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A B S T R A C T

The Carmat bioprosthetic total artificial heart (C-TAH) is a biventricular pump developed to minimize drawbacks
of current mechanical assist devices and improve quality of life during support. This study aims to evaluate the
safety of the hybrid membrane, which plays a pivotal role in this artificial heart. We investigated in particular its
blood-contacting surface layer of bovine pericardial tissue, in terms of mechanical aging, risks of calcification, and
impact of the hemodynamics shear stress inside the ventricles on blood components. Hybrid membranes were
aged in a custom-designed endurance bench. Mechanical, physical and chemical properties were not significantly
modified from 9 months up to 4 years of aging using a simulating process. Exploration of erosion areas did not
show risk of oil diffusion through the membrane. Blood contacting materials in the ventricular cavities were
subcutaneously implanted in Wistar rats for 30 days as a model for calcification and demonstrated that the in-
house anti-calcification pretreatment with Formaldehyde-Ethanol-Tween 80 was able to significantly reduce
the calcium concentration from 132 μg/mg to 4.42 μg/mg (p < 0.001). Hemodynamic simulations with a
computational model were used to reproduce shear stress in left and right ventricles and no significant stress was
able to trigger hemolysis, platelet activation nor degradation of the von Willebrand factor multimers. Moreover,
explanted hybrid membranes from patients included in the feasibility clinical study were analyzed confirming
preclinical results with the absence of significant membrane calcification. At last, blood plasma bank analysis from
the four patients implanted with C-TAH during the feasibility study showed no residual glutaraldehyde increase in
plasma and confirmed hemodynamic simulation-based results with the absence of hemolysis and platelet acti-
vation associated with normal levels of plasma free hemoglobin and platelet microparticles after C-TAH im-
plantation. These results on mechanical aging, calcification model and hemodynamic simulations predicted the
safety of the hybrid membrane used in the C-TAH, and were confirmed in the feasibility study.
1. Introduction

Heart transplantation offers the most effective therapy for patients
with end-stage heart failure but is severely limited by organ shortages and,
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in some cases, by patient comorbidities [1]. The use of mechanical cir-
culatory support, and in particular left ventricular assist devices (LVAD),
has been shown to offer a valuable therapy for these patients but only
indicate for mono-ventricular heart disease compared to an optimal
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medical management [2]. Nowadays, 2,500 patients are implanted
annually in the USA with mechanical circulatory devices and the INTER-
MACS registry database includes over 20,000 patients [3]. The Carmat
Total Artificial Heart (C-TAH) was developed as a heart replacement de-
vice in new Physiological Heart Replacement Therapy for patients at risk
of imminent death from bi-ventricular failure. It is an implantable,
electro-hydraulically actuated and, pulsatile biventricular pump support
[4], designed to promote quality of life, minimize thromboembolism
events and bleeding that are common complications of continuous-flow
LVAD. The C-TAH comprises a left and right ventricle, each with a
2

blood compartment and a hydraulic fluid (drive-unit), separated by a
hybridmembrane made of two layers glued together. One layer, in contact
with the hydraulic fluid, is made of polyurethane (PU), the other which is
in contact with the blood, is made from bovine pericardial tissue, chemi-
cally treated with glutaraldehyde to provide long-term tolerance and
hemocompatibility [5, 6]. The concept of xenogeneic pericardial tissue
treated with glutaraldehyde has already been used in bioprosthetic heart
valves for more than 40 years after two successful clinical trials in the 70s
and the 80s [7,8] and represented more than 80% of the 200,000 heart
valve replacements performed worldwide in 2006 [9].
Figure 1. Endurance bench and measures of compliance.
A: Schematic view of the endurance bench used for
membranes aging test, description of the different com-
ponents of the bench test used for validation of membrane
resistance: 1) PBS Kathon reservoir; 2) Glass dome; 3)
Pressure sensor; 4) Pressure sensor; 5) Pressure sensor; 6)
Hydraulic pump; 7) Bench test chamber filled by PBS with
Kathon; 8) Metallic tank; 9) Silicon oil supply; 10) Silicon
oil reservoir; 11) Hydraulic actuator filled with silicon oil;
*) C-TAH hybrid membranes.B: Kinetic of volume-loss to
evaluate the variation of the membrane compliance after
endurance test in percentage. Group 1 is the low number
of cycles aging group (black) with membranes A, B, C and
D; Group 2 is the high number of cycles aging group (red)
with membranes E, F, G, H, I and J.



Table 1. Membrane tested in endurance bench.

Aging group Membrane Number of cycles Duration of the test In vivo equivalent

1 A 3.61 � 107 64 days 9 month

B 3.61 � 107 64 days 9 month

C 8.73 � 107 111 days 22 month

D 8.73 � 107 111 days 22 month

2 E 1.11 � 108 124 days 28 month

F 1.11 � 108 124 days 28 month

G 1.49 � 108 192 days 38 month

H 1.49 � 108 192 days 38 month

I 1.85 � 108 236 days 4 years

J 1.85 � 108 236 days 4 years
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The hybrid membrane separating the ventricle and the drive-unit is a
highly critical device component; as the rupture or degradation of this
membrane would lead to an instant loss of pump performance and
significant risk of death for the patient. Hence, the chemical and me-
chanical stability of the hybrid membrane after aging are important
parameters to investigate. General requirements for in vitro durability
testing of blood pumps are given by the ISO 14708–5 [10] and the
recommendations by of the National Clinical Trial Initiative Subcom-
mittee (NCTIS recommendations) [11]. Thus, NCTIS recommends
accelerated durability tests of either the complete system or single
component with accelerated aging mechanical tests. Hemodynamic
patterns are expected to influence also hemocompatibility and safety of
C-TAH because of potential blood damages related to shear including
induced hemolysis [12, 13], platelets activation [14] and vWF degra-
dation [15] triggering acquired vonWillebrand syndrome (AVWS) [16].
Thus, preclinical evaluation of the hemodynamic shear stress by using a
robust numerical methodology is essential to predict the hemo-
compatibility performance and to optimize the ventricular design. For
this purpose, Computational Fluid-dynamics (CFD) and Fluid-Structure
Interaction (FSI) models can be employed to investigate the kinematics
of the C-TAH components, e.g. the membrane and the leaflets, and
predict the potential damage on blood elements.

