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Abstract The onset of thromboembolic phenomena in
blood oxygenators, even in the presence of adequate antico-
agulant strategies, is a relevant concern during extracorpo-
real circulation (ECC). For this reason, the evaluation of the
thrombogenic potential associated with extracorporeal mem-
brane oxygenators should play a critical role into the preclin-
ical design process of these devices. This study extends the
use of computational fluid dynamics simulations to guide
the hemodynamic design optimization of oxygenators and
evaluate their thrombogenic potential during ECC. The com-
putational analysis accounted for both macro- (i.e., vortex
formation) and micro-scale (i.e., flow-induced platelet acti-
vation) phenomena affecting the performances of a hollow-
fiber membrane oxygenator with integrated heat exchanger.
A multiscale Lagrangian approach was adopted to infer the
trajectory and loading history experienced by platelet-like
particles in the entire device and in a repetitive subunit of the
fiber bundles. The loading history was incorporated into a
damage accumulation model in order to estimate the platelet
activation state (PAS) associated with repeated passes of the
blood within the device. Our results highlighted the presence
of blood stagnation areas in the inlet section that significantly
increased the platelet activation levels in particles remaining
trapped in this region. The order of magnitude of PAS in the
device was the same as the one calculated for the compo-
nents of the ECC tubing system, chosen as a term of compar-
ison for their extensive diffusion. Interpolating the mean PAS
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values with respect to the number of passes, we obtained a
straightforward prediction of the thrombogenic potential as
a function of the duration of ECC.
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Abbreviations

BRD Blood recirculating device
CFD Computational fluid dynamics
DPM Discrete phase modeling
ECC Extracorporeal circulation
HE Heat exchanger

OXY Oxygenator

PAS  Platelet activity state

SA Stress accumulation

1 Introduction

In industry, the current design specifications for blood recir-
culating devices (BRDs) used in extracorporeal circulation
(ECC) are mainly focused on macroscale parameters, such
as the minimization of pressure losses and priming
volumes, and on the optimization of gas and heat transfer
efficiency (Haworth 2003). The typical industrial design
approach is largely based on time-consuming and often
inefficient empirical approaches, and the device fluid
dynamics is mainly investigated using experimental
techniques (Fiore et al. 1998; Mueller et al. 1998; Kawahito
et al. 2001).

Currently, one of the major challenges in ECC device
design is the minimization of flow-induced platelet activa-
tion, which is a major precursor of thromboembolic com-
plications (Schaadt 1999). In comparison with hemolysis,



platelet activation is responsible for the onset of thrombo-
genic phenomena that occur at shear stresses ten-fold lower
than those responsible for red blood cell damage (Ramstack
et al. 1979). Nonetheless, the research and development
stage of BRDs has mostly been focused on the evaluation of
the hemolysis, often neglecting the thrombogenic aspects
(Bluestein 2006). Up to date, the risk of thrombus formation
during ECC has been generally controlled by anticoagulant
therapies, which in turn may induce further complications
such as bleeding. The main efforts to reduce the need of
anti-coagulants have been spent toward surface-treatment
strate-gies (Zimmermann et al. 2007; Niimi et al. 1999;
Pappalardo et al. 2006). However, a wider-spectrum
approach should require BRDs to be thoroughly optimized
to minimize or eliminate flow conditions that cause shear-
induced platelet activation.

Flow-induced platelet activation is a complex phenome-
non, taking place at different length and time scales that are
challenging to couple (Yamaguchi et al. 2010). Prior stud-
ies on BRDs for ECC focused on the experimental quan-
tification of the effects of platelet activation, by measuring
the dimension of platelet aggregates in centrifugal pumps
(Tanaka et al. 2001), computing the progression of throm-
bus growth in hemodialyzers and oxygenators (Goodman et
al. 2005) and comparing the formation of platelet mic-
roaggregates in centrifugal and roller pumps (Linneweber et
al. 2002). However, at present, there is a lack of mechanis-
tic insight into the factors that determine platelet activation
in these devices.

In the last decade, computational fluid dynamics (CFD)
methods have proven their effectiveness in the design pro-
cess of a wide range of BRDs for ECC, such as pumps
(Fiore et al. 2002; Legendre et al. 2008), oxygenators (Gage
et al. 2002; Hormes et al. 2011), arterial filters (Fiore et al.
2009), and dialyzers (Eloot et al. 2002). The advantages of
CFD reside in its capability to evaluate the performance of
a device at an early stage of the design process, reducing
the costs and time needed to manufacture and test physical
prototypes (Verdonck 2002). The potentialities of the CFD
approach, alone or in combination with other modeling
techniques, were also proved in the investigation of
multiscale blood-related phenomena (Vesentini et al. 2006;
Fiore et al. 2006).

