatibility
performance of three types of coatings used on the silico-
ne rubber surfaces of the VAD device (uncoated, hepari-
nized and passivated coatings), in combination with three
types of systemic anticoagulation therapy (no treatment,
heparin treatment or antiaggregant treatment).

Several reports have described the benefits of using
heparinized coatings in vitro and in vivo to improve surfa-
ce thromboresistance and hemocompatibility of ventricu-
lar assist devices and cardiopulmonary bypass systems.>°
The thin-layer immobilized heparin coating used in this
study has been previously shown to provide localized ca-
talytic activity to inhibit enzymes critical to fibrin genera-
tion, reducing the adsorption of blood proteins, as well as
platelet activation and adhesion.*'"° As an alternative, we
tested a passivated coating, characterized by the use of
hydrophilic molecules to shield the underlying thromboge-
nic surface from blood. This coating has been previously
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Figure 1. Diagram of VAD connection to experimental subjects.
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Cannulae were connected to right and left internal jugular veins of anesthetized pigs. The VAD was connected to the cannulae on one end,
and on the other end, to the drive unit console. An enhanced view of the VAD compartments is depicted in the circle, showing top and
bottom shells, disposable sac, connectors, valves, and cannulae entry points.

shown to reduce or impair adhesion of thrombogenic cells
onto the underlying substrate, thereby preventing surfa-
ce-induced coagulation.*1°

In order to reduce the thrombogenic potential of circu-
latory support devices, it is often necessary to administer
high doses of systemic anticoagulation therapy, such as
heparin.> However, to this date, there is controversy as
to the dosage of systemic heparinization required in car-
diopulmonary bypass (CPB) procedures.® Acetylsalicylate,
in proper doses, has also been shown to partially block
the effects of platelet recruitment and aggregation.' To
evaluate the requirement of systemic heparinization in our
system, we compared three systemic therapies in experi-
mental subjects: no treatment, heparinization, or platelet
antiaggregant treatment (clopidogrel sulfate and aspirin).
We questioned whether one, if any, of these treatments
and/or coatings, would provide a more favorable outcome
for hemocompatible VAD performance.

The aim of our experimental design was to demonstra-
te that the Innovamédica VAD was hemocompatible, i) by
not eliciting a remarkable inflammatory response during
cardiovascular support and, ii) by not exhibiting inherent
thrombogenic potential. As readout, inflammatory para-
meters were measured from animals during VAD support:
namely, IL-18, IL-6, C-reactive protein, and thrombin-an-
tithrombin 1ll complexes, the latter a coagulation indicator.

An assessment of coaguli deposits in porcine tissues, as
well as in VAD components was also undertaken. Collecti-
vely, our results demonstrate that the Innovamédica VAD
can be safely employed in cardiovascular procedures in
swine for a period of at least six hours, without eliciting a
major inflammatory response.

Methods

Experimental readout design: To assess the hemocom-
patible performance of the VAD device, hemodynamic,
physiologic and inflammatory parameters were measured
from animals receiving VAD support during a time-cour-
se of six hours (see below). The inflammatory variables
tested during experimental procedures were the serum
protein concentrations of pro-inflammatory cytokines
interleukin-18 (IL-18), interleukin-6 (IL-6) and the acute-
phase reactant, C-reactive protein (CRP). These molecu-
les are among some of the hallmark proteins commonly
measured as markers of induced inflammatory responses.
Indeed, it has been shown that pro-inflammatory cytoki-
nes such as IL-18, TNF-a (tumor necrosis factor-a), IL-6
and IL-8 are released into the circulation in response to
cardiovascular surgery.'>'"> CRP has been utilized as an in-
flammatory marker for decades, and more recently, as a
predicting factor for cardiovascular disease.'® In addition,
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as an index of thrombogenesis during surgeries, plasma
thrombin-anti-thrombin [l complex (TAT) concentrations
were measured in experimental subjects. In the coagu-
lation process, thrombin is inhibited by the natural an-
ti-coagulant antithrombin 1ll, which also inhibits factors
Xa, IXa and Xa. The interaction of antithrombin Il with
thrombin results in an inactive protease/inhibitor com-
plex, blocking the actions of thrombin. The concentra-
tions of these complexes (TAT), are commonly measured
to evaluate the degree of thrombinogenesis in plasma,
and to diagnose any changes or disturbances in blood coa-
gulation."

