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Blood Pumps for Extracorporeal Membrane Oxygenation:
Platelet Activation During Different Operating Conditions
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Abstract: Extracorporeal membrane oxygenation (ECMO) is
a therapy used in severe cardiopulmonary failure. Blood is
pumped through an artificial circuit exposing it to nonphysi-
ologic conditions, which promote platelet activation and
coagulation. Centrifugal pumps used at lower flow rates than
their design point may lose pump efficiency and increase the
risk of hemolysis. In this study, thrombogenic properties of
two ECMO pumps designed for adult and neonatal use were
evaluated using simulations in different flow scenarios. Three
scenarios, adult pump in adult mode (4L/min), adult pump
in baby mode (300ml/min), and neonatal pump used in its
design point (300 ml/min), were simulated using computa-
tional fluid dynamics. The flow was numerically seeded with
platelets, whose activation state was computed considering
the stress history that acted along their respective path lines.
Statistical distributions of activation state and residence time
were drawn. The results showed that using the adult pump
in baby mode increased the fraction of platelets with higher
activation state confirming that low-pump flow rate impacts
thrombogenicity. The neonatal pump showed a backflow at
the inlet, which carried platelets in a retrograde motion con-
tributing to an increased thrombogenic potential compared
with the adult mode scenario. ASAIO Journal 2022; 68;79-86
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Extracorporeal membrane oxygenation (ECMO) is a life-sav-
ing therapy used to treat patients with cardiac or pulmonary
failure. Its use has become more common in recent years.' The
ECMO circuit is composed of a centrifugal pump; a membrane
oxygenator; and cannulae for drainage and reinfusion of the
patient’s blood, tubing, and connectors. These results in expo-
sure of the pumped blood to nonphysiologic conditions and
contact with artificial surfaces that trigger platelet activation
and promote coagulation.** Thus, ECMO requires rigorous
protocols for anticoagulation. Most commonly, intravenous
unfractionated heparin or, alternatively, direct thrombin inhibi-
tors are used to balance the risk of bleeding against the risk of
thrombosis, which are the two major contributors to complica-
tions associated with ECMO.*

It is widely accepted that the thrombogenic potential of
the ECMO circuit is due to mechanical reasons that promotes
initiation of biochemical cascades. In vivo characterization
of thrombus formation has been explored by several groups.
Fujiwara et al.® observed hemolytic damage and thrombus for-
mation in animal experiments during heparin administration,
while Hastings et al.” assessed thrombogenicity by analyzing
various components of the ECMO circuit where the centrifugal
pump, tubing, and connectors were found to be major contrib-
utors of clot formation. Concerning available computational
fluid dynamics (CFD) approaches, it has been put forth that
Large Eddy Simulations (LES) are preferred when investigating
flow structures in blood pumps.?® Moreover, efforts have been
made to model platelet activation to assess the thrombogenic-
ity of both implanted and extracorporeal devices used for cir-
culatory support. These models are based on shear stress or
by measuring markers of platelet activation from high-shear
stresses during short exposure times.?'? Platelet activation data
have then been used to develop power-law functions based
on stress and exposure time. In the modeling framework, the
degree of platelet activation has been expressed in terms of
Platelet Activity State (PAS), a measure of platelet activation
normalized to the maximum amount of thrombin generated
by a fully activated platelet. PAS has, for example, been used
in studies on the thrombogenicity of both implantable blood
pumps and different components of the ECMO circuit.>'?

Even though a pump is designed for a specific flow rate
range, ECMO pumps are used in a wide span of flows. Today,
extracorporeal carbon dioxide removal (ECCO2R) is an exam-
ple as recently published by Gross-Hardt et al.,'* who studied
ECMO pumps in the lower flow range of 0.5-1.5 L/min. They
reported increased internal recirculation and increased shear
stresses and hemolysis. Centrifugal pumps designed for adults
and children >6kg (flow range 0.5-8 L/min) have been used
in neonates 3—6kg at flows of 0.3-0.5L/min due to the supe-
rior pump head compared to the same brand’s pump desig-
nated patients <6kg. Evaluation of pump performance when
used outside the “normal” flow range is important to improve
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understanding and avoid patient harm and make way for future
pump designs.