In the present study, we adopted a CFD-based strategy
recently developed for the study of mechanical heart valves
(Xenos et al. 2010; Alemu et al. 2010), in the perspective of
guiding the design optimization of oxygenators in order to
minimize their thrombogenic potential. Here, this method
was applied to the evaluation of the thrombogenic potential
of a prototype hollow-fiber membrane oxygenator with an
integrated heat exchanger for ECC. The modeling strategy
accounted for a macroscale quantification of the velocity and
pressure fields, combined with a microscale analysis at the
fiber level, and with a transient analysis based on a Lagrang-

ian approach of the mechanical load history experienced by
platelet-like particles. This information was then input into
a mathematical damage accumulation model to obtain the
platelet activation state as a function of the number of passes
of the blood within the device.

2 Materials and methods

A prototype hollow-fiber membrane oxygenator for ECC,
developed for research purposes, was analyzed in this
work. The device consists of two concentric cylinders: an
internal heat exchanger (HE) interfaced with an external
membrane oxygenator (OXY), both made of polymeric hol-
low-fiber mats. A coaxial inlet region delivers the blood to
the HE, while a manifold collects the blood from the OXY
and channels it to the outlet (Fig. 1). The heating fluid and
the oxygenating gas flow inside the hollow fibers of the HE
and OXY regions, while blood flows outside of them. All flu-
ids are separated by impermeable membranes and they never
come into direct contact.
The workflow was divided into three steps:

1) A CFD analysis was performed to compute the load-
ing history experienced by the blood particles that flow
within the device under working conditions.

2) The loading history was incorporated in a damage accu-
mulation model in order to estimate the platelet acti-
vation state associated with blood passing through the
device.

3) The flow-related thrombogenic risk of the device was
compared with one arising from the tubing system of an
ECC circuit.

2.1 CFD analysis
2.1.1 Macroscale steady-state analysis

A macroscale CFD simulation was performed to assess the
pressure and velocity fields within the device and to deter-
mine the shear stress distribution. Blood was modeled as
an incompressible Newtonian fluid with density p equal to
1,052 kg/m? and viscosity N equal to 2.36 cP, which approx-
imate the rheologic properties of blood at 34 % hematocrit,
a representative condition during ECC for cardiopulmonary
bypass. The three-dimensional geometry of the device was
discretized with 2.7 x 109 tetrahedral elements and the quality
of the mesh was assessed by checking the elements’ equian-
gle skewness (<0.83) and aspect ratio in the flow direction
(<10). A structured hexahedral mesh was chosen for the inlet
section, due to the presence of turbulence phenomena in this
region and in order to reduce the numerical diffusion error.
The number of mesh elements was increased using three



Fig. 1 Left Three-dimensional model of the fluid domain inside the
hollow-fiber oxygenator (OXY) with integrated heat exchanger (HE).
The model is composed of four sections: inlet zone (red); HE bundle
zone (yellow); OXY bundle zone (blue); and blood manifold and outlet

progressively refined meshes, with about 7 x 105, 1.3 x 10°,
and 2.7x10° elements each, until the difference between
two meshes was considered small enough to represent a
mesh-independent solution for our study, where the chosen
cri-terion was a difference less than 2% in the flow
variables distribution (i.e., velocity and pressure contours).

A velocity equal to 1.254 m/s, which corresponded to a
blood flow rate of 5 L/ min, was assigned to the inlet sec-
tion. A zero pressure boundary condition was specified for
the outlet. The SIMPLE method for pressure-velocity cou-
pling with a second order upwinding scheme was adopted.
Laminar flow conditions were assumed in the fiber bundles,
while in the inflow and outflow zone, the viscous k-w two-
equation turbulence model with low Reynolds number cor-
rections was adopted. A 5% backflow turbulent intensity
(T.I.) with a 0.0092 m hydraulic diameter were set as
bound-ary conditions for the turbulence model, where the
latter cor-responded to the diameter of the circular inlet and
outlet conduits, while the former was calculated using the
relation-ship T.I. = 0.16 - Re /8, as suggested in Varghese
and Frankel (2003), Banks and Bressloff (2007), given a
Rey-nolds number (Re) almost equal to 5,200. The
convergence of the solution was controlled by setting the
maximum val-ues of the residuals to 10~ for the mass and
momentum equations and for the turbulence parameters k
and w.