This study explores the safety of the hybrid membrane used in the C-
TAH with a particular emphasis on mechanical aging and calcification
model. We used hemodynamic simulations to compare the blood
handling characteristics of this device, i.e. hemolysis, platelet activation
and AVWS. We aimed at verifying the absence of hybrid membrane
calcification, glutaraldehyde toxicity and confirming the hemodynamic
safety on patient hemostasis with clinical feasibility study [4].

2. Material and methods

2.1. Endurance bench

A novel custom-designed endurance bench was used by Carmat to
perform the mechanical endurance test of the hybrid membrane of the C-
TAH (Figure 1A). The mechanical resistance through time of the mem-
branes and the impact of the aging on their properties were tested with
this appropriated bench test. The hydraulic test pressure was generated
with a blood-simulating fluid: phosphate buffered saline (PBS) with
Kathon at 5 cP viscosity and an actuating fluid using silicone oil with a 20
cP viscosity to mimic hydraulic actuation contacting surfaces of the C-
TAH in vivo. The fluid movement of the bench had a frequency of 10Hz
with a 30 ml moved volume to perform accelerated aging. The flow rate
was 4 l/min and the system maintained at 37 �C.
2.2. Tested membranes

Hybrid membranes made of PU and bovine pericardium, identical to
those used in clinical trials, were tested. The dimensions of the mem-
branes are 80 mm� 100mmwith an ovoid form, the thickness is 700μm:
the hybrid membrane is made of one layer of PU Chronoflex ARLT©
(thickness ¼ 350μm) and bovine pericardium from Neovasc Inc. (Van-
couver, Canada) (thickness ¼ 350μm).
2.3. Endurance test

Ten hybrid membranes, labeled from A to J were tested on the
endurance bench, with five different numbers of cycles (Table 1). For
each number of cycles, two membranes were tested. These amounts of
cycles were separated in two groups: low amounts values corresponding
to aging group 1, high amounts values corresponding to aging group 2.
For each of the ten aged membranes, after the end of the test on the
endurance bench, the pericardium layer was removed and samples of PU
were trimmed after the end of the test on the endurance bench.
3

2.4. Compliance

The membrane compliance is the deployment resistance of the
membrane, measured by the moved volume depending on the applied
pressure; it was determined with kinetic of volume-loss at the same
pressure during the endurance test on the endurance bench.

2.5. Mechanical degradation – differential scanning calorimetry

Differential Scanning Calorimetry (DSC) is often used to characterize
polymer structure; the glass transition temperature measured is corre-
lated indeed with the state of the polymer. Change in its state or degra-
dation of the polymer causes a modification of the glass transition
temperature.

DSC was performed on four different samples of each of the ten
membranes. The test was run in accordance with the ISO norm standard
[17], in order to explore the degradation of the material. Analysis was
performed on with a DSC Q2000 (TA Instruments, Newt Castle, Delaware,
USA), in standardmodewith airtight aluminum sample holders. The purge
gas used was quality nitrogen with a flow rate of 50 ml/min flow rate.
Temperatures ramps and times for the analysis were: isotherm at -90 �C for
5min, from -90 �C to 200 �Cwith a 10 �C/min gradient, isotherm at 200 �C
for 5min, from 200 �C to -90 �Cwith a 10 �C/min gradient, isotherm at -90
�C for 5min then from -90 �C to 200 �C with a 10 �C/min.

2.6. Fourier-Transform Infrared Spectroscopy Spectroscopy

Fourier-Transform Infrared Spectroscopy Spectroscopy (FTIR) is used
to characterize polymer integrity; a specific spectrum is obtained due to
the absorption of the different chemical functions. The chemical degra-
dation of the polymer triggers a shift in the peaks of the spectrum or
decrease in band intensities. To analyze the PU membrane, we compared
the spectra obtained for the ten tested membranes to one obtained from a
not aged control membrane. The analyses were performed on an
IRAffinity-1 Spectrometer (Shimadzu, Kyoto, Japan) with an ATR Base
(MIRacle PIKE Technologies). Characteristic functions and correspond-
ing infrared bands of the PU were chosen and monitored: –NH absorbing
at 3321cm�1 (1), two –CH2 at 2937cm�1 (2) and 2862cm�1 (3) of the
carbon chain, –C¼O at 1739cm�1 (4), C¼C of the aromatic at 1592cm�1

(5), C–C of the aromatic at 1403cm�1 (6), C–O–C of the carbonate
function C–O–C¼O at 1251cm�1(7), C–O at 1110cm�1 (8), C–O–C of the
urethane function C–O–C¼O at 1068cm�1 (9). FTIR was performed on
four samples of PU for each aged membrane and one non-aged control
membrane; ten scans were recorded for each sample.

