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Thrombotic Risk of Rotor Speed Modulation Regimes
of Contemporary Centrifugal Continuous-flow Left
Ventricular Assist Devices
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Contemporary centrifugal continuous-flow left ventricular
assist devices (LVADs) incorporate dynamic speed modulation
algorithms. Hemocompatibility of these periodic unsteady
pump operating conditions has been only partially explored.
We evaluated whether speed modulation induces flow altera-
tions associated with detrimental prothrombotic effects. For
this aim, we evaluated the thrombogenic profile of the Heart-
Ware ventricular assist device (HVAD) Lavare Cycle (LC) and
HeartMate3 (HM3) artificial pulse (AP) via comprehensive
numerical evaluation of (i) pump washout, (ii) stagnation
zones, (iii) shear stress regimens, and (iv) modeling of platelet
activation status via the platelet activity state (PAS) model.
Data were compared between different simulated operating
scenarios, including: (i) constant rotational speed and pump
pressure head, used as reference; (ii) unsteady pump pres-
sure head as induced by cardiac pulsatility; and (iii) unsteady
rotor speed modulation of the LC (HVAD) and AP (HM3). Our
results show that pump washout did not improve across the
different simulated scenarios in neither the HVAD nor the
HM3. The LC reduced but did not eliminate flow stagnation
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(-57%) and did not impact metrics of HVAD platelet activa-
tion (median PAS: +0.4%). The AP reduced HM3 flow stagna-
tion by up to 91% but increased prothrombotic shear stress
and simulated platelet activation (median PAS: +124%). Our
study advances understanding of the pathogenesis of LVAD
thrombosis, suggesting mechanistic implications of rotor
speed modulation. Our data provide rationale criteria for
the future design optimization of next generation LVADs to
further reduce hemocompatibility-related adverse events.
ASAIO Journal 2020; XX:00-00.

Key Words: left ventricular assist device, HVAD Lavare
Cycle, HeartMate3 artificial pulse, thrombosis

Third generation centrifugal continuous-flow left ventricular
assist devices (LVADs) have achieved significant improvement
in long-term clinical efficacy compared with prior designs,
nearing heart transplantation in many respects." However,
these devices remain limited by hemocompatibility-related
adverse events (HRAEs), including device thrombosis, throm-
boembolic complications, and bleeding events.>* Previous
studies have linked HRAEs to the abnormal hemodynamic
profiles and shear stresses generated within the LVAD. Shear-
mediated platelet activation and degradation of high mo-
lecular weight von Willebrand factor multimers have been
identified as drivers mediating the development of throm-
botic and bleeding events.* Concomitantly, antithrombotic
agents routinely administered to LVAD patients have been
demonstrated to be largely ineffective, mechanistically, in
limiting shear-mediated platelet activation.'®"" This paradigm
has been further supported by clinical data revealing that
the thrombotic risk is not completely suppressed by current
therapeutic pharmacological strategies.'? On the other hand,
intense anticoagulation has been suggested to possibly exac-
erbate bleeding risk."

In this scenario, accurate mechanistic characterization of
how and to what extent an LVAD interacts with and alters
physiologic hemostasis is crucial for rationale design of next
generation devices to further improve hemocompatibility and
reduce adverse events.

Computational fluid dynamics (CFD) simulations provide
a unique means to characterize hemodynamic patterns and
shear stresses in cardiovascular devices and have been ex-
tensively applied to evaluate the thrombogenic potential
of different elements of the LVAD system, including (i) the
pump,'*'¢ (ii) the inflow cannula,'” (iii) the LVAD-implanted
ventricle,'® (iv) the outflow graft,'*?° and (v) the anasto-
mosed aorta.?’ However, the oversimplified LVAD operating

Copyright © ASAIO 2020


www.asaiojournal.com
https://orcid.org/0000-0002-2908-5234
https://orcid.org/0000-0002-1046-631X
https://orcid.org/0000-0002-1300-7637
https://orcid.org/0000-0002-1425-1236
https://orcid.org/0000-0002-7613-3067
https://orcid.org/0000-0002-7864-6691
https://orcid.org/0000-0003-2665-0995
https://orcid.org/0000-0001-5300-1355
https://orcid.org/0000-0002-7948-3847
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conditions simulated in previous studies have limited their
translational impact. Influence of the dynamic pump pres-
sure head, as provided by clinically observed residual ven-
tricular contractility, has been accounted for in only a few
studies.'®'® Furthermore, evaluation of the effect of unsteady
rotor speed modulation regimes on hemocompatibility has
been only partially explored,'® and no data are available re-
lated to prothrombotic platelet activation induced by speed
modulation.