Porous media model A porous media model was adopted to
simulate the fiber bundles in the HE and in the OXY regions
in order to avoid the computational cost required to model
each fiber in the device (Gage et al. 2002; Gartner et al. 2000;
Graefe et al. 2010). The pressure losses were predicted by

(green). Right Longitudinal cross-section of the device (a); inlet zone
with flow distributor (b); HE bundle with interface volumes (¢); OXY,
manifold and outlet (d)

adding a momentum sink term S to the standard fluid flow
equation:

v
'OW + pV - grad (V) = —grad (p) + V2V + rg+S
(1

where

2

The sink term is composed of two parts: the first term of Eq.
(2) is representative for the viscous dissipations, while the
second term accounts for the inertial effects. At low flow
rates (Q < 6 L/ min), the inertial effects can be neglected
(Gage et al. 2002); therefore, the characteristics of the
porous model depend only on its viscous resistance that was
obtained from Darcy’s Law as follows:

1 A-AP

= 3)
o n-Q0-L

where A is the transversal cross-section of the fiber bundle
run through by the flow rate Q, AP is the pressure drop
across the fiber bundle, and L is the length of the hollow
cylinder.

The values of AP across the HE and OXY fiber bun-
dles at different flow rates were obtained from experimen-
tal tests performed at the laboratories of Sorin Group Italia
(Mirandola, Italy) to calculate the viscous resistances.

The device was modified in order to measure the pressure
drops in the HE and in the OXY regions separately. Four
access holes were created at the interface between the HE
and the OXY and positioned at 90° from each other. The
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Fig. 2 Experimentally measured pressure drops in the OXY and HE
bundles obtained with porcine blood at 37 °C and 34 % hematocrit

holes were connected to four pressure transducers, and the
A P was measured with respect to the inlet.

The device was perfused with porcine blood at 34 %
hematocrit. Tests were performed at 37 °C with flow rates
ranging from 2 to 6 L/min. A sample port, situated at the
exit of the OXY fiber bundle, was used to measure the AP
just before the manifold section, in order to isolate the con-
tribution of the OXY bundle. The AP located at the inlet
section were calculated considering a diverging expansion
of the inlet conduct, from a diameter of 9.5 mm to a diame-
ter of 20 mm, with an opening angle of 26° (Idelchik 1994).
The pressure drops across the outlet section were calculated
subtracting the previous contributions to the total A P.

Experimental A P — Q data were fitted with a linear inter-
polation (Fig. 2) that provided viscous resistance values equal
t0 2.01 x 10® 1/m? in the HE (R? = 0.9755) and to 2.25 x
10° 1/m? in the OXY (R? = 0.9984). The porous media
were considered isotropic; therefore, the viscous resistances
were the same in every direction.

Scalar stress calculation A user-defined function was
implemented to calculate the value of the scalar stress accord-
ing to the outcomes of the CFD simulation, and the total
stress tensor Tjj, which included both the laminar and the
turbulent stress components, was calculated as follows
(Bird et al. 2002):
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where u is the velocity vector and u:u’J represents the turbu-
lent Reynolds stress.
The Boussinesq approximation was used for the Reynolds
stress component of the total stress tensor:
ouj
J
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where k is the turbulent kinetic energy and N'is the turbulent
viscosity, whose values were extracted from the CFD simu-
lation, while §;; is the Kronecker’s delta. The components of
the stress tensor were then rendered into a scalar stress value
o0, based on the formulation outlined in (Apel et al. 2001):
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A steady-state simulation was run using the commercial code
ANSYS FLUENT v.12 on 6 parallel processors.

2.1.2 Lagrangian analysis of particle flow

Once convergence was reached for the steady-state solu-
tion, 2,200 spherical particles (diameter = 3 wm) with den-
sity p equal to 1,000 kg/m> representing the platelets were
injected into the fluid domain at the inlet section. A tran-
sient two-phase simulation was performed to evaluate the
time-dependent shear stress acting on the platelets through a
discrete phase modeling (DPM) approach, allowing identifi-
cation of the trajectory and loading history of each particle
flowing through the device in a Lagrangian reference frame.
A fully coupled approach was adopted to account for the
mutual influence between the fluid and the platelets. This
approach solves the discrete and continuous phase equations
alternately until the solutions in both phases converge.