While the overall thromboembolic risk to the patient
depends on the circuit (pump, membrane oxygenator, can-
nulas, connectors) and the patient physiology and anatomy,
it is important to understand the effect that each part induces
on the clinical outcome, thus assessing the individual contri-
bution of each component to the activation potential of the
ECMO system.

The current study aimed to characterize flow dynamics and
platelet activation of two different ECMO pumps with focus on
a neonatal application.

Materials and Methods

This numerical study assesses the thrombogenic potential of
two centrifugal pumps used in different simulated operational
modes of ECMO. The two pumps considered were computer-
aided design (CAD) generated geometries based on the design
of the Levitronix CentriMag and PediVAS (PediMag on United
States market) (Abbott, Chicago, IL), shown in Figure 1. The
adult CentriMag pump has 3/8 inch in and outlets, a semi-
open eight vane impeller with an outer diameter of 44 mm and
a priming volume of 36 ml for a maximum operating pressure
of 600 mmHg. The PediVAS pump has Y4 inch in and outlets,
a five-vane closed impeller, an outer diameter of 32 mm, and
16ml priming; the maximum pressure is 540 mmHg. The two
pumps exhibit similar peak hydraulic efficiencies, but the
PediVAS operates in a more efficient point in the lower flow
rate range (0-3 L/min)."* The following three scenarios were
simulated and investigated:

e Adult CentriMag pump as labeled: inlet flow rate
of 4L/min and 2,500 revolutions per minute (RPM),
referred to in text as “adult mode.”

e CentriMag pump in off-label conditions: flow rate
of 300ml/min at 2,000 RPM, referred to as “baby
mode.”

e PediVAS pump as labeled: flow rate of 300 ml/min at
3,000 RPM.

Numerical Method

The flow field was fully resolved using the commercial CFD
package Star-CCM+ (ver. 13.04.011). The numerical setup was
according to the earlier description by Fuchs et al.> However,
in our study, the fluid was modeled as a Newtonian fluid
mimicking blood with a density of 1,060kg/m* and dynamic

viscosity of 0.003763 Pa s. To solve for the flow field, LES with
a Wall Adapting Local Eddy-viscosity (WALE) sub-grid scale
model was used. The timestep was fixed, using 1,440 time-
steps for each full-pump revolution. At the inlet, a plug flow
profile was applied (i.e., a velocity perpendicular to the inlet
surface with a magnitude corresponding to the prescribed flow
rate), no-slip condition was imposed on all solid surfaces, and
a prescribed pressure was applied at the outlet.

After the flow had reached statistical steady state, it was
numerically seeded with 100,000 particles, i.e., platelets, that
were followed using Lagrangian Particle Tracking (LPT). The
trajectory of each particle was evaluated by

dx;
=U.
dt !

m Y _F (1)
dt

where F is the sum of all the forces acting on the particle, X the
position, U the velocity, and t the time. The injected particles were
characterized by a low Stokes number (2E-8), that is, they follow
the flow without influencing it. The tracked PAS and residence
time (time between injection at the inlet and absorption at the
beginning of the outlet pipe) of each platelet were lumped into 40
bins. For each platelet, the shear stress history was recorded and
used to compute PAS according to the model by Nobili et al.° The
model is cast in a dimensional power-law form based on a scalar
norm of the shear stress tensor, accounting for history effects by
integrating shear stresses along the platelet’s trajectory:

dPAS — Cafb/aDa_1 @ — Tb/a

where the a, b, and c are empirically determined model
parameters matched to in vivo activation measurements."" D
is the mechanical dose experienced by the platelet, and 7 is
the shear stress.

Sensitivity Assessment

Regarding the flow field validation, the CentriMag pump
was numerically verified through a mesh convergence study
in the work by Berg et al.? and Fuchs et al.? Validation of the
simulation setup of the PediVAS pump was carried out by (1)
comparing the simulation results using water with experi-
mental data and (2) a mesh convergence study using the
Newtonian blood fluid model. The simulation showed good
agreement with experimental data (discrepancy of 5.5%). The
coarse, medium, and fine mesh had 4.5, 7, and 13 million

Figure 1. Pump geometries based on the PediVAS on the left and CentriMag on the right. The arrows indicate the direction of the flow.
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computational cells, respectively. Convergence was assessed
by considering the velocity profile on a vertical line in the gap
region between magnet and pump housing, showing that dif-
ferences between the medium and fine mesh were negligible,
as shown in the additional material (Text, Supplemental Digital
Content 1, http://links.lww.com/ASAIO/A666).