2.7. Surface characterization

2.7.1. Electronic microscopy
We performed electronic microscopy to explore the PU surface of the

aged membranes in order to highlight possible erosion areas or weak
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points. The microscope used was a S260 Scanning Electron Microscope
(Cambridge Scientific Corp, Watertown, Massachusetts, USA). The sam-
ples were fixed in 2.5% glutaraldehyde with 0.1M Phosphate Buffer pH
7.4 overnight. Then, washed in PB – 3 � 15min and fixed in Osmium
solution (1% OsO4, 0.1M PB) for 1h at 4 �C before getting washed in
0.1M PB solution for 15min two times, and H2O solution for 5min. For
dehydration, the solutions used were 30% Ethanol (EtOH) for 15min,
50% EtOH for 15min, 70% EtOH for 15min, 95% EtOH for 15min, 100%
EtOH two times for 20min, Hexamethyldisilazane (HMDS)/EtOH at ratio
1/1 for 10 min, 100% HMDS for 10min then dried overnight. The next
day samples were glued on pads with metallic glue, then left for 24 h
before metallization and observation.

2.7.2. Surface topography
Membranes D, E and F were tested, using a non-contact surface

topography system: Altisurf 500 (Altimet, Sainte-H�el�ene-du-Lac, France).
For each membrane, four samples were analyzed, and three profiles for
each sample were measured. Sensor size used was 300 μm, with mono-
directional measure mode. The resolution was 1μm in X and 5μm in Y,
with an acquisition frequency of 100Hz and a measurement speed of 100
μm/s for the contact zone, and for the working zone a 30Hz acquisition
frequency with a measurement speed of 30 μm s�1. The tests were per-
formed in compliance with the ISO norm standard [18].

2.8. Raman spectroscopy

Raman spectrometry was used to detect the presence of oil diffusing
inside the PU membrane. This analysis technique highlights the
composition of a polymer; a specific Raman shift is observed if other
chemical species appear inside the polymer. Four membranes: E, F, G and
H of advanced aging have were tested. For each tested membrane, both
faces of two samples were investigated. The analysis was performed with
a Xplora microspectrometer from HORIBA Scientific, coupled to a high-
performance Raman analysis module. The excitation wavelength was
785nm, with characteristic bands at 492cm�1 for Silicon oil and
1618cm�1 for the PU. The samples were analyzed on a Z profile on
constant XY point, the Z profile acquisition size was between -20μm and
þ80μm inside the sample, with a pace of 5μm and time acquisition of 10s
for each point.

2.9. Gas Chromatography with Mass Spectrometry

Gas chromatography coupled with Mass Spectrometry (GCMS) was
used to detect the presence of silicon oil in the aging solution of Kathon-
PBS for all the endurance tests performed. This technique can highlight
the presence of chemical residues even at very low concentrations. All
analyses were performed on a GCMS QP2010 from Shimadzu (Kyoto,
Japan), using a DB-5ms column, (length 30m, thickness 0.25μm, and
diameter 0.25mm). The temperature gradient used for the membranes A
and B was: from 40 �C to 280 �C (10 �C/min) then 280 �C for 5min. The
final step was increased to 8min for the other membranes (C– I). For
quantitative analyses, a splitless injection was performed at 250 �C with
1μl for the membranes A and B and then 0.5μl for the others. A scan mode
was employed for qualitative analyses.

2.10. In-vivo calcification assay

The study was designed in accordance with the ISO norms [19, 20].
The in vivo tests were performed to study the calcification potential of the
components of the ventricular cavity in of the C-TAH. The calcification
model chosen was subcutaneous implantation in rats of round pieces of
bovine pericardium tissue and expended Polytetrafluoroethylene
(ePTFE). The positive control chosen was bovine pericardium fixed with
glutaraldehyde and not treated with an anti-calcification treatment. The
two tested materials were bovine pericardium with dedicated in-house
anti-calcification treatment FET (Formaldehyde-EtOH-Tween 80) [21]
4

and ePTFE (top of C-TAH ventricle cavity in contact to blood). The three
types of materials were tested; for each type of material 40 samples were
implanted subcutaneously into 30 Wistar Rats (male and female).

Four samples of pericardium were implanted per rat, with different
random combinations randomly assigned using the computer random
number generator with Excel 2000. The implantation duration was
30days in 12days old rats at the implantation. The test items were pieces
of 8mm diameter and 0.8mm thickness. For the implantation procedure,
animals were anesthetized with a mixture of 3% isoflurane (VET-
FLURANE, Virbac) and compressed air. The skin was cleaned with 70%
ethanol and povidone iodine solution. Buprenorphine (BUPRECARE,
Animalcare Limited) 0.02 mg/kg by subcutaneous route and 2.5%
enrofloxacin (BAYTRIL, Bayer) 10 mg/kg by subcutaneous route were
administered before membrane implantation. The volume to be admin-
istered was calculated according to the bodyweight recorded on Day 0.
Before implantation, membranes were successively rinsed in 3 different
and successive baths of sterile 0.9% NaCl solution (COOPER). On Day 30,
animals were anesthetized with a mixture of 3% isoflurane and com-
pressed air, sacrificed by cervical dislocation, and the membranes were
explanted. For the groups of pericardium tissues samples, membranes
were transferred in an individual weighted Teflon tube. The tubes were
put in a drying chamber under vacuum at 50 �C for during 3hours and
10min. After cooling, the tubes containing the dry membranes were
weighted in order to determine the individual membrane weight. For the
group of ePTFE samples, the membranes were transferred in an indi-
vidual weighted glass tube. The tubes were put in a drying chamber
vacuum at 50 �C for during 3hours and 15min. After cooling, the tubes
containing the dry membrane were weighted in order to determine the
individual membrane weight. A calcination of these membranes was
performed by placing the glass tubes into an oven at 600 �C for 9hours.
The whole samples were dissolved with 2ml of HNO3 in 7ml Teflon vials
on hot plates for 24hours at 90 �C, then diluted with ultrapure water
(resistivity ¼ 18.2MΩ) in 100ml and 30ml precleaned (0.1N HCl) poly-
carbonate vials, with internal standard (In–Re) added as solution (0.3g
for 30ml of final solution) leading to concentration close to 5ppb. The
diluted samples then assayed for Calcium determination with inductively
coupled plasma mass spectrometry (ICP-MS) using ICP-MS (Instrument:
Serie X 2 from Thermo Electron) and calibrated using a calibration curve
with five standard solutions.