2.1.3 Modeling of the viscous stresses through
the fiber bundles

The porous media hypothesis is a good approximation to
describe the behavior of the device on a macroscopic point
of view. Anyway, this hypothesis is unsuitable to capture the
actual microscopic flow phenomena that occur at the fibers
level (Swartz and Fleury 2007). To assess the extent of the
viscous stresses associated with these phenomena, a micro-
scale CFD model was used to describe the shear stress Tmicro
acting on the platelets that flow within the two fiber bundles
of the HE and the OXY at the microscopic level.

The geometry of the model represents the volume of
blood flowing around the microfibers and is composed of a
hexa-hedral bounding box from which the fiber volumes
were subtracted, as schematized in Fig. 3. In particular, the
fibers were knitted into a two-layer array in which two
consecutive rows of fibers were alternatively inclined of an
angle ar. The characteristic dimensions used to reconstruct
the microscale models of the HE and OXY bundle subunits
are summarized in Table 1.

The geometrical models were discretized using a tetra-
hedral mesh with uniform element size equal to 0.05mm
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Fig. 3 a Schematic model of the fibers arrangement within a hexahedral bounding box, b Three-dimensional solid model of the blood volume

around the microfibers

Table 1 Characteristic dimensions used to reconstruct the microscale
models of the HE and OXY bundle subunits

HE OoxXY

Fiber external diameter D¢ 0.55 mm 0.48 mm
Inter-fiber distance I¢ 0.94 mm 0.67 mm
Inter-array distance I, 0.45 mm 0.30 mm
Fiber angle af 21° 15°

Box width a 3.75 mm 4.04 mm
Box depth b 1.90 mm 1.50 mm
Box height ¢ 4.88 mm 5.02 mm

and maximum skewness equal to 0.92. A mesh indepen-
dence study was performed using three progressively refined
meshes and verifying that no relevant differences (<2 %)
were found in the flow variables distribution (i.e., velocity
and pressure contours) switching from a coarser to a finer
mesh.

Fully developed laminar flow around the fibers was mod-
eled using periodic boundary conditions that were assigned
to all the external walls of the repetitive unit. The inlet/outlet
periodic conditions were specified by setting the flow direc-
tion and imposing a mass flow rate of 2.95 x 10~* kg/s
in the HE fibers and of 7.85 x 107 kg/s in the OXY
fibers, calculated as the fraction of the total mass flow rate
(8.77 x 1072 kg/s) passing through the inlet sections of the
respective microscale models.

In order to account for the non-Newtonian behavior of the
blood at the microscale level, a user-defined function was
adopted to describe the shear-dependence of blood viscosity.
This function implements the power-law model proposed by
Ballyk et al. (1994) that provides a reliable description of

the non-Newtonian blood flow over a wide range of shear
stresses (Johnston et al. 2004). The function was adjusted in
order to set the value of the asymptotic high shear viscosity
equal to that used in the macroscale simulation.

Steady-state Navier-Stokes equations were solved with
the commercial code ANSYS FLUENT v.12 using the
SIM-PLE method for pressure-velocity coupling and a
second-order upwinding scheme. Numerical convergence
was evaluated by setting the maximum values of the
residuals to 10~ for the mass and momentum equations.

Transient analysis was performed following the same
approach described in Sect. 2.1.2 for the macroscale model.
About 2,000 platelet-like particles were injected into the
fluid domain at the inlet section and their loading history
was eval-uated using a DPM approach.

For each particle trajectory, the value of the time-
averaged scalar stress acting at the microscale level (Tmicro)
was calculated and added to the scalar stress o computed in
the macro-scale simulation. In particular, once the particles
entered the HE and OXY bundles, their macroscopic
trajectories were associated with randomly selected
microscopic trajectories in order to obtain a more accurate
description of the thrombogenic potential in the porous
regions.

2.2 Thrombogenicity risk evaluation in the device

The linear stress accumulation (SA) was calculated as the
linear integral of the shear stress over time for each platelet
trajectory obtained from the transient analysis (Xenos et al.
2010). The SA distribution represents a synthetic
description of the overall flow-related thrombogenic
potential of the device, that is, its thrombogenic “footprint”.



In this study, we used a state-of-the-art damage accumu-
lation model (Nobili et al. 2008) to quantify the platelet acti-
vation state (PAS) deriving from the computed shear stress
levels in the device. This model was thoroughly tuned on
in vitro experiments conducted in a hemodynamic shearing
device, capable of uniformly exposing platelets to dynamic
shear stress waveforms.

