
ORIGINAL ARTICLE

Shear stress and blood trauma under constant and pulse-modulated
speed CF-VAD operations: CFD analysis of the HVAD

Zengsheng Chen1
& Sofen K. Jena2 & Guruprasad A. Giridharan2,3

& Michael A. Sobieski2 & Steven C. Koenig2,3
&

Mark S. Slaughter2 & Bartley P. Griffith1
& Zhongjun J. Wu1,4

Received: 12 June 2017 /Accepted: 24 October 2018 /Published online: 8 November 2018
# International Federation for Medical and Biological Engineering 2018

Abstract
Modulation of pump speed has been proposed and implemented clinically to improve vascular pulsatility in continuous flow
ventricular assist device patient. The flow dynamics of the HVADwith a promising asynchronous pump speed modulation and its
potential risk for device-induced blood trauma was investigated numerically. The boundary conditions at the pump inlet and
outlet were defined using the pressure waveforms adapted from the experimentally recorded ventricular and arterial pressure
waveforms in a large animal ischemic heart failure (IHF) model supported by the HVAD operated at constant and modulated
pump speeds. Shear stress fields and hemolysis indices were derived from the simulated flow fields. The overall features of the
computationally generated flow waveforms at simulated constant and pulse-modulated speed operations matched with those of
the experimentally recorded flow waveforms. The simulations showed that the shear stress field and hemolysis index vary
throughout the cardiac cycle under the constant speed operation, and also as a function of modulation profile under modulated
speed operation. The computational model did not demonstrate any differences in the time average hemolysis index between
constant and modulated pump speed operations, thereby predicting pulse-modulated speed operation may help to restore vascular
pulsatility without any further increased risk of blood trauma.
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1 Introduction

Mechanical circulatory support (MCS) with ventricular assist
devices (VADs) has become a standard therapy for patients
with advanced heart failure (HF) [1, 2]. The first clinically
approved pulsatile flow (PF) VADs are large volume displace-
ment pumps that generate pulsatile pressures and flows, but

limited by their large size and long-term durability. The con-
tinuous flow (CF) VADs based on rotary blood pumps have
many technological advantages and have demonstrated better
long-term outcomes and reliability than PF-VADs [3]. CF-
VADs restore cardiac output while routinely operating at con-
stant pump speeds, but at the expense of diminished
pulsatility. Despite significant improvements in rotary pump
device design and outcomes, the risks of adverse events asso-
ciated with MCS devices, such as thromboembolism and
stroke, have not been completely eliminated [4, 5]. In addi-
tion, other complications uniquely associated with CF-VADs
have been observed clinically, including gastrointestinal (GI)
bleeding [6] and aortic insufficiency (AI) [7]. It has also been
reported that patients with PF-VADs had nearly a threefold
increase in the potential for myocardial recovery than patients
supported with CF-VADs [8], leading to speculation that vas-
cular pulsatility and phasic volume unloading may play im-
portant role(s) in HF reverse remodeling.