2.11. Hemodynamic simulations

The hemocompatibility of the device is also linked to its hemody-
namics. Indeed, it is important to have a reliable blood flow description
to assess the blood damages induced by the implanted bioprosthesis. The
important parameters to calculate are the shear forces endured by the
blood inside the blood volume during the contraction cycle and the wall
shear stresses during the contraction cycle. Numerical simulations are a
good way to extract these data. Our numerical model includes both
ventricles of the C-TAH with the oil and blood parts, the membrane and
the valves. In order to simulate the interactions between fluids and solids,
an FSI model coupled with CFD simulations was developed [22, 23]. The
FSI simulation well describes the displacement and the stress of the solid
parts. However, it fails to accurately describe the fluid, especially for
derivative parameters like the wall shear stresses. Nevertheless, the
macroscopic fluid flow is reliable, if the movements of the solid parts are
well captured. CFD simulations were subsequently used to have an ac-
curate fluid description of the blood behavior inside the ventricular
chamber [11]. The displacements of the membranes and valves were
extracted from the FSI simulation and used to define as moving boundary
conditions in the CFD simulations. Indeed, CFD simulations allow the
implementation of moving walls as boundary conditions of the fluid
domain, i.e. for valves and membranes. The hemodynamic boundary
conditions, in terms of pressure curves and flow rate, were identical in
FSI and CFD simulations. Coupling the FSI and the CFD simulations
yielded the displacement of the solid parts (FSI) and an accurate blood
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flow description (CFD). Briefly, the geometrical model was built from the
Computer Conception Aided Design model of the C-TAH, except for the
valves, which are were simplified with only three leaflets by discarding
the stent frame. The boundary condition prescribed at the oil inlet was a
flow rate corresponding to a nominal case at of 5.4 l/min (heart rate ¼
90bpm, stroke volume ¼ 60ml). The systolic time was one third of the
cycle time. A nominal pressure of 120mmHg was set at the aortic outlet
against 35 mmHg at the pulmonary outlet. The mitral and the tricuspid
pressures were set to 0mmHg as a reference pressure. The results of the
simulation provided data consistent with the observations.

These simulations, and some technicalities of the FSI settings, are
described more in depth in a previous papers of ours [22]. Simulations
produced as outputs the numerical values of the forces endured by the
bloodstream, inside the C-TAH during the cycles of contraction. These
forces, need to be linked to the induced hemolysis [12, 13], platelets
activation [14] and vWF degradation [15]. Hemolysis has been previ-
ously studied especially with regard to Ventricular Assist Devices (VAD),
because of the continuous exposition of the red cells to a high shear rate
in those devices due to the rotary pump used [24]. In our case, the pump
is pulsatile, with very short time of exposure to high shear stresses. The
threshold commonly used in studies of VAD for hemolysis is usually set to
150Pa [25]. However, in order to have a more accurate estimation of the
impact of the device on the red blood cells, we used the following index
of hemolysis equation, taking into account both the shear stress (τ in Pa)
and the exposure time (t in second) [26] with the index of hemolysis:
IHð%Þ ¼ 3:458� 10�6 � τ2:0639 � t0:2777. Thus, it is possible to have a
precise estimation of the maximum hemolysis induced by the C-TAH
contraction cycle. The platelets activation threshold normally used is
50Pa [25]; however, a recent study proposed a formula connecting the
shear stress and the exposure time for a more accurate estimation of
platelets activation [27]; the platelets activation index was calculated as
follows: PAð%Þ ¼ 4:08� 10�3 � τ1:56 � t0:8. We also chose to use for our
simulations the threshold of 17.5Pa for the high molocular weight mul-
timers (HMWM) of vWF degradation in our simulation [28, 29]. Hemo-
lysis and platelets activation are different from vWF degradation because
of the plasticity of the membranes. Very high shear stress for short
duration can be less problematic than a mild shear stress occurring for a
long time.
2.12. Clinical feasibility study of Carmat Total Artificial Heart
implantation

This was a single-arm, prospective, non-blinded and non-randomized
study of 4 patients conducted in 4 four French centers. The study was
approved by the French National Agency for Medicines and Health
Products Safety, and the Paris’ Regional Ethics Committee. The study was
registered in the European Databank on Medical Devices (CIV-FR-13-09-
011615). Plasma from Heartmate II patients were sampled according to
register number 1922081. All patients had signed the informed consent,
and the study was performed in accordance with the Declaration of
Helsinki [30].

2.12.1. X-Ray Microtomography in C-TAH explanted patient
X-Ray Microtomography on explanted membranes from the clinical

trial was performed using the CERN (European Organization for Nuclear
Research). The X-ray source was an ESRF, ID19, with energy of 115keV.
The number of projections was 6000, with a pose time of 0.03s, and a
voxel size of 12.9 μm3. Acquisitions were made at room temperature and
room pressure, in the conservation solution (1X PBS, 0.6%
Glutaraldehyde).

2.12.2. Laboratory assessment
Blood samples were drawn pre-operatively and weekly thereafter. All

samples were collected on 0.129 M trisodium citrated tubes (9NC BD
Vacutainer, Plymouth, UK). Laboratory assessments were done on
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platelet poor plasma (PPP) obtained after centrifugation twice at 2500g
for 15min. PPP was frozen and stored at -80 �C until analysis.