The damage accumulation model establishes a
correlation between the loading history t(t), the time t, and
the phe-nomenological response of the platelets. The PAS
index was expressed as follows:

; é a—1

1
PAS:/ Ca /t(é)gdé—i- (PASC(to))u o (¢)P/4dp
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where PAS (7y) is the value of platelet activation at the start-
ing time of observation #y, and a, b, C are constants fitted on
experimental data and are equal to 1.3198, 0.6256, and 1079,
respectively. The integral sum inside the square brackets in
Eq. (7) is representative of the mechanical load sustained by
the platelets moving along a generic fluid trajectory, and it is
calculated as the integral of the subsequent elementary contri-
butions to damage acting in each infinitesimal time interval.
PAS values range from 0, corresponding to no activation, to
1, which corresponds to the fully activated platelet state.

PAS, inclusive of the contribution of Tpyjcro, Was evalu-
ated after multiple consecutive passes of the particles within
the device, defined as the number of times a particle travelled
along the whole device from the inlet to the outlet section; the
trajectory followed by each particle was randomized in each
successive pass in order to obtain a more realistic description
of the phenomenon.

A power-law function PAS = ¢; N, whose functional
form was directly inferred from Eq. (7), was used to quan-
titatively describe the relationship between the PAS values
and the number of passes (IV); in this function, the exponent
a was equal to that used in the damage accumulation model
(1.3198), while the value of the constant parameter c¢; was
obtained from the least-square fitting of the computed PAS
values evaluated at different number of passes.

2.3 Thrombogenicity risk evaluation in an ECC tubing

system

A straight tube with diameter equal to 3/8” (9.525 mm) and
length equal to 3 m, representative of the tubing system in
an ECC circuit, was analyzed using a mathematical model.
A flow rate equal to 5 L/ min, set as a boundary condition for
the model, yielded a turbulent flow regime within the tube
(Re = 5,000). An in-house developed code written with
MATLAB programming language (MathWorks, Natick, MA)

was used to determine the thrombogenic potential of the tub-
ing system, which was then compared with that obtained for
the device.

The MATLAB code was used to generate a uniform dis-
tribution of 10,000 particles on the inlet section of the tube.
The position of each particle was identified by its radial coor-
dinate 1, and the trajectories of the particles along the tube
were assumed rectilinear. Each particle was subjected to a
constant velocity u = u(r) and to a shear stress t(r) for a
residence time #,.4(r) that were functions of r.

The shear stress profile was linear from the centerline to
the wall and was defined as:

Tw A o
Y=oy 8
R T3P R ®)

where R is the radius of the tube, V is the mean velocity
and A represents the friction coefficient, which was assessed
using the empirical power-law correlation proposed by
Blasius, where A = 0.316-Re %25 accurate for Re > 3,000.
The residence time f..5(r) of each particle within the
tube was calculated as the ratio between the length L of the
tube and the particle velocity u (7). The velocity profile was
assumed from the von Karman-Prandtl logarithmic law:

T(r)=

L=yt yt <11.63

Uy
u”—* = %ln(er) +A yT > 11.63

where u, = /7y, /0 ii the frictional velocity that determines
the velocity Scale! y© = (R — r) uxp/n is the dimension-

less radial distance from the wall; and k and A are universal
constants equal to 0.4 and 5.5, respectively (Kim et al.
1987).

Thus, the SA of each particle in the tube was only a func-

tion of r and was calculated as:

Twl r
SAF)=1(r) tres (r) = ——
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The PAS distributions deriving from multiple consecu-
tive passes of the platelets within the tube were calculated
as described in Eq. (7) and compared to those obtained from
the same number of passes within the device.

3 Results

Steady-state computational results from the macroscale
analysis were post-processed to extract the flow velocity
patterns, the static pressure, and the scalar stress distribution
(Fig. 4 a—). Figure 4a shows a longitudinal cross-section of
the device and displays the distribution of the fluid veloc-ity
magnitude. Maximum flow velocities (equal to 2.3 m/s) were
located at the outlet section, while lower velocities were
located in the porous zones, with a volume-averaged value of
0.076 m/s in the HE and 0.034 m/s in the OXY. Velocity
profiles (Fig. 5) highlighted the presence of backflow phe-
nomena in multiple sections of the inlet region and a skewed
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Fig. 4 Contour maps of the velocity magnitude (left), static pressure (middle), and scalar stress (right) distribution in a longitudinal (fop) and in
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flow pattern in the outlet region, becoming more uniform
toward the end of the conduit. As a consequence, blood re-
circulating areas were detected in the inlet region (Fig. 6a),
due to the gradual enlargement of its section, and secondary
flows were highlighted in the outlet region (Fig. 6b, c).