We also conducted a pathological evaluation of lung
and heart pig tissue samples post-mortem, in order to as-
sess the incidence of thromboembolisms. Lastly, a visual
assessment of thrombi formation and/or deposits in the
VAD disposable compartments was undertaken.

Experimental surgeries: Twenty-seven York/Landrace
pigs (23 male, four female) were obtained from an ani-
mal farm, (body weight 22-40 kg, 3-4 months old). The
presence of parasites and/or other diseases was exami-
ned, as well as blood chemistry tests performed for all
pigs prior to surgical procedures. Only healthy animals
were included in the study. The swine had free access
to lab chow and water but were fasted overnight (12 h
prior to surgery). On the day of surgery, animals were se-
dated with azaperone (intramuscular (IM), 2 mg/kg) and
administered benzyl penicillin antibiotic (IM, 800,000 U),
3 mg atropine sulfate (parenteral cholinergic) and 2-3 mL
tiletamine/zolacepam anesthetic, IM). Animals were sub-
sequently bathed and prepared for surgery. The animal
protocols described herein were previously approved by
institutional committees and followed the Federal Regu-
lations for Animal Experimentation and Care (Ministry of
Agriculture, SAGARPA, México). For surgical procedures,
general anesthesia was maintained via isoflurane (1.5%
- 2%) and 100 mg/hour (IM) of tiletamine/zolacepam.
Subjects were monitored as follows: third-level deriva-
tion electrocardiogram (ECG), mean arterial blood pres-
sure (MABP), central venous pressure (CVP), capnography
(EtCO,), pulse oximetry (SpO,) and rectal temperature.
Ventilation parameters were monitored through arterial
gasometry. The 27 pigs were randomized into treatment
case groups in combination with VAD coating case groups.
Treatment case groups consisted of a Control VAD support
group without systemic heparinization (n = 9); Heparin
group (n = 9), VAD implant with heparinization, Activated
Clotting Time (ACT) at 200s; Antiaggregant group (n =9),
VAD implant with antiaggregant treatment (clopidogrel
bisulfate plus aspirin). VAD coating case groups consisted
of Uncoated VAD; Hep-Coat VAD (anti-coagulant, heparin-
based coating) and Pass-Coat VAD (passivated, fatty-acid
based, hydrophilic coating) (SurModics Inc., Eden Prairie,
MN, USA). Animals from the Heparin group received pe-
riodic anti-coagulant treatment (heparin, 1V) throughout
surgeries, with sufficient dosage to maintain ACT near
200s. Animals from the Antiaggregant group received an-
tiaggregant oral treatment prior to surgery (675 mg clopi-
dogrel bisulfate plus 500 mg acetylsalicylate). All animals
in the study received a dose of 1000 - 2000 U endove-
nous heparin prior to commencing ventricular support.
The swine were thoracotomized (median sternotomy),