Rotor speed modulation consists of cyclic acceleration
and deceleration of the rotating LVAD impeller with respect
to a set baseline rotational speed.’>?? These dynamic rotation
sequences have been introduced to improve pump and ven-
tricular washout by reducing blood stasis, as well as to restore
some pulsatility in the aorta.?>?*

We hypothesized that, despite providing a modicum of
washout and pulsatility, cyclic acceleration and decelera-
tion of the rotating impeller of the pump may be detrimental,
contributing to the generation of unfavorable, prothrombotic
hemodynamic conditions associated with sudden, high mag-
nitude, and highly oscillating shear stress within the pump.
Our hypothesis stems from and is consistent with earlier
work, wherein we exposed platelets to shear stress fluctua-
tions representative of those experienced in cardiovascular
devices and demonstrated that shear stress dynamicity, that
is, oscillations of shear stress over time, was a major determi-
nant of the measured prothrombotic platelet activation, with
important implications for the development of device-related
thrombotic events.?

To test our hypothesis, we coupled, for the first time, mecha-
nistic analysis of prothrombotic features of the LVAD hemody-
namics with metrics of shear-mediated platelet activation under
unsteady—clinically relevant—LVAD operating scenarios.
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MATERIALS AND METHODS

We conducted a comprehensive analysis of the hemody-
namic and thrombogenic profile of currently most used com-
mercial LVADs that both feature a rotor speed modulation
sequence, namely: (i) the HeartWare HVAD (Medtronic, Minne-
apolis, MN) with the Lavare Cycle (LC), and (ii) the HeartMate3
(HM3, Abbott, Chicago, IL) with the artificial pulse (AP). Using
CFD simulations, we simulated blood flow within the pumps
associated with different LVAD operating scenarios, including:

(i) constant operating conditions, namely constant rota-
tional speed and pump pressure head;

(ii) the unsteady hemodynamic environment (i.e., unsteady
pressure head) induced by isolated effect of cardiac pul-
satility imposing the pressure pulsations typical of heart
failure patients (10% residual left ventricular ejection
fraction) with speed modulations still turned off;

(i) the unsteady hemodynamic environment (i.e., unsteady
rotational speed and resulting unsteady pressure head)
induced by isolated effect of rotor speed modulation se-
quences, namely the LC of the HVAD and the AP of the
HM3.

HVAD and HM3 geometries (Figure 1) were obtained from
Thamsen et al.?* and Wiegmann et al.,'® respectively. Evalua-
tion of pump thrombogenicity was based on postprocessing
analysis of CFD data, using combined information gained from
the internal pump hemodynamic profile, shear stress regimes,
and metrics of platelet activation. In detail, we characterized

(i) pump washout, that is, the time to remove a passive sca-
lar from the device by simple advection; the passive sca-
lar represents the relative concentration of a dye crossing
the pump;
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Figure 1. Geometries of the HVAD (A) and HM3 (B). Pump housing and impeller are shown in light and dark gray, respectively. Insets on
the top left of (A) and (B) show a cross-sectional view of the polyhedral mesh used for the simulations. HVAD, HeartWare ventricular assist

device; HM3, HeartMate3.
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Figure 2. Profiles of pump rotational speed and pressure head imposed as boundary conditions in CFD simulations reproducing residual
ventricular pulsatility (10% ejection fraction) and speed modulation sequences in the HVAD (A) and HM3 (B). Flow rate waveforms obtained
from CFD simulations are also shown. Red dots indicate time instants of injection of platelet-like particles for Lagrangian particle tracking.
CFD, computational fluid dynamics; HM3, HeartMate3; HVAD, HeartWare ventricular assist device.