The overall AP was equal to 211 mmHg (Fig. 4b), with
74 % located in the OXY and 15 % located in the HE. The
contribution of the inlet region to the overall A P was negli-
gible (0.2 %), while the outlet and the manifold contributed
for 11% of AP.
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The scalar stress contour map is displayed in Fig. 4c. The
maximum values of the scalar stress were detected at the
entrance of the outlet section (615 Pa) and at the distal part
of the inlet region (300 Pa). The average scalar stress in the
porous regions, before adding the contribution of Typjcro, Was
equal to 0.05 Pa in the HE and 0.02 Pa in the OXY.

The contour maps of velocity and scalar stress
distribution within the HE fibers obtained from the
microscale analysis are displayed in Fig. 7. Maximum
velocities were equal to 0.24 m/s in the HE bundle and to
0.19 m/s in the OXY bundle.



Fig. 6 Velocity vectors,
colored by velocity magnitude,
in an inlet (a) and in two outlet
sections (b, ¢) highlighting the
presence of flow recirculation
phenomena

Fig. 7 Contour maps of
velocity magnitude (fop) and
scalar stress (bottom) in three
transversal and two longitudinal
sections of the microscale HE
model
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The scalar stress within the fibers ranged from a minimum
value of 0.093 and 0.18 Pa at the maximum distance from
the fiber walls, to a maximum value of 13 and 23 Pa at the
fiber walls in the HE and OXY, respectively. The pressure
drops per unit of length in the microscale models of HE and
OXY were equal to 45x103 Pa/m and 18x10* Pa/m,
respectively; scal-ing those values over the total length of
the porous bundles yielded a total pressure drop consistent
with that obtained from the macroscale analysis.

The transient analysis allowed computation of the
position and the scalar stress acting on each platelet-like
particles seeded in the device, both in the macroscale and
microscale analysis. Most of the platelets injected in the
domain (>90 %) had escaped the device after six simulated
seconds. The val-ues of Tpjcro derived from the microscale
analysis were added to the macroscale scalar stress values
found in the HE and OXY regions; the median of the
distribution of Tyjcro Was equal to 3.84 Pa in the HE and to
4.53 Pa in the OXY.

Figure 8 displays the histograms of the linear SA before
and after adding the values of Tpjcro to the scalar stress in
the porous regions. The median, 10th and 90th percentiles
of the SA distributions were 2.40 Pa-s, 1.51 Pa-s and 3.94
Pa-s before accounting for Tmicro, and 19.49 Pa-s, 14.59
Pa-s and 27.48 Pa-s after adding Tpicro, respectively.

The distribution of PAS in the whole device, calculated
including the contribution of Tp;icro, €xhibited a frequency
distribution comparable to a Gaussian curve when evaluated
after 30, 60, 100, 150, and 200 consecutive passes of the
par-ticles. For each of these five conditions, the mean value,
the standard deviation, the 10th and 90th percentiles, the
kur-tosis, and the skewness are summarized in Table 2.
Figure 9a shows the PAS distribution after 60 passes in the
device, which approximately corresponds to the typical
duration of a cardio-pulmonary bypass (2 h). The power-
law function c¢;N¢ used to interpolate the mean PAS values
with respect to the number of passes N (Fig. 9b) provided a
parameter ¢; equal to 0.000189 (R? = 0.9999).

The analysis of the ECC tubing system led to a SA distribu-
tion ( Fig. 10a) with median equal to 11.81 Pa-s, 10th percen-
tile equal to 4.59 Pa-s and 90th percentile equal to 28.27 Pa-s.
The PAS distribution in the tubing system is displayed in
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Fig. 8 Histogram of the linear SA in the device before (a) and after (b)
adding Tpicro to the porous regions

Fig. 10b and its characteristic values are reported in Table 3
for each of the five analyzed conditions.

4 Discussion

The aim of this work was to analyze the hemodynamic per-
formance and the thrombogenic potential of a prototype hol-
low-fiber blood oxygenator with an integrated heat
exchanger during ECC via CFD simulations.