2.12.3. Quantification of residual glutaraldehyde, plasma free hemoglobin
and platelet microvesicles in plasma before and after C-TAH implantation

Blood samples were drawn pre-operatively, during surgery, daily
during the ICU period and weekly thereafter. All samples were collected
on sodium heparin for plasma free hemoglobin and 0.129M trisodium
citrate tubes (9NC BD Vacutainer, Plymouth, UK) for other analyses. 10μl
of Acetone-D6 was added to 200μl of citrated plasma and loaded on a
Phree tube to remove proteins and phospholipids from plasma samples
without negatively affecting the recovery of our target analyte glutaral-
dehyde. After adding 800μl of acetonitrile and a 1% formic acid and, a
5min centrifugation was performed, the organic layer was withdrawn,
and the pellet reconstituted in 20μL of 5.4M HCl and 500μl of 2,4-dini-
troph�enylhydrazine (DNPH; 2 g/l in acetonitrile) before Liquid
Chromatography-Mass Spectrometry (LC-MS/MS) injection. The analyt-
ical method was adapted from Menet et al [31]. The calibration curve
was made by adding glutaraldehyde in plasma until the value of 5 μg/mL
(r2¼ 0.9737873). The limit of detection of glutaraldehyde was estimated
at 0.01 μg/ml.

Plasma free hemoglobin concentrations were calculated using a
Lambda 25 EV/VIS Spectrometer (Perkin Elmer Instruments, Waltham,
Massachusetts, United States) with second derivative spectrophotometry
at specific wavelengths between 576nm and 561 nm. For microvesibles
(MV) quantification, thawed plasma samples were 1/10 diluted in
physiological serum and stained with anti-human fluorochrome-coupled
antibodies for MV phenotyping: Annexin V Pacific Blue (ebioscience) and
CD41 Fluorescein isothiocyanate FITC (FITC, Beckman Coulter). Fluo-
rescent calibrated beads Megamix-Plus SSC (Biocytex) were used to
define MV size based on side scatter parameter according to manufac-
turer instructions. MV concentrations were assessed by addition of an
internal calibrator, AccuCount fluorescent particles (Shperotech) with a
known concentration of particles per volume. Acquisitions of stained MV
and calibrated beads were performed with a LSR Fortessa SORP cytom-
eter (Becton Dickinson). Analyses were done with FlowJo 10 software
(TreeStar).

2.13. Statistical analysis

Data were analyzed using the non-parametric Mann-Whitney test.
Therefore data are shown as median [Q1; Q3]. All statistical analyses
were performed with GraphPad Prism 5 software (GraphPad Software
Inc., San Diego, CA, United States) and StatView software package (SAS,
Cary, NC, USA). Differences were considered significant at p < 0.05.

3. Results

3.1. Mechanical aging did not induce hybrid membrane degradation

Membrane compliance, measured continuously during the aging
test on the endurance bench as the kinetic of volume-loss under the
same pressure, remained unchanged between the two groups (0.375
[-2.47; 2.75] vs -1.21 [-3.98; 1.38]; p ¼ 0.476, Figure 1B). No
compliance variation superior to 5% in any of the investigated mem-
branes was recorded. The polymeric state of the PU evaluated by the
measurement of glass transition temperatures in by differential scan-
ning calorimetry (DSC) did not show any significant differences be-
tween the two groups (-28.7 [-29.2; -27.33] vs -28.2 [-29.1; -27.4]; p ¼
0.83, Figure 2A).

The potential risks of polymer hydrolysis and interaction with oil
were investigated by Fourier-Transform Infrared Spectroscopy. The ar-
omatic and carbon chains of the polymer as well as functions containing
oxygen atoms were mostly analyzed. Here are presented one spectra for
each time of aging (Figure 2B). Intensities of the investigated bands
exhibit only slight variations. These observed differences remained



Figure 2. Physical tests to evaluate the aging of the
membranes. A: Measures of the glass transition tem-
peratures obtained by Differential Scanning Calorim-
eter for the membranes, separated in Group 1: low
number of cycles aging group (black) with membranes
A, B, C and D; and Group 2: high number of cycles
aging group (red) with membranes E, F, G, H, I and J.
B: Infrared Absorption Spectra of one membrane for
each of the 5 amount of cycles (membranes B, C, E, H,
and J) and the non-aged control membrane; peaks are
corresponding to-NH absorbing at 3321 cm�1 (1), two
–CH2 at 2937 cm�1 (2) and 2862 cm�1 (3) of the
carbon chain, –C¼O at 1739 cm�1 (4),C¼C of the
aromatic at 1592 cm�1 (5), C–C of the aromatic at
1403 cm�1 (6), C–O–C of the carbonate function
C–O–C¼O at 1251 cm�1(7), C–O at 1110 cm�1 (8),
C–O–C of the urethane function C–O–C¼O at 1068
cm�1 (8).
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constant and consistent for a given sample. More importantly, no band
shift was observed between the control and all the aged membranes in
the transmission spectra indicating that the chemical groups were not
modified and the functions remained stable over time.

3.1.1. Surface characterization
The observations made by scanning electronic microscopy of the PU

surface brought to light two different areas of potential erosion on the
face in contact with oil (Figure 3A). The two erosion areas were found in
all the aged membranes, and showed signs of superficial deterioration.
Thus, we considered these areas as a potential location of breach with the
risk of silicon oil diffusion through the PU and oil leaking into the blood
compartment. The erosion areas are located in the contact zone and the
working zone (Figure 3B).
6

3.1.2. Surface topography
Surface Topography was used to explore the importance of these

erosions and their depth in the three membranes showed no risk of po-
tential break through (Figure 3C). The maximum depth observed was
16.2μm, the thickness of the PU membrane being 350μm, and thus this
represented less than 5% of the thickness of the PU membrane. The mean
depth of the erosions for the membranes for the contact zone was 15.1μm
(min¼ 13.7μm, max¼ 16.2μm) for D membrane, 10.5μm (min¼ 3.9μm,
max ¼ 14.8μm) for E membrane and 8.0μm (min ¼ 3.9μm, max ¼
12.6μm) for Fmembrane. The erosions are more important on the contact
zone than on the working zone where the mean depth was 5.5μm (min ¼
4.96μm, max ¼ 6.35μm) for D membrane, 9.7μm (min ¼ 2.8μm, max ¼
13.9μm) for E membrane and 3μm (min<2μm, max ¼ 9μm) for F
membrane.