(i) volumes of flow stagnation, defined as internal regions of
the pump with blood velocities <0.2 m/s and further than
40 um away from the static housing or rotating impeller
surfaces;

fluid shear stress, which includes both viscous and turbu-
lent stress components;

shear-mediated platelet activation status, computed ac-
cording to the numerical platelet activity state (PAS)
model.>> PAS values were derived by tracking over time
the fluid shear stress experienced by simulated platelet-
like particles flowing through the pump.?* Platelet-like par-
ticles were injected in the pump at time instants indicated
in Figure 2.

(iii

>

(iv

Details on settings for the CFD simulations are reported in
the Supplementary Materials, Supplemental Digital Content 1
(http://links.lww.com/ASAIO/A564).

RESULTS
Pump Washout

Scalar washout and flow structures within the two pumps
are shown in Figure 3, for operation under constant rota-
tional speed and pressure head. As blood enters the HVAD, it
impinges upon the blades, forming a confined stream of new
blood on the pressure side (dark blue in Figure 3A, 1), and
large flow detachment and recirculation zones in the blade
channels on the suction side (Figure 3A, I1). In contrast, blood
flow through the HM3 shows limited flow separation and
rather uniform washout in the blade channels (Figure 3B, IV).
These differences notwithstanding, both the HVAD and HM3
revealed efficient and comparable pump washout, primarily

dictated by pump size and flow rate. Time required for 95%
washout under constant operating conditions was 0.34 and
0.29sec in the HVAD and HM3, respectively. As the mean
pump flow was matched across all tested conditions, ventric-
ular pulsations, and speed modulation did not significantly
affect the 95% washout time: the 95% washout time slightly
decreased to 0.28sec during the acceleration phase of the
HVAD LC; the HM3 AP led to a transient flow reversal dur-
ing deceleration, with blood flowing back toward the ventricle,
followed by rapid acceleration, slightly increasing the 95%
washout time to 0.32 sec. Across all tested conditions, regions
that took longest to washout in the HVAD were the secondary
flow paths through bottom and inner gaps (Figure 3, A and C,
[11). Washout of the secondary flow path through the top gap
was slower than the main flow pathway in the HM3 as well
(Figure 3, B and D, V), but washout patterns were generally
more uniform and differences less marked.

Flow Stagnation

Both pumps revealed flow stagnation zones indicative of pos-
sible prothrombotic risk. Consistent with the scalar washout
fields, stagnation zones in the HVAD at constant speed and
fixed pressure head were observed in the flow detachment re-
gion within the blade channels (Figure 4A, 1), in the bottom and
inner gaps (Figure 4A, 1), and in the outlet duct of the volute
(Figure 4A, 1ll). Under constant operating conditions, stagnation
zones in the HM3 were observed at the junction of the inlet
cannula to the volute (Figure 4D, 1V), within the secondary
flow path in the top gap (Figure 4D, V), and centrally under
the rotor (Figure 4D, VI) as well as in the outlet duct of the vo-
lute (Figure 4D, VII). Comprehensively, ~1% of the HVAD fluid
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http://links.lww.com/ASAIO/A564

4 BORASCHI ET AL.

B
55% washout
t=0.10s 55% washout Y,
t=011s
aN- 4 -
>
1l
D \%
95% washout
t=034s 95% washout vV
t=0.29s
1]
100% old blood 0%
I I |
0% new blood 100%

Figure 3. Comparison of flow structures and washout performance in the HVAD (A: 55% washout, C: 95% washout) and HM3
(B: 55% washout, D: 95% washout) under constant rotational speed and pressure head. HM3, HeartMate3; HVAD, HeartWare ventric-
ular assist device.
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Figure 4. Flow stagnation zones within the HVAD and HM3 under static operating conditions (A, D), ventricular pulsatility (B, E) and speed
modulation sequences (C, F). HM3, HeartMate3; HVAD, HeartWare ventricular assist device.
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Table 1. Computed Differences in Pump Hemodynamics and Metrics of Platelet Activation Across the Different Simulated
Conditions for the Two Pumps