To address these limitations, modulation of pump speedwith
CF-VADs has been proposed as a potential operation strategy to
restore vascular pulsatility and help reduce the risk of adverse
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events. Bourque et al. implemented an algorithm to alternate the
speed of the rotor of a magnetically levitated blood pump be-
tween 1500 and 5500 rpm with a modulation rate of 60 bpm
and a systolic interval of 30% [9], which became the basis for
the HeartMate III (St. Jude Medical, Inc., Pleasanton, CA) arti-
ficial pulsatility algorithm in clinical use today. Frazier et al.
[10] proposed decreasing the pump flow rate as a potential
means to increase vascular pulsatility with the HeartMate II as
a means to reduce the risk of GI bleeding and allowing the
aortic valve (AV) to periodically open to reduce the risk of
AI. Ising et al. [11] investigated a number of candidate flow
modulation algorithms to enhance the pulsatility of CF-VADs
using computer simulation and mock flow models that demon-
strated the ability to generate aortic pulse pressures up to
59 mmHg, reduce left ventricular external work by up to
75%, and improve myocardial perfusion by up to 44% from
baseline HF condition. Soucy et al. [12] then investigated the
three most promising pump speed modulation algorithms
(copulsation, counterpulsation, and low frequency
asynchronization) with the HVAD (HeartWare, Miami Lakes,
FL) in a chronic ischemic heart failure bovine model demon-
strating that synchronous copulsation produced the largest re-
duction in ventricular volume, counterpulsation produced the
largest decrease in ventricular workload and increase in myo-
cardial perfusion, and asynchronous pulsation induced the larg-
est pulsatility (low frequency) with the added benefit of not
requiring a physiologic measure (trigger source) for timing de-
vice function. Moazami [13] reported that centrifugal pumps
are more favorable than axial-flow devices for generating vas-
cular pulsatility with fewer suction events. Nammakie et al. [14]
used computational fluid dynamics (CFD) simulation to inves-
tigate the possibility of generating pulsatile blood flow via a
CF-VAD by adjusting the rotational speed of the pump with
two pulsatile patterns (sinusoidal and trapezoidal). They found
that the pump speed modulation with a sinusoidal pattern ex-
hibited the potential to achieve an adequate pulsatile flow by
precisely controlling the rotational speed compared to that with
a trapezoidal pattern. Collectively, these studies successfully

demonstrated the ability to generate vascular pulsatility by
modulating CF-VAD pump speed, which resulted in improved
hemodynamic efficacy. However, blood flow dynamics and its
potential impact on blood trauma have not been thoroughly
examined. The particular concern is that the speed modulation
will increase the pump speed above the nominal operating
speed. A higher operating speed may elevate the shear stress
level and transient flow acceleration and deceleration, resulting
in additional energy consumption and blood damage.

In this computational study, CFD simulations were per-
formed to assess the internal fluid dynamics and potential
for blood trauma with the HVAD operated at fixed speed
and low-frequency asynchronous pulse-modulated speed al-
gorithm based upon the findings and recommendations of
Soucy et al. [12]. When pump speed is modulated at a rate
independent of native heart rate it is called asynchronous.
When it is modulated synchronously with heart contraction
and relaxation at a rate equal to native heart rate, it is called
synchronous. The shear stress (SS) and hemolysis index (HI)
were derived from the CFD model-predicted flow fields and
compared for the HVAD operated at fixed rate and asynchro-
nous modulated pump speeds.

2 Methods

2.1 Device geometry

The HVAD is a centrifugal flow blood pump which is de-
signed to operate at pump speeds of 1800–4000 rpm with a
four-blade rotor supported by a hybrid bearing system
consisting of a hydrodynamic thrust axial bearing and a pas-
sive magnetic radial bearing and enclosed within a peripheral
volute casing (Fig. 1a). The rotor dimension is 34 mm in
diameter, and its axial position depends upon weight balance
of the magnetic and hydrodynamic forces. The gaps between
the top surface of the rotor and the upper housing and the
bottom surface of the rotor and the lower housing are

Fig. 1 a Photograph of the disassembled HVAD pump showing the pump housing and impeller. bUnstructured super fined mesh around the impeller. c
Enlarged view of unstructured mesh on the impeller surface
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40.1 μm and 150.2 μm, respectively. Three-dimensional (3D)
precision laser scans of the impeller and housing taken from
an explanted clinical HVAD pump were used to obtain the
CAD geometry of the pump (CAM Logic, Oxford, MI). The
flow domain for analysis was obtained by filling the volume
between the rotor and housing with the inlet and outlet tubes
using the ANSYS Design modeler (ANSYS, Inc.,
Canonsburg, PA, USA).

2.2 Meshing

Unstructured meshes of the HVAD pump were generated
using the ANSYSMesh generator. Themeshes contain a com-
bination of hexahedral, tetrahedral, and prism elements. The
mesh in the rotor blade region and the small gap between the
housing and impeller were refined to assure that the sufficient-
ly detailed structure could be resolved (Fig. 1b, c). Inflation
layers were included in these regions for more accurate calcu-
lation, as these regions are likely to create high SS that con-
tribute to blood trauma. A mesh-independent analysis was
completed to assure that the final mesh was valid. For the
mesh-independent analysis, we generated three meshes with
the same structure but different element sizes, which are the
coarse, medium, and finemeshes. The elements for the coarse,
medium, and finemeshes are 6.2 million, 8.5 million, and 11.3
million, respectively. The element refinement ratio (r) was
calculated by (mesh volume finer/mesh volume coarser)1/3.
According to the principles outlined by Roache [15], the
discretization errors were analyzed. As mesh was refined
and the element size decreased, the average discretization er-
ror decreased. The mesh with the highest resolution (11.3
million) was selected to perform the CFD simulation.