Results

The phase averaged flow fields of the three operating con-
ditions are shown in Figure 2. There were clear differences
between the three flow fields, especially regarding recirculation
zones. For easy comprehension, animations are provided in the
additional material showing top and front views of the velocity
fields (Video, Supplemental Digital Content 2, 3, and 4, http://
links.lww.com/ASAIO/A662, http://links.lww.com/ASAIO/
A663, and http:/links.lww.com/ASAIO/A664). Common for all
three scenarios was the development of a recirculation region
at the tongue of the pump volute (the sharp edge between the
volute and outlet pipe, Figure 2). This recirculation region was
markedly larger in the PediVAS case and associated with an
increase in residence time. In the gap between pump housing
and magnet, high-shear zones appeared in the form of azi-
muthally oriented vortices, so-called Taylor-Couette vortices.

The vortices at the tip of the blades were found to be more
pronounced in the CentriMag adult mode and PediVAS pump
scenarios as compared to the CentriMag baby mode, due to
the lower inlet flow velocity and impeller rotation speed.

In all three scenarios, the distribution of shear rates across
the domain was found to be quite similar, with the lowest shear
rates starting at 100s™" and largest magnitudes <50,000s™,
shown in the bottom panel of Figure 3.

CentriMag Adult Mode

The distribution of platelets with respect to PAS and resi-
dence time is shown in the left panel of Figure 3. The correla-
tion between residence time and PAS (Figure 3, third-row left)
shows that, although the majority of the platelets with a higher
PAS were the platelets that stayed longer in the pump volute,
significant PAS was reached at shorter residence times as well.
Figure 4 displays this phenomenon, as the most activated

Adult mode

Baby mode

platelets (left) were platelets subjected to high-shear stresses
in the volute, whereas the trajectories of the platelets that
remain in the pump for a longer time traveled through the eye
of the magnet and the gap between magnet and casing, getting
trapped in the Taylor-Couette vortices.

CentriMag Baby Mode

The flow field of the baby mode case (Figure 2, second
panel) presented similar features with respect to the adult
mode, albeit having substantially lower velocities. The recir-
culation zone at the tongue was also larger compared with the
adult mode.

The PAS and residence time distributions (Figure 3, central
panel) show that there were a larger fraction of platelets with
higher degree of activation compared with the adult mode. The
correlation plot (Figure 3, third-row mid) shows that the activa-
tion was mainly driven by residence time, also corroborated by
the path-line trajectories shown in Figure 5 indicating that the
most activated platelets were a subset of platelets with the lon-
gest residence times. The eye of the magnet promoted platelet
activation to a higher extent compared to the adult mode case.

PediVAS

For the PediVAS, a distinct backflow developed where the
inlet pipe joins the volute in the region referred to as the shroud
(Video, Supplemental Digital Content 2, http://links.lww.com/
ASAIO/A662). This backflow induced a backward swirling
motion in the inlet pipe close to the tubing wall, depicted in
Figure 6. To confirm this finding, additional simulations were
carried out using both water and the Newtonian blood ana-
log. This phenomenon was present with both fluids at 300 ml/
min but also at 1,700 ml/min, which is the highest labeled flow
rate for this pump. However, the phenomenon could not be
observed when the pump was simulated with a flow of 3.4L/
min (Figure 7). This retrograde swirling motion (shown in Video,
Supplemental Digital Content 5, http:/links.lww.com/ASAIO/
A665) carried platelets backwards toward the pump inlet and
retrogradely out of the pump volute (Figure 6), confirmed by
streaky flow structures appearing at the wall (Figure 8). Platelets
experiencing this trajectory were subject to high shear for an