HVAD HM3
Ventricular Ventricular
Baseline Pulsatility Lavare Cycle Baseline Pulsatility Artificial Pulse

Volume of flow stagnation 0.85% 0.35% 0.36% 3.60% 1.73% 0.30%

(% of total volume)

Proportion of platelets exposed 78% 82% 75% 52% 59% 92%

to shear stress >50 Pa
PAS values (median and IQR) 0.077 0.084 0.077 0.046 0.049 0.104

(0.047-0.146)  (0.051-0.144)

(0.045-0.149)

(0.030-0.079)  (0.030-0.082)  (0.071-0.149)

Volumes of flow stagnation depict the average baseline stagnation volume and the highest recorded value over one simulated cardiac or
speed modulation cycle. Particle based metrics (exposure to shear stress >50 Pa and PAS values) are derived using values computed for all
injected particles (n=1,260, 2,520 and 3,780 for baseline, ventricular pulsatility, and speed modulation, respectively).

volume and ~4% of HM3 fluid volume were characterized by
stagnant flow (Table 1). Residual ventricular contractility and
speed modulation sequences, and in particular transient accel-
eration of the pump flow rate, significantly reduced—but did not
abate—flow stagnation (Figure 4, B, C, E, and F; Table 1). The
high-speed phase of the HVAD LC reduced stagnation volumes
by up to 57% compared with constant operating conditions.
However, persistent flow stagnation was observed on the suc-
tion side of the blades and in the inner gap. In the HM3, stagna-
tion volumes reduced up to 91% during the acceleration phase.

Fluid Shear Stress

Shear stresses in the HVAD with simulated constant speed
reached up to approximately 150 Pa in the blade channels and,
within the assumption of uniform blood viscosity, up to fivefold
higher values in the narrow top gap (Figure 5A). Ventricular pul-
satility and speed modulation did not significantly impact stress
patterns and magnitude (Figure 5C), except for the top gap where
shear rates, and therefore shear stresses primarily depended on
the rotor speed and thereby decreased/increased during the low/

high speed phase of the LC. As a result, over 70% of the sim-
ulated platelets experienced high-shear stresses (>50 Pa) in the
HVAD already under constant operating conditions; the expo-
sure time profile was relatively unaffected by the LC dynamic
speed modulation (Figure 6A). Shear stresses in the HM3 gen-
erated during constant operating conditions were significantly
lower than in the HVAD and below 50 Pa in almost the entire
pump (Figure 5B); almost 50% of the flowing simulated platelets
never experienced shear stresses >50 Pa (Figure 6B). Stress levels
dramatically increased during the acceleration and high-speed
phases of the AP due to the onset of turbulence (Figure 5D):
the contribution of the modeled turbulent Reynolds stress over
total shear stress increased from 26% to 80%; more than 90%
of all injected particles experienced stresses >50 Pa (Figure 6B,
Table 1), proportion that went up to 99% when considering par-
ticles injected just before the acceleration phase only.

Shear-mediated Platelet Activation

Analysis of PAS values provided insight into potential pro-
thrombotic shear-mediated platelet activation imparted by

Fluid
shear stress [Pa]
g >100

-,

Fluid
shear stress [Pa]

B >200

-,

Figure 5. Distribution of fluid shear stresses in the HVAD and HM3 under constant operating conditions (A, B) and with enabled speed
modulation sequences (C: Lavare Cycle, D: artificial pulse). Areas in red show regions with shear stresses above 100 Pa (A and B) and above
200 Pa (C and D). HM3, HeartMate3; HVAD, HeartWare ventricular assist device.
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Figure 6. Comparison of the particle exposure time to fluid shear stress above 50 Pa in the HVAD (A) and HM3 (B) under constant operating
conditions and with the LC or AP. The histograms were computed for a total of 1,260 particle tracks (one injection time point) in the HVAD
and HM3 baseline scenario (steady rotation and fixed pressure head), and 3,780 particle tracks (three injection time points) for the LC and
AP, respectively. To provide an integrated view on the effect of the different simulated conditions, all particle tracks were analyzed together.
AP, artificial pulse; HM3, HeartMate3; HVAD, HeartWare ventricular assist device; LC, Lavare cycle.