Figure 3. Surface exploration and permeability. A: Reconstruction using Electronic Microscopic images investigating the two erosion zones on the PU membrane:
contact zone on the left corresponding to the zone in contact with the PEEK, and working zone on the right in contact with the oil. B: Cross sectional view of a
schematic representation of the disposition of the hybrid membrane inside the C-TAH, with the two erosion areas: the working zone and the contact zone. C:
Topographic mapping of the surface of one erosion area on the left, with the topographic profile acquired during exploration of the erosion on the right. D: Raman
spectroscopy one membrane, PU wavelengh ¼ 1618 cm�1; silicon oil wavelengh ¼ 491 cm�1, Z profile assessing the absence of silicon oil inside the PU membrane. E:
Gas Chromatography coupled with Mass Spectrometry performed on the aging solution of PBS-Kathon used in the endurance bench. Brown: positive control of silicon
oil; Black: negative control of non-aged PBS-Kathon; Purple: PBS-Kathon used for the aging of the membrane C; Blue: PBS-Kathon used for the aging of the mem-
brane D.
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3.1.3. Raman spectrometry
Raman spectrometry enabled us to explore potential presence of

diffusing oil inside the membrane (Figure 3D). The intensity of silicon oil
band measured at different Z values was found not different from the
background noise. The signal of the PU is increasing before the laser
focus point entered the material because of light diverging from this
point of focus, generating Raman signal of the PU and detected. There-
fore, we concluded that no trace of silicon oil was present inside the
membranes tested, this result was observed for two different aging times.

3.1.4. Gas Chromatography with mass spectrometry
Finally, Gas Chromatography coupled with Mass Spectrometry

(GCMS) attested the absence of silicon oil in the aging solution PBS-
Kathon (Figure 3E) for every tested membrane. The peaks of the con-
trol PBS-Kathon were strictly identical to those of the aged PBS-Kathon,
7

no additional chemical species were detected in these solutions, and no
profile similar to the positive control of silicon oil was seen. The results of
these tests showed that mechanical aging does not alter the ability of the
membrane to prevent oil diffusion to the blood cavity.
3.2. Pretreatment of membrane significantly decreases calcification in rats

Calcium quantification in the different materials subcutaneously
implanted in rats showed after explantation (Figure 4A) a strong effect of
the anti-calcification treatment (Figure 4B). The positive control was the
pericardium without treatment, with high Calcium concentrations (132
� 24.7 μg/mg), significantly higher to the Pericardium with anti-
calcification treatment (FET) (132 [110; 148] vs 0.997 [0.897; 2.5]; p
< 0.0001) and to the ePTFE (132 [110; 148] vs 23.7 [12.4; 31.6]; p <

0.0001). Thus, anti-calcification treatment was effective on the



Figure 4. In-vivo calcification test. A: Picture of subcutaneous membrane
explant on a Wistar rat after euthanasia. B: Diagram of the calcium concentra-
tion (in μg/mg) in the different membranes: pericardium without anti-
calcification treatment as positive control, Pericardium with anti-calcification
(FET) treatment and ePTFE.
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pericardium and the material used in the blood cavity of the C-TAH did
not trigger important calcification reaction in this rat model.
3.3. Hemodynamic simulation confirms safety regarding red blood cells,
platelets and von Willebrand factor

The FSI simulations implemented in the CFD enabled us to extract
graphs (Figure 5), showing for both ventricles the distribution histograms
of the shear forces (Figure 5A) and the cumulative curves of shear stress
repartition (Figure 5B) presenting the minimum, mean and maximum
blood volume concerned for each shear value. More than 90% of the
blood volume endured shear stresses inferior to 1 Pa during one cycle of
contraction, less than 0.03% shear stresses above 17.5 Pa, less than
0.001% shear stresses above 50 Pa and nothing above 150 Pa. Since the
values over 17.5 Pa are inferior to 0.03% of the volume for both ven-
tricles the simulation predicted no vWF degradation.

In order to better evaluate the risk of hemolysis and platelets acti-
vation we used the cumulative shear stress curves (Figure 5C and D). To
estimate the average impact of the contraction cycle on hemolysis and
platelets activation using the equations related to HI and PA. We used the
mean shear value endured by the blood volume during one cycle of
contraction (700ms) of 0.23 Pa in the left and right ventricle for an entire
contraction cycle (Table 2). The mean hemolysis index was inferior to
8

1.51 � 10�7%, lower than an estimated physiological value since the
estimated hemolysis index after one passage through the blood system
was is 5.8� 10�4% [32]. The platelets activation index was 3.1� 10�4%
for both ventricles.

We also explored the critical conditions, the areas with a shear stress
above 17.5 Pa were visible with red dots during the cycle on the hemo-
dynamic simulation (Supplementary video 1 and 2), and the graph below
the simulation shows the blood volume percentage enduring this shear
stress. We determined that a peak of shear existed at the ejection valve
during systole between 450ms and 650ms for 200ms. During the ejection
phase, the blood flow reached a high speed so the blood volumes exposed
at this high shear stress were exposed for a very short duration. In order
to estimate the impact of this peak, we used the max value in the mean
cumulated curve for the highest 1% of blood volume on the time of the
peak during systole. At 3.71Pa in the left ventricle, 3.75Pa in the right
ventricle for 200ms (Table 2), the hemolysis index was inferior to 3.4 �
10�5% for both ventricles, while platelet activation index determined
was 8.85� 10�4% for right ventricle and inferior to 8.70� 10�4% for left
ventricle. These simulations were in favor of a very low percentage of
hemolysis and platelet activation with C-TAH.