and cannulae inserted into left and right internal jugular
veins. The VAD was connected to the cannulae thereafter,
and right VAD support was initiated, allowing jugular-to-
jugular bypass circulation. Pumping ensued for 300 min.
The VAD’s drive unit parameters were maintained at f = 50
bpm, Q = 1.8 l/minutes. A schematic diagram of the VAD
implant and connection to experimental subjects is shown
in Figure 1. Body temperature, cardiac frequency and he-
modynamic and physiologic parameters (from arterial and
venous blood), were monitored throughout experiments.
To measure hemodynamic variables, ACT was measured
using a Hemochron 401 blood coagulation timer (ITC Med,
Edison, NJ, USA), and hematocrit measured, either by
approximation method or by using a blood gas analyzer
(Gem Premier 3000, Instrumentation Laboratory, Brussels,
Belgium). Arterial blood samples were obtained from sub-
jects during specific time-points: pre-quirurgical baseli-
ne T,; post-quirurgical baseline T, prior to, or close to
cannulation, with subsequent VAD support (pump “ON”);
100 min VAD support; 200 min VAD support; 300 min VAD
support. Samples were processed for analysis of inflam-
matory variables IL-18, IL-6, CRP and TAT. After 300 min
of VAD support, animals were euthanized with potassium
chloride solution (60 mEq, IV) under general anesthesia.
Cardio-pulmonary autopsies were performed and lung and
heart organs preserved in formaldehyde for histological
analysis. Additionally, the VAD’s cannulae and disposable
sacs were visually inspected for the presence of coaguli.

Enzyme-linked immunoabsorbent assays (ELISAs):
For IL-18, IL-6 and CRP protein measurements, porcine
serum was obtained from arterial blood at specific time-
points (see above) according to standard methods (15 min
centrifugation at 4°C, 3000 rpm). For TAT complex mea-
surements, porcine plasma was separated from arterial
blood samples at specific time-points, in 8:2 parts of to-
tal blood: anticoagulant, according to standard methods
(3.2% sodium citrate and 15 min centrifugation at 4°C,
3500 rpm). Serum or plasma-containing supernatants
were frozen in dry ice and stored at -70°C to -80°C for
future analysis. ELISAs were performed according to stan-
dard methods using the Quantikine porcine IL-18/IL-1F2
and IL-6 kits (R&D Systems, Minneapolis, MN, USA), and
the porcine C-reactive protein ELISA (ALPCO Diagnostics,
Salem, NH, USA). A human thrombin-antithrombin Ill com-
plex kit, Enzygnost TAT micro (Dade Behring, Eschborn,
Germany), cross-reactive with porcine plasma, was also
employed. Absorbances were read in triplicate at 450 nm
(IL-18, IL-6, CRP), and in duplicate at 490 nm (TAT) via
spectrophotometry (Dynex technologies Inc, Chantilly, VA,
USA), and protein concentrations calculated from stan-
dard calibration curves. Positive controls were included
for ELISA kits IL-1B, IL-6 and TAT, verifying that concentra-
tion measurements for experimental subjects were bona
fide.

Statistical analysis: This was an experimental, ran-
domized comparative study. One way ANOVA or a Univari-
ate Analysis of Variance was performed to compare means
of ACT, hematocrit, body temperature, cardiac frequency,
body weight and body size. Data were expressed as
mean * standard deviation of the mean (mean + SD).
ANOVA of repeated measures and a Univariate Analysis
of Variance were used to calculate statistical significance
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Figure 2. Mean serum concentrations of porcine IL-18 during VAD support. Mean IL-1B8 concentrations (pg/mL) by treatment groups. T,:
pre-baseline; T : baseline, pump “ON”; 100 min VAD support; 200 min VAD support; 300 min VAD support. Uncoated, Hep-Coat and Pass-
Coat VAD coating cases are shown for Control (untreated), Heparin and Antiaggregant treatment groups. Error bars represent standard

error from mean values.

of the mean concentration of IL-18, IL-6, CRP, TAT. P <
0.05 were considered statistically significant. Data analy-
sis was conducted using SPSS statistical software (SPSS
Inc, Chicago, IL, USA).

Results

Study group: The mean age of animals was 3.5 + 0.5 mon-
ths, and the mean body weight was 32.1 + 5.4 kg, with
a range of 22-40 kg. Mean body size was 101.7 £ 9.6 cm,
with a range of 84-130 cm. Animal weight or body size
did not vary significantly according to treatment group or
coating cases, or according to the combination of group
and coating cases.