In the present study, a recently developed technique for the
device thrombogenicity evaluation (Xenos et al. 2010) was
expanded with the introduction of a state-of-the-art mathe-
matical model for damage accumulation (Nobili et al. 2008)

Table 2 Statistical variables

associated to the distributions of 30 passes 60 passes 100 passes 150 passes 200 passes
1;?05 323288‘1)22230% tfg’ 100, Mean 0.0168 0.0420 0.0825 0.1407 0.2058
particles within the device Standard deviation 0.0006 0.0011 0.0017 0.0023 0.0030
10th percentile 0.0160 0.0406 0.0804 0.1378 0.2020
90th percentile 0.0177 0.0434 0.0846 0.1438 0.2097
The kurtosis and the skewness Kurtosis —0.0893 —0.1075 —0.0037 0.0847 —0.0951
of a Gaussian distribution are Skewness 0.1715 0.0224 0.0049 0.0447 ~0.069

equal to 0
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Fig. 9 a Frequency of PAS calculated after 60 passes of the platelets
within the device. PAS ranges from 0 (no activation) to 1 (full activa-
tion). b Power-law interpolation of the mean PAS values with respect
to the number of passes

to predict the platelet activation state with a full computa-
tional approach. For the first time, the thrombogenic poten-
tial of a hollow-fiber membrane oxygenator for ECC was
estimated coupling an Eulerian-based CFD analysis with a
Lagrangian approach for particle tracking.

From the hemodynamic point of view, the macroscale
analysis allowed to determine the relative contributions to
the total pressure drop of each component of the device. In
particular, the presence of the integrated polymeric HE did
not affect the total pressure drops significantly, as 74 % of the
pressure losses were located in the OXY bundle. Computed
pressure drops were coherent with those obtained from the
experimental tests.
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Fig. 10 a Histogram of the linear stress accumulation in the ECC 3/8”
tube. b Histograms of PAS measured after 60 passes of the platelets
within the tubing system

Moreover, the macroscale analysis allowed identification
of flow velocity patterns in different sections of the device,
thus determining the risk of vortex formation and blood stag-
nation, which is directly related to the onset of thrombo-
genic phenomena at the particle level (Gartner et al. 2000).
Blood stagnation areas were detected in the inlet region,
thus increasing the residence time of the platelets in this
area. Therefore, particles that remain trapped in the inlet
section experienced significantly higher platelet activation
levels than the others, even though maximum scalar stresses
were found at the entrance of the outlet section, where peak
turbulent kinetic energy was exhibited. In this region, the
elongational components (3;; = 1 in Eq. (5)) of the scalar
stress were predominant over the shear stress components.

Table 3 Statistical variables

associated with the distributions 30 passes 60 passes 100 passes 150 passes 200 passes
of PAS obtained after 30, 60,
100, 150, and 200 passes of the Mean 0.0332 0.0798 0.1487 0.2506 0.3610
particles within the ECC tubing Mode 0.0089 0.0284 0.0583 0.1160 0.1625
system Median 0.0128 0.0366 0.0782 0.1436 0.2188
10th percentile 0.0083 0.0238 0.0519 0.0950 0.1473
90th percentile 0.0422 0.1029 0.2116 0.4610 0.6794
The kurtosis and the skewness Kurtosis 131.4 56.37 32.46 26.63 21.71
of a Gaussian distribution are
Skewness 10.76 6.86 5.23 4.49 3.82

equal to 0




The importance of capturing the local fluid dynamics at
the level of individual fibers has been clearly underlined in
the literature (Dierickx et al. 2000; Hormes et al. 2011). The
development of a 3D model of a subunit of the fiber bun-
dles, coupled with a transient DPM analysis, allowed us to
accurately describe the flow within the fiber bundles and to
derive the distribution of the shear stresses acting on the
plate-lets at the level of individual fibers, thus limiting the
need for simplifying assumptions for the shear stress
calculation. The microscale analysis highlighted the
presence of non-negligible shear stresses in the fibrous
regions of the HE and the OXY, that would be otherwise
concealed by the porous media hypothesis (Fig. 7).
Although the scalar stress values in the fibrous regions were
relatively small (<1 %) compared to the maximum scalar
stress in the device, their impact on the total SA curve was
significant because of the high resi-dence time of the
particles within the bundles (1.53 s in the HE region and
2.67 s in the OXY region).