Baby pump
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Figure 2. Phase averaged flow field of CentriMag adult mode (left), CentriMag baby mode (middle) and the PediVAS pump (right). The
arrows represent flow direction and impeller rotation. The area circled in Black indicates the tongue of the pump.
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Figure 3. Distribution and of platelet activation state (PAS) and residence time of the CentriMag run in adult mode (3L/min) and in Baby
mode (300 ml/min) and the PediVAS run at 300 ml/min. The upper row shows fraction of platelets to PAS; the second row shows the fraction
of platelets to residence time (the last bar is the platelet fraction still trapped / recycling in the pump after > 1.25s), while the third panels show
the impact of residence time on PAS for the respective pump/mode. The last row shows the shear rate distributions for the CentriMag run in
adult mode (3 L/min) and in Baby mode (300 ml/min) and the PediVAS run at 300 ml/min. PAS, platelet activation state.
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Figure 4. Path-lines for the CentriMag, adult mode of most activated platelets (left) and longest residing particles.
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Figure 5. Path-lines for the CentriMag baby mode of longest residing (left) and most activated (right) platelets.
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Figure 6. Path-lines of platelets for the PediVAS. At 300 mI/min, this unique finding shows that platelets were trapped and moved in retro-

grade direction to flow in the boundary layer.

extended amount of time that contributed to the PAS. This phe-
nomenon also impacted the statistical distribution of PAS and
residence time. Removing the platelets caught in the backward
swirling motion at the tongue, the distributions in Figure 9 show
a lower number of highly activated platelets.

The distributions in terms of PAS and residence times are
shown in the right panel column of Figure 3. The PAS distribu-
tion shows a similar shape as the CentriMag baby mode, with
a slightly larger tail of more activated platelets. The correlation
plot shows that most of the platelets with a higher PAS were the
platelets that remained longer in the pump volute. As shown
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in the zoom-in of Figures 1 and 10, a critical region for both
the increased residence time and platelet activation was the
space between the roof (cover) over the PediVAS impeller and
the volute. The right panel of Figure 10 depicts how the most
activated platelets were trapped in the boundary layer above
the cover, whereas the left panel illustrates the platelets having
the longest residence times. As observed in both CentriMag
scenarios, the gap between the magnet and housing, and the
magnet eye were also critical regions. In the gap between
pump housing and magnet, high-shear zones appeared in the
form Taylor-Couette vortices.
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Figure 7. PediVAS in design conditions (300 ml/min, 3,000 RPM, left) and for a higher flow rate of 3L/min, 3,000 RPM (outside labeled
operating range, right). Color is function of vertical velocity. Notice the presence of flow structures at the wall.
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Figure 9. PediVAS: Histograms of repeated simulations without platelets in the boundary layer.

Discussion

Two ECMO pumps were investigated in different operat-
ing conditions with focus on flows used in the newly born.
The adult pump labeled for patient weight >6 kg was tested as
labeled but also at flows used in neonates. A neonatal pump
was investigated at a similar labeled flow.

The first observation is that low pump flow rates seem to
be equally traumatizing to the blood as high flow rates. The
adult CentriMag pump tested in baby mode promoted PAS of
a higher degree compared with operation in design condition.

Similar effects at low flow rates have been observed for three
other pump geometries regarding hemolytic properties,'
suggesting a link between hydraulic efficiency and thrombo-
hemolytic properties.

The flow field of the adult mode was similar to what was
already reported by Berg et al> and showed comparable
behavior to the case presented by Fuchs et al.> but with
higher PAS level due to the larger viscosity of the Newtonian
blood analog used in the current simulations. The shear rate
magnitudes confirm the validity of the Newtonian approxi-
mation used throughout the simulations. The difference in

finalPas
' 3.449e-05

-3.30381e-5
3.1571e-5

3.0111e-5

2.865e-05

Figure 10. Path-lines for the PediVAS of longest residing (left) and most activated (right) platelets.
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PAS suggests that simulations using water may underesti-
mate the activation properties of ECMO circuit components.
Relatively high levels of PAS were also reached at lower resi-
dence times, suggesting that activation mechanisms in this
case were linked to high-shear stress magnitude, even if for
a shorter time.

The CentriMag baby mode scenario showed different acti-
vation mechanisms as compared to the adult mode scenario,
with the eye of the magnet becoming an important promotor
of platelet activation. This is due to that platelets entering this
region spend a comparatively longer fraction of time here since
the vertical velocity is very low in the strong swirling motion
shown in Figure 5. The PAS in this case was found to correlate
to residence time rather than the level of shear, also supported
by the fact that lower shear rates were recorded compared with
the adult mode (especially in the wake of the blades, as shown
in Figure 2), which lead to platelets being exposed to a lower
shear for a longer time in regions such the aforementioned eye
of the magnet. In spite of lower shear, these forces act on the
platelets during a prolonged residence time, and hence the
PAS may even be increased.