Hemodynamic parameters

Hematocrit - This values were measured from baseline
onwards throughout surgical procedures, averaging a to-
tal hematocrit mean of 27.04% + 7.495 (n = 97), with a
range of 15% - 45%. No statistical differences in hema-
tocrit values were observed between treatment groups,
coating cases or group and coating case combinations. Im-
portantly, variations in hematocrit values did not exceed
1.375 - fold relative to baseline values.

ACT - The mean ACT of pigs (periodic measurements)
was as follows; for treatment case groups: 155.6 + 106.9
s (Control, n = 36), 208.7 + 63.2 s (Heparin group, n = 39)
and 130.9 = 31.3 s (Antiaggregant group, n = 38); for coa-
ting case groups: 187.5 + 112.5 s (Uncoated, n = 40), 155.9
+ 48.0 s (Hep-Coat, n = 37) and 151.4 + 54.2 s (Pass-Coat,
n = 36). Total ACT mean (n = 113) was 165.6 + 79.6 s with
a range of 60-714 s. Statistical differences were found
between treatment groups (p = 0.000) and coating cases
(p = 0.043), but not between treatment group and coating
case combinations. Pairwise comparisons demonstrated
lower mean ACT in the Antiaggregant group relative to
the Heparin treatment group (p = 0.000), and lower ACT

in the Control (untreated) group relative to the Heparin
treatment group (p = 0.001).

Inflammation parameters: To assess the induction of
inflammatory responses upon VAD implantation, we cho-
se to measure serum IL-1B8, IL-6 and CRP concentrations
during experimental procedures at specified time-points.
Figures 2, 3 and 4 show the results of IL-18, IL-6 and
CRP measurements, respectively. Results indicated that
the mean IL-18 concentration (range between 33.3 -
89.9 pg/mL) did not change or increase substantially in
treatment groups or coating cases with VAD support re-
lative to controls (Figure 2). The lowest mean IL-18 con-
centrations were observed in the Hep-Coat case relative
to other cases, and in the Heparin group, relative to other
treatment groups. Mean IL-18 changes were statistically
significant between coating cases (p = 0.012), but not bet-
ween treatment groups or in the combination of groups
and coating cases. Pairwise comparison for coating cases
showed that changes were significant between Hep-Coat
and Pass-Coat only (p = 0.030), with lower mean IL-18
concentrations in the Hep-Coat cases relative to the Pass-
Coat cases. For treatment groups, changes were signifi-
cant between Heparin and Antiaggregant groups only (p =
0.003), with lower mean IL-18 concentrations in the He-
parin group relative to the Antiaggregant group. An ANOVA
analysis of repeated measures (n = 24 for each time-point,
five time-points), was used to examine the effect of time
on overall mean IL-18 concentrations, showing that des-
pite an increased trend in mean IL-1B concentration with
time, this change was not statistically significant.

Our findings also indicated that the mean IL-6 levels
(range between 70.1 - 150.3 pg/ml) did not change or in-
crease substantially in treatment groups or coating cases
with VAD support relative to controls (Figure 3), with the
exception of the Hep-Coat coating case within the Heparin
group, which unexpectedly exhibited higher mean IL-6 con-
centrations than other coatings. Mean IL-6 concentrations
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Figure 3. Mean serum concentrations of porcine IL-6 during VAD support. Mean IL-6 concentrations (pg/mL) by treatment groups. T,: pre-
baseline; T : baseline, pump “ON”; 100 min VAD support; 200 min VAD support; 300 min VAD support. Uncoated, Hep-Coat and Pass-Coat
VAD coating cases are shown for Control (untreated), Heparin and Antiaggregant treatment groups. Error bars represent standard error

from mean values.