4. Confirmation of hybrid membrane safety in feasibility study of
C-TAH implantation in 4 patients

We first wanted to confirm absence of calcification in C-TAH
implanted patients. We thus performed X-Ray microtomography analysis
of the hybrid membrane after explantation [30]. In Figure 6A, we showed
the 3D model of the hybrid membrane with six acquired plan from X-Ray
microtomography located on this membrane. No calcification on both
left and right membrane was detected on the areas in contact with blood,
(Figure 6A, patient number 3, after 9 month of implantation). Only area
at the extremity of the membranes presented calcification, not in contact
with blood and not in a mechanically moving area, after the sealing ring
and the contact zone, - this area is a dead end between the two solid parts
in polyetheretherketone (PEEK) (see Figure 3B).

Moreover, we wanted to ensure the absence of residual glutaralde-
hyde after C-TAH implantation. Plasmatic glutaraldehyde quantification
before and after C-TAH implantation was performed (Figure 6B) and
showed no noticeable increase after implant for the three patients, with
values close or equals to the detection limit.

Finally, we confirmed the in-silico simulation results on blood damage
in patients implanted with C-TAH, by quantification of hemolysis with
plasma free hemoglobin and platelet activation with quantification of
platelet MV during follow-up. As proposed in Figure 6C, no significant
hemolysis was been found in the three patients implanted with C-TAH,
since median levels were between 5 to 10 times lower than the patho-
logical cutoff defined by Intermacs for Mechanical Circulatory Support
[33]. For platelets activation, no significant increase was noticed
(Figure 6D), contrarily to the HeartMate II (HM2, (5 patients between 1
and 6 months of implantation). All patients with C-TAH and HM2 had
long-term antiplatelet therapy with aspirin.

5. Discussion

The prospect of successful mechanical circulatory assistance as a
heart replacement device, in patients at risk of imminent death from
biventricular failure in destination therapy, depends upon the device its
ability to obtain good quality of life secondary to good hemocompati-
bility in contrast to mechanical circulatory support currently existing.
Also good durability in terms of mechanical resistance and potential
deterioration of the hybrid membrane is required. The applied technique
to make hybrid membranes with bovine pericardial tissue and PU in the
C-TAH has shown to be efficient in terms of preclinical evaluation of
hemocompatibility [5, 34, 35] and clinical feasibility in the four first
implanted patients with a maximal duration of nine months for patient
number 2 [4,30,36]. The purpose of the present study was to evaluate



Figure 5. Simulation results. A: Histogram repartition of the shear stress (Pa) inside left ventricle and B: right ventricle occurring on one cycle of contraction at
nominal pressure and flow. The Y-axis represents the percentage of blood volume, the X-axis the shear stress with a step of 0.02 Pa per column. C: Graph of the mean
cumulated shear stress during one cycle of contraction in the left ventricle and D: right ventricle. The graph represents the envelop of the histogram repartition graph,
The Y axis is the mean percentage of blood volume subject to a shear stress superior to the X axis corresponding value.

Table 2. Hemolysis and platelets activation simulated using CFD simulation.

Condition Ventricle Shear stress
condition (Pa)

Hemolysis
index (%)

Platelets activation
index (%)

Contraction
cycle (0.7 s)

Right 0.23 1.51 � 10�7 3.10 � 10�4

Left 0.23 1.51 � 10�7 3.10 � 10�4

Systolic peak
(0.2 s)

Right 3.75 3.38 � 10�5 8.85 � 10�3

Left 3.71 3.31 � 10�5 8.70 � 10�3

Estimated physiological value 5.8 � 10�4
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and confirm the safety of the membrane through the aspects of aging,
degradation, and impact on the blood stream elements.

The Carmat TAH design incorporates features, which mimic human
circulatory characteristics. These comprise pulsatile flow, a viscoelastic
pattern of contraction allowing for physiological pressure and flow
waveforms, no areas of high shear stress and automatic physiological
responses to preload variations. Continuous flow in the ventricular assist
devices triggers hemodynamic issues [37] that can possibly be avoided
using a pulsatile flow, because of the short exposure time to high shear
stress. Clinical complications related to poor hemocompatibility, mainly
associated to shear stress, have tempered the use of mechanical circula-
tory support and especially continuous flow pump, as a therapeutic op-
tion for patients suffering from end-stage heart failure. Absence of
hemocompatibility has been largely attributed to shear stress inducing
hemolysis, platelet activation and AWVS. This AWVS is prevalent in
patients supported with LVAD [38, 39]. The high shear stresses induced
by the LVADs trigger the unfolding of HMWM of vWF [28], and HMWM
are sensible to a disintegrin and metalloprotease with thrombospondin
type I repeats-13 (ADAMTS13) by cleavage [40, 41, 42]. The threshold of
shear stress for unfolding the HMWM of vWF [28] is very close to the
shear stress related to an observed increased activity of ADAMTS13 [29],
9