speed modulation sequences (Figure 7). At constant operating
conditions, numerical PAS was higher in the HVAD than in the
HM3 (+66% median value, Figure 7, Table 1). Passage through
the top gap of the HVAD was especially detrimental as 62%
of the particles with PAS values higher than 95th percentile
of the PAS distribution traversed the top gap at least once.
The HVAD LC did not yield any significant change in shear-
mediated platelet activation (Figure 7A, Table 1). Conversely,
the HM3 AP significantly contributed to increase PAS values
compared with constant operating conditions (+124% median
value; Figure 7B, Table 1).

DISCUSSION

We coupled analysis of defined periodic flow pattern
changes of rotor speed modulation sequences with juxtaposed
instantaneous shear stress and platelet activation modeling to
evaluate the impact of features of speed modulation sequences
on thrombogenicity of two of the currently most used continu-
ous-flow LVADs, that is, the HVAD and the HM3. Our analysis
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Steady Ventricular Lavare
rotation pulsatility Cycle

was aimed at overcoming limitations of previous studies that
only analyzed pump operation with constant rotor speed.
Moreover, we aimed at evaluating isolated effects of unsteady
pressure head induced by residual cardiac pulsatility and of
flow profile alterations driven by speed modulation sequences,
to selectively characterize their prothrombotic impact.

Flow stasis is one of the pillars of Virchow’s triad, increas-
ing risk of platelet aggregation and deposition and clot for-
mation. We quantified scalar washout and volumes of flow
stagnation to compare the performance of the pumps under
different operating conditions and identify pump regions po-
tentially at higher thrombotic risk. Our results suggest that
rotor speed modulation does not substantially enhance and
expedite bulk pump washout, which was comparable irrespec-
tive of the pump being operated under constant or unsteady
operating conditions. The 95% washout time was also com-
parable across pumps, suggesting that, although the LC and
the AP feature major differences in terms of magnitude and
dynamics of rotor speed modulation (200 rpm over 3 sec vs.
+2,000rpm over 0.35 sec, respectively), the flow modulations

B 0.8~
0.6 = . .
2 0.4- . i
o N ’
——
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Figure 7. Box plot of numerical PAS values in the HVAD (A) and HM3 (B) plotted under constant and unsteady operating conditions.
Particles were injected at the time points illustrated in Figure 2. To provide an integrated view on the effect of the different simulated condi-
tions, all particle tracks were analyzed together. Bars indicate 25th, 50th, and 75th percentile; whiskers indicate 10th and 90th percentile;
+ indicates mean; e indicates outliers. AP, artificial pulse; HM3, HeartMate3; HVAD, HeartWare ventricular assist device; LC, Lavare cycle.
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they provide affect bulk pump washout only marginally. The
latter rather depended on the mean pump flow rate, here
maintained at 5L/min for all tested conditions. Transesopha-
geal echocardiography velocities below 0.15-0.55 m/s have
been associated with increased risk of thrombus formation
in patients with atrial fibrillation*%; accordingly, flow stag-
nation was here defined as blood velocities below 0.2 m/s, a
threshold that is comparable to that of previous studies that
analyzed flow stagnation in LVADs.** Furthermore, stagnation
zones were evaluated 40 pm away from the static housing or
rotating impeller surfaces of the pump to exclude from the
analysis inner regions of the boundary layer of the mesh of the
pumps (details of the mesh are provided in the Supplementary
Materials, Supplemental Digital Content 1, http:/links.lww.
com/ASAIO/A564) and focus on regions of flow stagnation in-
duced by the flow patterns in the core of the fluid regions.
According to our results, volumes of flow stagnation were sub-
stantially reduced during the peak acceleration phases of the
LC and AP (-57% and -91%, respectively). However, neither
the LC nor the AP sufficed to completely eliminate stagnation
zones, which seemed to be primarily dictated by specific de-
sign characteristics of the two pumps.