for Pass-Coat cases were lower than those of other coating
cases for the Control and Heparin groups (Figure 3). Di-
fferences in mean IL-6 levels were statistically significant
between treatment groups (p = 0.008), coating cases (p =
0.000), and for treatment group and coating case combina-
tions (p = 0.000). Pairwise comparisons showed statistical
significance in mean IL-6 differences between Uncoated
and Hep-Coat cases (p = 0.000), with lower mean IL-6 con-
centrations in the Uncoated relative to Hep-Coat cases.
Changes in mean IL-6 levels were also statistically signi-
ficant between Hep-Coat and Pass-Coat cases (p = 0.000),
with lower mean IL-6 concentrations in the Pass-Coat relative
to Hep-Coat cases. Pairwise comparisons showed statistical
significance of IL-6 changes between the Control and Hepa-
rin groups only (p = 0.002), with lower mean IL-6 levels in
the Control group relative to the Heparin group. An ANOVA
analysis of repeated measures (n = 22 for each time-point,
five time-points) was used to examine the effect of time
on overall mean IL-6 concentrations, exhibiting a trend
towards increase with time, but which was not statistically
significant.

In addition, results showed that the mean CRP con-
centrations (range between 8.7 - 40.3 ng/mL) were lower
in Pass-Coat cases relative to Uncoated or Hep-Coat ca-
ses, particularly for the untreated (Control) and Heparin
groups (Figure 4). Mean CRP changes were statistically
significant between coating cases (p = 0.000), and for
the combination of group and coating cases (p = 0.000),
but not between treatment groups. Pairwise comparisons
showed that differences in coating cases were significant
between Uncoated and Pass-Coat cases (p = 0.000), with
lower mean CRP levels in Pass-Coat cases relative to Un-
coated cases. CRP changes were also significant between
Hep-Coat and Pass-Coat cases (p = 0.000), with lower
mean CRP levels in Pass-Coat cases relative to Hep-Coat
cases. An ANOVA analysis of repeated measures was used

to examine the effect of time on overall mean CRP levels
(n = 25 for each time-point, five time-points), showing
that changes in mean CRP levels with time were statisti-
cally significant (p = 0.033). CRP concentrations decrea-
sed after quirurgical intervention, and maintained redu-
ced levels in later time-points of VAD support.

Coagulation parameters: The presence of TAT com-
plexes in plasma is representative of the activation of
coagulation and thrombin generation, and is utilized as
an indicator of the induction of clotting events. To moni-
tor the initiation of thrombogenesis with VAD support, we
measured the presence of TAT complexes in porcine plas-
ma samples at specified time-points of VAD support (Figu-
re 5). Mean TAT complex concentrations (range between
5.5 - 45.6 pg/L) exhibited a significant time-dependent
increase with VAD support, (p = 0.005 by ANOVA of re-
peated measures; n = 24 for each time-point, four time-
points). Reduced levels of TAT complex concentrations
were observed when Hep-Coat was used in Heparin group
subjects relative to other VAD coatings, but this trend was
not observed in other groups. Heparin group subjects also
exhibited overall, lower TAT concentrations than in other
groups. However, the changes in mean TAT concentration
were not statistically significant, either by group, by coa-
ting cases, by the combination of group and coating cases,
or by pairwise comparisons.

Pathological examination of heart and lung: In order
to assess the incidence of thromboembolisms in our ex-
perimental subjects, we conducted a pathological eva-
luation of lung and heart pig organs and tissue samples
post-mortem. Macroscopically and histologically, lung
and heart organs were completely healthy in appearan-
ce. Scarce and isolated coaguli were occasionally found
in myocardial and pulmonary tissues, but upon histologi-
cal examination, it was evident that these were formed
post-mortem, and were not the result of VAD implantation
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Figure 4. Mean serum concentrations of porcine CRP during VAD support. Mean CRP concentrations (ng/mL) by treatment groups. T,: pre-
baseline; T : baseline, pump “ON”; 100 min VAD support; 200 min VAD support; 300 min VAD support. Uncoated, Hep-Coat and Pass-Coat
VAD coating cases are shown for Control (untreated), Heparin and Antiaggregant treatment groups. Error bars represent standard error

from mean values.

on experimental subjects. The majority of micro-thrombi
were indeed hematic (and not fibrinous) in all tissues exa-
mined (post-mortem thrombi). We found no correlation
between tissue status and subject treatment cases or VAD
coatings used in this study.