2.3 Boundary conditions

Pressures at the inlet and outlet of the pumpwere prescribed as
the boundary conditions for the constant and pulse-modulated
speed operations. The low frequency asynchronous algorithm
(Fig. 2a) and the experimentally recorded aortic and left ven-
tricular pressure waveforms (Fig. 2b) reported by Soucy et al.
[12] were used in the CFD simulation for the pulse-modulated
speed operation. Similarly, for the constant speed (fixed rate)
condition, the rotational speed of the HVAD pump was set at
3000 rpm, and the experimentally recorded pressure and flow
waveforms (Fig. 2c) were used [12]. The native left ventricle
of the IHF animals retained a degree of contractility as evi-
denced by the cyclic rise and fall of ventricular pressure dur-
ing systolic and diastolic phases. During the CFD simulation,
we extended the inlet and outlet of the HVADmodel to get the
fully developed flow, which can create the pressure drop oc-
curs across these extension tubes. Thus, we slightly increase
the magnitude of pressure difference across the inlet and outlet
by elevating the outlet pressure (aortic pressure) in CFD

model according to the hydrodynamic function curves (HQ
curves) of the HVAD pump for producing a targeted flow rate
without altering the waveform shape. The pressure and rotor
speed waveforms were defined as continuous functions of
time through fitted curves of higher order transformation.
The mathematical formulae for generating the desired wave-
forms were written as user defined functions (UDFs), which
were compiled and loaded into the fluent library. The walls of
the HVAD pump and rotor surface were assumed to be rigid
and a no-slip condition was applied to their surfaces.

2.4 Numerical schemes and procedures

The simulations were conducted using the commercial finite
volume solver Fluent 15.0 (ANSYS, Inc.). A pressure-based
transient solver was chosen with absolute velocity formula-
tion. The blood was assumed to be an incompressible
Newtonian fluid with apparent density of 1050 kg/m3 and
viscosity of 0.0035 Pa s [16]. Shear stress transport (SST)-
based k-ω model was chosen for turbulence simulation [17]
produced as a consequence of high-speed rotation. The rota-
tional motion of the impeller section was defined with the
sliding mesh scheme considering the unsteady nature of the
flow [18]. SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) algorithm with least square cell-based gra-
dient formulation was used for the solution. Residuals of 10−3

and 10−4 between two successive iterations were chosen re-
spectively for mass continuity and rest primitive variables. All
the primitive variables were under-relaxed to obtain the
convergence.

2.5 Scalar shear stress and hemolysis calculation

The scalar shear stress (SSS) was derived from the simulated
velocity field [19, 20]

σ ¼ 1

6
∑
i≠ j

τ ii−τ jj
� �2 þ ∑

i≠ j
τ2ij

" #1=2

ð1Þ

where τij is the Cartesian components of the SS.
Hemolysis was calculated using the Eulerian scalar trans-

port approach as given in Eq. 2 [20–22]

d hb
0

� �

dt
ρþ vρ⋅∇ hb

0
� �

¼ S ð2Þ

where v is the velocity vector, S is the source term, ρ is the
density of blood, hb′ is a transformed scalar variable of re-
leased hemoglobin from damaged red blood cells in the flow

field, hb
0 ¼ hb

1
α , and hb is plasma-free hemoglobin [16]. The

source term of Eq. 2 is defined as
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S ¼ ρ HB⋅C⋅σβ
� �1