Regarding the PediVAS, the following findings should be
pointed out:

1. For design conditions (300 ml/min), the PediVAS showed
the longest residence time due to the backflow observed
at the shroud. This finding is similar to flow structures
that develop in compressors in surge, an undesired con-
dition that occurs when a compressor is used for flow
rates lower than designed for The fact that this phenom-
enon is also present in water simulations suggests this
behavior to correlate with inlet conditions and can be
observed throughout the pump label flow range. Based
on our results, undesired backflow is vanishing at a
higher flow rate (between 1,700ml/min and 3,400 ml/
min). The strong swirling motion transporting platelets
backwards in the PediVAS was not observed in the other
two pump configurations. Its presence can be compatible
with experimental findings by Hastings et al.” reporting
observation of clots near the shaft of ECMO pumps in a
large number of cases. However, experimental verifica-
tion of this motion should be carried out, ideally in a
clinical setting.

2. A major activation site was the gap between the cover of
the closed impeller and the ceiling of the pump volute,
trapping platelets in the boundary layer developed on the
cover’s surface.

3. After elimination of the platelets captured by the back-
flow, the PAS for the PediVAS was still similar to that of
the CentriMag baby mode. This suggests that the PediVAS
design may be suboptimal for its intended target patient
population due to both the backflow and the presence
of cover on the impeller. A retrospective clinical study
comparing CentriMag baby mode and PediVAS used in
neonates would be beneficial to allow for a compari-
son of the activation properties during the two operating
conditions.

The CentriMag baby mode and PediVAS scenarios showed
comparable thrombogenic potentials, even though the latter
was tested in its nominal flow range. For the PediVAS, the com-
bined effect of covered impeller design and the inlet backflow

contributed to an increased total PAS, both in terms of resi-
dence time and shear stresses. It is also worth highlighting that
only the adult mode case reached washout in the considered
simulation time.

Our results highlight the importance of further investigations
on ECMO pumps during operating conditions and assessing
the clinical outcome to further improve patient safety, as the
observed flow structures are undesirable.

Some centers use a bridge in the circuit to shunt blood
between the return and drainage tubing. Such shunt allows for
a higher pump flow than the flow provided to the patient and is
mostly used in the weaning phase of the neonate. However, it
may thus be used to keep the pump flow within labeled range
and circumvent the topic of increased PAS. Clinical practice
has taught us that the bridge cause clotting problems when
clamped (i.e., stagnated flow) but also when open to flow,
additional Y-piece connectors and flow regulation devices con-
tribute to platelet activation.?

Moreover, these pumps are also used as ventricular assist
devices where their thrombogenic potential plays a primary
role in the overall incidence of thromboembolic complications.

Limitations

These simulations were carried out considering blood as a
Newtonian fluid, a valid assumption at shear rates >100s7".'¢
In the flow fields modeled here, even the zones at lowest
shear rates have magnitudes of more than 100s™" with <0.1%
of the platelets exposed to shear rates <30s™" below which
the viscosity behavior completely differs from the Newtonian
hypothesis.' This suggests that the backflow could be observed
also if a non-Newtonian model for blood was used, although
higher viscosities could play a role in the blood flow in the
inlet pipe. The chosen activation model does not consider
platelet sensitization and its model parameters are calibrated
for a shear rate range that is only a subset of the variability
found in the presented scenarios.'” Nevertheless, the results
are useful in a comparative perspective to characterize the
behavior of the pumps during different operating conditions
since the contribution to the activation state induced by the
pump is assessed.

This work focuses mainly on the thrombogenic potential
of the pumps with respect to platelet activation. Thus, other
pathways of coagulation that may influence clinical physi-
ologic events have not been considered in the modeling.
However, platelet activation is involved in other pathways,
for example, to the fibrinolytic and inflammatory cascades,
thus giving an indirect insight into the influence on these
processes.'®1

The use of pumps outside of their labeled flow range comes
with potential risks and should be exercised with care. While
some of the issues described in this study could be mitigated
with the use of a recirculation line, the observed flow struc-
tures are undesirable and prompt the need for improved design
of pumps for neonatal applications.
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