Assessment of coaguli in disposable parts of
the VAD

As an index of hemocompatibility of the VAD’s material
surfaces, the status of the device’s disposable parts (dis-
posable sac, cannulae connectors and valves) was exa-
mined after each surgery post-mortem. The purpose was
to ensure that no significant clots were adhering to key
material surfaces of the VAD that had been directly ex-
posed to blood. During surgeries, little or no formation
of clots in VAD compartments was observed; all mate-
rial surfaces remained clean during VAD function. Minimal
formation of clots or deposits in VAD compartments was
seen post-mortem, a normal occurrence upon subject
euthanasia and circulatory shut-down to the time VAD
components were examined. Importantly, these clots
were easily dislodged, and did not adhere to material
surfaces.

Discussion

In the present pilot study, we assessed hemodynamic,
physiologic, inflammatory, and histological variables in or-
der to evaluate the hemocompatibility of the Innovamé-
dica VAD during a six hour time-period of VAD support, in
swine. Despite certain fluctuations in ACT, all other phy-
siologic parameters (temperature, cardiac frequency), or
hemodynamic variables (e.g. hematocrit) were normal in
this study, and were not significantly different between
treatment groups and coating cases, as expected.

Summarizing the results, we determined that mean
IL-18, IL-6 and CRP concentrations did not change or in-
crease substantially in treatment groups or coating cases
with VAD support relative to controls (Figures 2, 3, and 4,
respectively). The lowest mean IL-18 concentrations were
observed in the Hep-Coat case subjects relative to other
cases. In contrast to IL-18, mean IL-6 concentrations were
higher in Hep-Coat cases, and lower in Pass-Coat cases.
The significance of these specific results warrants further
investigation. Mean CRP concentrations were lower in
Pass-Coat cases relative to Uncoated or Hep-Coat cases,
particularly for the untreated group (Control). Mean TAT
complex concentrations exhibited a significant time-de-
pendent increase with VAD support, as would be expected
from surgical trauma (Figure 5). Reduced levels of TAT
complex concentrations were observed in Hep-Coat sub-
jects in the Heparin group relative to other VAD coatings.
Heparin group subjects also exhibited, overall, lower TAT
concentrations than in other groups. This suggests that
VAD heparin coating, and heparin systemic treatment
might have potentially contributed to a reduction in ove-
rall TAT levels.

It should be noted that for IL-18 and IL-6 assays, re-
ported values do not reflect exact physiologic concentra-
tions, given that calibration curves were adjusted using a
correction factor to observe trends in protein concentra-
tions according to treatment groups and coating cases.
The concentrations measured for these two proteins were
in fact, barely detectable above background, and above
the detection limits of the assay (10 pg/mL). It should
also be specified that we did not perform hemodilution
corrections in our data (relative to hematocrit), given
that we lacked some hematocrit values in certain surge-
ries, and because we additionally verified that hemodi-
lution-corrected values were not dramatically different
from uncorrected values.
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Figure 5. Mean plasma concentrations of porcine TAT during VAD support. Mean TAT concentrations (ug/L) by treatment groups. T,: base-
line, pump “ON”; 100 min VAD support; 200 min VAD support; 300 min VAD support. Uncoated, Hep-Coat and Pass-Coat VAD coating cases
are shown for Control (untreated), Heparin and Antiaggregant treatment groups. Error bars represent standard error from mean values.