Although the exact threshold remains allusive, very low
wall shear stresses (WSS <1 Pa, according to Hochareon et
al**) have also been suggested to contribute to the throm-
botic risk. Under the investigated conditions, WSS below 1
Pa were almost absent: on both pump rotors, the sum of all
areas with WSS < 1 Pa was accounted for less than 1T mm?
(data not shown), with a transient increase to 1-3 mm? dur-
ing the low flow phase of the HM3 AP, but individual low
WSS regions were too spatially limited (few contiguous cells)
and too transient to allow any inference about their actual
thrombogenic impact.

In addition to characterization of thrombotic risk associated
with flow stasis, we also show the effect of speed modula-
tion on the fluid shear stresses generated within the devices.
Our results revealed significant differences between the two
pumps. Shear stresses in the primary flow path were signif-
icantly higher in the HVAD (Figure 5, A to C), where peak
shear stress was located in the narrow clearance gaps and
was therefore strongly associated with the impeller rota-
tional speed. Accordingly, the LC only had marginal effect as
it induces a relatively small change (+200rpm) in rotational
speed. Conversely, shear stresses in the HM3 increased sub-
stantially during the AP compared with those computed under
constant operating conditions and appeared to be mainly re-
lated to turbulence introduced in the fluid flow during the
impeller acceleration phase. These data suggest a prominent
contribution of the high magnitude (+2,000rpm) and sudden
(0.35sec) speed change of the AP to the generation of pro-
thrombotic conditions.

These results were further corroborated by analysis of met-
rics of platelet activation status. Indeed, while higher PAS
values were computed in the HVAD than in the HM3 during
steady pressure head and fixed speed simulations, the AP con-
tributed to high increase of modeled shear-mediated platelet
activation, bringing PAS values to levels even higher of those
computed in the HVAD (Table 1). These data further suggest
limited prothrombotic impact of the LC, and the potentially
higher prothrombotic effect of the AP, which exposes platelets
to high oscillating shear stress stimulation.

Our analysis also showed that although specific design fea-
tures (geometrical and technological) of an LVAD differently
influence structures of blood flow (e.g., blades geometry, in-
ternal gap dimensions, hydrodynamics, vs. fully magnetic levi-
tation) and have a different impact on the device thrombogenic
potential, replicating clinically relevant unsteady operating
conditions is an essential requisite for robust and reliable eval-
uation—and eventually optimization—of pump performance.

Our results provide mechanistic insights into clinically re-
ported outcomes, namely thrombotic and thromboembolic
complications with the two pumps. Indeed, while the HM3
showed a reduced incidence of in-pump thrombosis,** it did
not perform consistently better than the HVAD in terms of neu-
rologic complications secondary to thromboembolic events.>®
These clinical data are consistent with our numerical charac-
terization of pump thrombogenicity during clinically relevant
operating conditions, which revealed that during the AP me-
dian PAS values in the HM3 where comparable to those of
the HVAD (Table 1). These results suggest that the lower rate
of HM3 in-pump thrombosis may not be attributed to actual
lower pump thrombogenic potential but rather to the larger
secondary flow channels and gap clearance between the hous-
ing and the blades, which facilitate propulsion of small thrombi
downstream of the pump itself, before their growth, thus lead-
ing to thromboembolic events rather than pump thrombosis.

Our results are in accordance with and further extend results
by Zimpfer et al.,*” who reported fewer rates of stroke in HVAD
patients who had an active LC, thanks to improvements in
intraventricular flow field. Indeed, although we did not eval-
uate the effect of LC on the intraventricular hemodynamics,
our simulations of the HVAD LC revealed (i) reduction of pro-
thrombotic blood flow stagnation within the pump together
with (i) minimum/no increase of prothrombotic shear stress
and overall metrics of platelet activation (Table 1). According
to these results, we speculate that further improvement of clin-
ical efficacy of the HVAD might be achieved via rationale op-
timization of the current speed modulation algorithm of the
LC. In particular, further studies based on numerical simulation
approaches as the one presented here are warranted to eval-
uate whether modifying magnitude and duration of the accel-
eration and deceleration phases of the LC, as well as increasing
its activation frequency (i.e., more than once per minute) could
provide further clinical benefits without worsening currently
observed thrombogenicity. Similar considerations could be
drawn for the HM3, which may benefit from computational
model-guided optimization of the AP to reduce its throm-
bogenic impact. On the other hand, in an effort to improve
hemocompatibility of LVAD speed modulation, we highlight
the importance of properly balancing the reduction of possible
detrimental effects associated with increased shear stresses
and platelet activation with potential benefits of augmented
pulsatility; indeed, consistent with the definition of HRAEs by
Uriel et al.,? the evaluation of the effect of intermittent speed
modulation on LVAD hemocompatibility should also incorpo-
rate analysis of its effect on pulsatility, and consequently on the
development of aterovenous malformations, and, eventually,
gastrointestinal bleeding.