thus a direct link exists between the shear stress applied and the cleavage
activity of ADAMTS13 on HMWM of vWF [29]. Therefore, regarding
potential degradation of vVWF after C-TAH implant, exposure to shears
above 17.5 Pa is negligible according to the hemodynamic simulation,
thus degradation by ADAMTS13 is negligible. These results were are in
line with the absence of AVWS after C-TAH implantation in calves and
humans [34, 36]. The thresholds set for the hemolysis and the platelets
activations (150 Pa and 50 Pa, respectively) are commonly used to pro-
vide an order of magnitude for these phenomena, but are hardly not
accurate. The 150 Pa threshold was set after studies of red blood cells
degradation [43]. It is important to highlight the fact that the basic
threshold was around 275 Pa, but sensitization protocol used to study the
impact of long-term constant shear shifted this threshold to a signifi-
cantly lower level of 150 Pa. The platelets activation threshold of 50 Pa
was set after a review of different platelet activation experiments from
the literature [25], and corresponds to the threshold for approximately 1
s of exposure. It is difficult to compare our results in hemolytic index and
platelets activation for C-TAH to the results of the HM2 or the HeartWare
(HW) [24] found in the literature, because the numerical simulation for
these two devices uses Goubergrits approach [44]. First, the Goubergrits
approach uses platelets lysis index, which is far less sensitive than
platelets activation index. Secondly, even if this approach is interesting, it
comes from in-vitro experiments obtained in the late 1980s, the results in
the power laws seem far from what was observed more recently from
blood in hemolysis [26] or platelets cytometry [27] and then less reli-
able. Thus, we chose to use equations to implement the time factor
coming from in-vitro experiments that are more reliable than the only
numerical simulation usually deployed. However, a comparison between
the absolute shear stress values obtained from the simulations is possible.
In a first study comparing HM2 and HW [24], 20% in the HM2 and 17%
in the HW of blood volume undergoes shear stress superior to 9Pa. For
shears >50Pa, approximatively 4% in the HM2 and 2.5% in the HW of



Figure 6. Results from feasibility clinical
trial. A: 3D acquisition of the calcification for
the hybrid membrane of the patient 3 of the
clinical trial, with the corresponding views in
cross sections, obtained by X-Ray micro-
tomography. B: Plasma glutaraldehyde
quantification before and after C-TAH im-
plantation for the last three patients by LC-
MS/MS. Values for patient 2 (blue), patient
3 (green) and patient 4 (red) are presented
between pre-implant day and 269 days post
implantation. C: Mean values of the plasma
free hemoglobin for the first three patients
after C-TAH implantation using spectropho-
tometry at specific wavelengths. D: Mean
platelets microvesicles CD41 (in Annexin V
positives MV) values for the first three pa-
tients of the clinical trial before (white) and
after (light grey) C-TAH implantation, and
compared to the values observed in five
HeartMate II patients (dark grey).
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the blood volume is concerned. In another study comparing HM2 vs HM3
[45], the number are slightly different for the HM2: 2.7% for shear
stresses>50Pa vs 0.48% in HM3 and 0.09% in the HM2 for shear stresses
>150Pa vs 0.03% in HM3. Nevertheless, in the C-TAH these values are at
least 100 times lower: 0.13% of the volume for shear stresses >9Pa and
less than 0.001% for left and 0.00015% for right ventricle regarding
shear stresses >50Pa vs 0.48% in HM3 [45].

We confirmed here with data obtained in the three first implanted
patients that C-TAH did not triggers hemolysis, significant platelets
activation and already showed the absence of AVWS [34, 36],
10
respectively by quantification of plasma free hemoglobin, platelets
microvesicles and HMW multimers along follow-up. Thus, no biological
perturbations related to shear stress in LVAD were present after C-TAH,
confirming handling characteristics of C-TAH original design.

Currently, the total number of cardiac transplant worldwide is around
5,000 per each year and, for the 60–70 years old patients, the median
survival is around 9 years after heart transplantation [46]. The C-TAH
indications are bridge to transplantation and destination therapy, thus,
one of the challenge in C-TAH implantation is to be a competitive tool
compared to heart transplantation according to aging and longevity of
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components. Aging tests demonstrated here that hybrid membrane sepa-
rating oil compartment and the blood compartment is still intact after four
4 years of simulated aging. Exploration of erosion surface at the oil side
was also studied in six membranes by Raman spectroscopy and surface
topography. The ten membranes explored here in electronic microscopy
showed no sign of deterioration. The mechanical degradation was not the
only limit to the aging and to assess safety, the biological reaction trig-
gered by the contact with the blood after implantation is also a factor of
possible degradation, in particular for calcification. Thus we explored the
efficiency of anti-calcification treatment in subcutaneous rat implanta-
tions. This animal model is commonly used for studying the biological
reaction induced by implanted material [47, 48], including calcification.
This test was successful in terms of calcification reduction and showed no
significant toxicity of the material. In The X-Ray Micro tomography real-
ized after a 9-month implantation of C-TAH in human confirmed this
result since no area of calcification was detected in contact with blood.
Micro calcification was observed at the periphery of the membrane, not in
contact with blood or silicone oil. This peripheral calcification could result
from the very low remnant glutaraldehyde quantity in the dead end, not
accessible to the pre-operative washing, when in contact with plasma
diffusion from the ventricular cavity, causing precipitation of the calcium
due to the glutaraldehyde traces. As the area was not in contact with blood
and not moving during the membrane displacement, there was no risk of
embolism or change in the compliance of the hybrid membrane. More-
over, we performed plasma quantification of remnant glutaraldehyde after
implantation, to ensure the absence of risk related to glutaraldehyde
diffusion in plasma just after implantation, or to avoid any delayed
diffusion from the dead end zone previously described. No significant
increase of plasma quantification of remnant glutaraldehyde was observed
after implantation or during the follow-up.

In conclusion, we demonstrated here the safety of the hybrid mem-
brane regarding the mechanical aging, the calcification issues, and the
impact of the membrane pulsatile movement on blood components.
Safety confirmation of our findings will follow-up in the up-coming
pivotal clinical study of the C-TAH (NCT02962973) implantation in 20
patients with end-stage biventricular heart failure.
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