IL-18 and IL-6 play pivotal roles in the immune res-
ponse and in inflammation.™ IL-18 induction generally oc-
curs within 1-2 hours, increasing thereafter, IL-6 and CRP
play important roles in acute phase reactions'® and their
induction generally begins at 2-4 h,'® and 5-6 hours to 12
hours, 2% respectively, increasing thereafter. Relevant
to this study, previous work has majorly focused on the
elevation of cytokines and other inflammatory variables
during post-operative periods of cardiovascular procedu-
res. Many of these studies report conflicting observations
regarding protein concentration and kinetics of cytokine
secretion. For instance, IL-1B levels have been shown to
increase during the first 24 hours post-CPB in various hu-
man studies,?"2 albeit undetectable in others.?*?” Plasma
and serum IL-6 levels have been shown to increase after
CPB, reaching a peak at 3 to 24 hours post CPB.?32526,28-30
Interestingly, a report by Inui et al, has shown increased
IL-6 and TAT plasma levels in patients receiving CPB at
30’ and 60’ relative to baseline, but lower levels when
a heparin-coated CPB circuit was applied, suggesting that
heparin might have contributed in lowering the levels of
these factors.?” However, another study in patients recei-
ving CPB, reported that plasma IL-6 levels did not vary
significantly from pre-operative to post-operative time-
points, or throughout surgeries.' Certain studies in pigs
have shown that lung IL-18 was not substantially increa-
sed during CPB (144 + 88 pg/mL, 189 + 68 pg/mL, 152 +
71 pg/mL at baseline, 10°, and 120°CPB, respectively),
whereas IL-6 was increased (112 + 36 pg/ml, 187 + 33
pg/mL, 1004 + 97 at baseline, 10’, and 120°CPB, respec-
tively).3»32 With regard to plasma cytokine levels in pigs
undergoing CPB, there is a report of IL-6 remaining below
detection levels (< 10 pg/ml) at baseline, but increasing
to 240 + 103 pg/ml and 981 + 37 pg/ml at 15’ and 8h res-
pectively, post-CPB.3 Another pig study reported plasma
IL-6 levels as low as 2 ng/mL at five minutes pre-CPB, and
at 25 minutes, after receiving two hours of CPB.3* These

reports are consistent with our findings of very low con-
centrations of porcine IL-18 and IL-6, during the six-hour
time-period of VAD support.

IL-6 and C-reactive protein (CRP) serum levels have
been reported to increase mostly in the immediate days
following cardiovascular surgery,?3 and in humans, CRP
levels have been shown to increase particularly 24h after
CPB.3¢3 Cut-off CRP levels for CPB patients have been
suggested to be approximately 460 ng/ml pre-operatively,
and 1790 ng/ml on the first post-operative day.*® With re-
gard to porcine levels, studies in neonatal pigs have de-
monstrated relatively similar CRP levels in animals under-
going CPB when compared to sham-operated animals.* In
our study, we observed CRP concentrations ranging from
8.7 to 40.3 ng/mL, thus, well below what has been repor-
ted. With regard to plasma TAT concentrations, studies in
human patients have shown increases in TAT levels from
4.2 pg/L at baseline, to 49.1 pg/L upon CPB,” and from 10
pg/l at baseline to 50 pg/l upon CPB.“ In pigs receiving
2h of CPB, there are reports of post-operative TAT plasma
levels at 20.7 £ 1 pg/l, IL-18 levels at 1081.8 + 203 pg/ml,
and IL-6 levels at 173 + 91.5 pg/ml."” Consistent with the-
se reports, we have observed porcine TAT concentrations
ranging from 5.5 to 45.6 pg/L.

In agreement with findings showing much later peaks
of cytokine and CRP production in days following car-
diovascular surgery, the low porcine IL-18, IL-6 and CRP
concentrations detected in this study reflect that - in our
hands - these factors are not increased significantly in
the first six hours of VAD support, and furthermore, their
levels remain well below the concentrations detected in
various CPB studies.