Our analysis is inherently limited by the fact that calculating
the entire dynamics of speed modulation while taking into
account instantaneous changes in hemodynamic parameters
is not feasible due to exorbitant computing power required to
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this end. That said, we carefully selected most relevant instants
of the cycle (depending on the selected variable of interest)
to provide robust assessment of how rotor speed modulation
impacts hemodynamics and hemocompatibility. Furthermore,
our analysis was only focused on characterizing the flow field
within the pump and ignored further potential benefits of un-
steady pump operation outside of the pump, such as increased
intraventricular washout®” or changes in intraventricular pres-
sure and its influence on aortic valve opening. Further studies
are therefore warranted to evaluate the combined effect of in-
termittent speed modulation and native heartbeat but also of
low and high pump speeds (thus low and high pump flows),
on global hemodynamics and pump fluid dynamics. Yet, based
on the results of the lumped parameters model of,'® we believe
that the independent investigation of ventricular pulsatility and
speed modulation already provides valuable insights into the
in vivo situation. Further limitations are related to modeling
of turbulent flow features with the unsteady RANS approach
and the k- SST model (see Supplementary Materials, Sup-
plemental Digital Content 1, http:/links.lww.com/ASAIO/
A564), which comes with a reasonable computational effort
but does not fully resolve turbulence.?® Turbulence modeling
in LVADs is a matter of ongoing research; still, we believe that
our approach allowed us to identify major trends with regard
to turbulent stresses relevant for the evaluation of thromboge-
nicity. Of note, the computed flow patterns in the HM3 dur-
ing simulated unsteady operating conditions are coherent with
previous experimental flow visualization studies.*® In addition,
we did not include simulation of oscillations of the impeller
position, which, from the one hand, is physically determined
through interplay of magnetic and hydrodynamic forces and,
on the other hand, is dependant from rapid changes in speed
and consequent changes in pressure distributions and mo-
mentum forces acting on the impeller, and might therefore
change during speed modulation. Nevertheless, we simulated
a fixed impeller position to keep the computational effort in a
manageable range. We also acknowledge that, although co-
herent with reported comparable prothrombotic platelet func-
tion measured via the PAS assay in HVAD and HM3 patients
with active speed modulation regimes (i.e., the LC and the
AP),"3 the numerical PAS index values requires further valida-
tion studies. Moreover, future studies are warranted to incor-
porate the evaluation of the effect of antithrombotic agents in
limiting (yet without eliminating) the thrombotic risk. Finally,
integrating the evaluation of high molecular weight vVWF deg-
radation, platelet damage (nonactivating or fragmentation), or
platelet aggregation induced by speed modulation might ex-
tend the significance of our analysis.

CONCLUSION

We investigated clinically relevant operating conditions of
current generation LVADs to evaluate the thrombotic risk of
unsteady speed modulation regimens that are claimed to im-
prove pump hemocompatibility. Our analysis couples evalu-
ation of flow pattern alteration induced by speed modulation
algorithms with tracking of generated fluid shear stress and
modeling of platelet activation. Our results reveal partial
improvements in pump hemodynamics but substantial in-
crease in metrics of thrombogenicity caused by speed mod-
ulation. Our data are in good agreement with, and provide a

possible mechanistic rationale for the clinically reported rates
of thrombotic and thromboembolic complications with the
HVAD and HM3. Our numerical platform represents a valu-
able tool for future design optimization of LVAD geometry and
operating conditions, to further reduce HRAEs.
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