To the best of our knowledge, despite the abundance of
studies that quantitatively assessed the effect of plate-let
activation (i.e., thrombus formation) in ECC components
(Mellgren et al. 1996; Tanaka et al. 2001), there are no
studies that quantitatively assessed the mechanical factors
initiating platelet activation in ECC membrane oxygenators.
Gartner et al. (2000) demonstrated that low velocity regions
qualita-tively matched regions with a high incidence of
thrombotic deposition. However, their computational
analysis was lim-ited to a 2D cross-section of the device
and did not account for the microscale shear stress within
the fiber bundles.

In the present study, we used the SA distributions to con-
vey a comprehensive vision of the stress levels acting on
platelets and to represent a synthetic quantitative descrip-tion
of the overall flow-related thrombogenic potential of the
device, that is, its thrombogenic “footprint”. This approach
has been previously applied to the analysis of mechanical
heart valves (Alemu and Bluestein 2007; Xenos et al. 2010;
Alemu et al. 2010; Morbiducci et al. 2009; Bluestein et al.
2010; Dumont et al. 2007). In these works, the SA
distribution exhibited mean values of about 1-2 Pa-s, which
is about one order of magnitude lower than the values found
in this study. This difference arises from the fact that, while
in mechanical heart valves platelets are subjected to high
shear stresses deriving from their almost instantaneous
passage at 1-2 m/s through small gaps (<0.2 mm), platelets
in the oxy-genator are subjected to both high (inlet and outlet
sections) and low (fiber bundles) shear stresses, the latter
being maintained for longer time intervals. On the other
hand, mechanical heart valves are a life-long support implant;
therefore, the risk of triggering thrombus formation should be
extended to the whole life of a platelet, while the maximum
duration of an ECC is about 5 h.

The SA curves were coupled with an experimentally tuned
damage accumulation model that predicted the platelet acti-

vation state after multiple passes of the blood within the
device. The number of the simulated passes within the
device reflected the range of duration of a typical
cardiopulmonary bypass (from 40 min to 4 h), assuming a
priming volume of the ECC circuit equal to 2 L and the
blood volume of the patient equal to 5 L.

Among the wide variety of devices used in a ECC (e.g.,
cannulae, pumps, filters), the oxygenator might not neces-
sarily be the only or the most potentially thrombogenic
com-ponent. In this study, we chose to evaluate the effect of
the tubing system, which is always included in any ECC
circuit, in order to have a fixed term of comparison for the
device thrombogenicity.

The comparison between the SA and the PAS distribu-
tions calculated in the device and those calculated in the tub-
ing system revealed that their thrombogenic potentials were
comparable (Tables 2, 3). This result suggested that, despite
its design complexity, the oxygenator might not be the most
thrombogenic component of the ECC circuit. From this anal-
ysis, it was possible to obtain a straightforward relationship
between the PAS and the number of passes in the oxygena-
tor, which can be directly correlated with the duration of the
ECC. The advantage of calculating the PAS in addition to SA
was to obtain a more platelet relevant parameter that allows to
determine the level of activation/damage a platelet undergoes
(i.e., thrombogenic potential). It should be taken into consid-
eration that the damage accumulation model adopted in the
present study (Nobili et al. 2008) was validated experimen-
tally over a range of shear stresses significantly lower than
the maximum stresses obtained in our simulations. More-
over, a recent study by Sheriff et al. (2010) established that
platelets exposed beyond a threshold of high SA are sen-
sitized, and when exposed to subsequent low shear stresses,
they activate faster than platelets not initially exposed to high
SA. Therefore, particles passing through the high shear stress
regions detected at the outlet section of the device might
exhibit higher PAS values than those predicted by this study.
Nevertheless, the power-law relationship described in this
work can be considered a valid indication to easily determine
the order of magnitude of PAS with respect to the duration of
the ECC, as far as the contribution of the OXY/HE modules
is concerned.

5 Conclusions

In this work, a computational method was proposed to
quan-titatively describe the thrombogenic potential of
oxygenators resulting from flow-related mechanical factors
(i.e., shear stresses). The method was applied to a prototype
hollow-fiber membrane oxygenator with an integrated heat
exchanger and compared to the tubing system of an ECC
circuit. We found that the thrombogenic effects due to the
shear stress in the



oxygenator can be considered similar to those in other ele-
ments of an ECC circuit. We also determined a straight-
forward relationship between the platelet activation state in
the oxygenator and the number of passes of platelets within
the device. Further developments are required to investigate
other possible factors affecting platelet activation (i.e., plate-
let-wall interaction phenomena).
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