Taken together, our data show that there were no
remarkable differences or increases in IL-18, IL-6, CRP
or TAT levels with VAD support, or relative to treatment
groups or coating cases. The trends in increased IL-18 and
IL-6 concentrations with time (not significant) were not



In vivo VAD hemocompatibility in swine

75

remarkable, and would be expected with surgical trau-
ma, but because we did not find significant differences
between control and groups/cases, in support of our
hypothesis, implantation of our VAD device does not in-
duce a strong inflammatory response above that obser-
ved from surgical trauma. Moreover, CRP levels did not
increase with VAD support in a time-dependent manner,
and this concurs with the observation that an inflamma-
tory response was not strongly induced, even when con-
sidering that CRP levels are not usually highly increased
before six hours. Because the effects of using Hep-Coat
vs Pass-Coat for VAD support were not consistent for the
different inflammatory variables tested, we cannot arrive
at a consensus as to which VAD coating was inherently
more hemocompatible, or more favorable in preventing
an inflammatory reaction. Similarly, we cannot presently
determine which treatment group was more favorable
for experimental subjects during VAD support, despite a
tendency towards lower concentrations of inflammatory
variables in Heparin group subjects (systemic heparin
treatment). Based on other reports, we expected that he-
parin treatment would result in a lessened inflammatory
response (lower levels of cytokines and/or other factors).
Surprisingly, our results showed that other treatments re-
sulted in outcomes that were, seemingly, just as favora-
ble as that of heparin treatment.

Worth mentioning is the fact that a minimum of an-
ti-coagulant activity (heparin) was required in order to
properly connect the VAD device to animals, including
the Control group (with no additional anti-coagulant
treatment). Hence, this minimum heparin dosage might
have been sufficient to suppress a remarkable inflamma-
tory response, or thrombogenic activity. Longer ACT times
observed in some instances could thus be easily explained
by given anti-coagulant dosage during VAD support. Whe-
ther heparin systemic treatment, or heparin-coating of
the VAD device results in a more hemocompatible outco-
me during surgery warrants further investigation, as it
could be that these conditions are not necessarily advan-
tageous. The use of heparin-coated vs uncoated devices
in long-term VAD support trials may help elucidate these
questions.

Histological analysis of organs confirmed that VAD su-
pport did not elicit a substantial inflammatory response in
our subjects during the time-frame tested; the absence of
thromboembolisms or pulmonary/myocardial infarctions
led us to determine that no complications ensued from
VAD implantation in experimental subjects. The minor
and scarce thrombi found histologically, were not of a fi-
brinous nature, and were with all likelihood, the result
of post-mortem circulatory shut-down. From histological
and macroscopic examination of porcine heart and lung
organs, VAD coating cases and treatment groups were in-
distinguishable from each other and from controls. Mo-
reover, no major coaguli or deposits were found in any
of the compartments of the VAD device throughout expe-
riments. The minor coaguli found were once again, the
result of post-mortem circulatory shut-down.

Study limitations: The current study has limitations,
and a better delineation of the hemocompatibility pro-
perties of the VAD coatings tested, and of the potential
systemic treatments considered during VAD support, is

warranted. Future studies should aim to expand the cu-
rrent findings, particularly in the context of long-term VAD
support. For instance, the inclusion of additional cytoki-
ne/coagulation factor measurements could be contem-
plated for long-term VAD support experiments. Various
changes (increases) in adhesion molecule expression from
human platelets and endothelial cells have been observed
during CPB (such as L-selectin, P-selectin, and certain in-
tegrins).?” Thus, changes in platelet activation/aggrega-
tion and adhesion molecule surface expression could also
be addressed during long-term VAD support trials.

Conclusion

We have determined that the Innovamédica VAD does
not elicit a remarkable inflammatory response during a
six-hour time-frame of cardiovascular support, and does
not exhibit inherent thrombogenic potential. The impact
on VAD hemocompatibility, of heparinized or passivated
coatings, in combination with systemic anticoagulant
or antiaggregant therapies, requires further elucidation
at this time. Our findings of low levels of inflammatory
variables, in conjunction with low levels of coagulation,
strongly indicate that this novel VAD system is highly he-
mocompatible.
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