α ð3Þ

where HB is the total blood hemoglobin concentration, and
HB = 10 g/dL is used in the present simulation. The empirical
coefficients for Eqs. 2 and 3 areC = 1.8 × 10−6,α = 0.765, β =
1.991 [16]. The HI, in percentage, was defined as the ratio of
mass-weighted average of hb to HB at the outlet of the pump
and expressed as

HI %ð Þ ¼ Δhb
HB

� 100 ð4Þ

3 Results

3.1 Device-generated flow waveforms

The CFD-predicted flow waveforms for the pulse-modulated
and constant speed operations of the HVAD® pump are
shown in Fig. 3a, b, respectively. The landmark features of
the resulting flow waveforms were similar to those reported
experimentally [12]. The CFD simulation generated an aver-
age flow rate of 5.3 L/min during pulse-modulated speed
operation, which was slightly higher than recorded

Fig. 2 a Pulse-modulated speed
profile (20 pulses/min). b Aortic
and ventricular pressure
waveforms used for simulation of
pulse-modulated speed operation.
c Aortic and ventricular pressure
waveforms used for simulation of
constant speed operation. The
black dots in a and b are six
discrete time points over two
speed pulses which are chosen to
compare the hemodynamic
performance
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experimentally (4.9 L/min), and 5.0 L/min at constant pump
speed (3000 rpm) matching the experimental data [12]. This
small difference may have been due to additional pressure loss
in the outflow graft (animal data), as well as the flow mea-
surement error, which was not considered in the simulation.
The pump flow rate at the constant speed (3000 rpm) varied
from 4 to 6 L/min and at pulse-modulated speed operation
varied from 3 to 7.5 L/min. As predicted, the modulated pump
speed condition produced a greater pulsatility than the con-
stant speed condition. Collectively, these results demonstrated
that the CFD model should be valid for the comparison of the
flow dynamics, shear stress, and HI during simulated constant
and low-frequency, asynchronous modulated pump speeds.

3.2 Shear stress distribution

The wall shear stress (WSS) distribution on the impeller sur-
face of the HVAD pump at six discrete time points for one
cardiac cycle during constant speed is shown in Fig. 4. The
highest WSS occurred in the narrow hydrodynamic bearing
gap between the top wedged surfaces of the impeller and the
upper housing. Even with the slight variation in the inlet pres-
sure (left ventricular pressure), the variation of the WSS dis-
tribution over the cardiac cycle was negligible. The WSS dis-
tribution on the impeller surface at six discrete time points

over two speed pulses under low-frequency asynchronous
modulated pump speed operation is shown in Fig. 5. The
corresponding times at which the WSS are shown are marked
as black dots in the speed, pressure, and flow waveform trace
in Figs. 2a, b and 3a. At time t = 0.15 s (the middle of the
accelerating stage of the rotor), the highest WSSwas observed
at the hydrodynamic bearing gap between the wedged sur-
faces of the rotor and the upper housing, and was located in
the same region as observed under constant speed operation
(Fig. 5). However, the magnitude of the WSS during pulse-
modulated speed operation was higher than under constant
speed operation. As the rotor speed ramped up to 4000 rpm,
the magnitude of the highest WSS increased accordingly and
reached a maximum at time t = 1.2 s, which corresponds to the
time when the pump generated maximum flow. The level of
the WSS at the impeller outer edge also approached the
highest level. As the impeller speed decreased to 2400 rpm
and the pump-generated flow decelerated (t = 1.65 s), the
WSS decreased. At time t = 2.78 s (impeller speed stable at
2400 rpm), the lowest WSS was observed on the impeller
surface. Similar WSS findings were observed during the sec-
ond pulse (Fig. 5).

Volume histograms for SSS of the HVAD pump at six
instants under the constant speed and pulse-modulated speed
operations are depicted in Figs. 6 and 7, respectively.

Fig. 3 a Computationally
predicted flow waveform under
pulse-modulated speed operation
and b computationally predicted
flow waveform under constant
speed operation. The black dots in
a are six discrete time points over
two speed pulses. The black dots
in b are six discrete time points
over one cardiac cycle
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Irrespective of time instant for constant speed operating mode,
the maximum scalar stress generated inside the pump reached
approximately 1000 Pa at some locations. However, a large
volume of the pump was only exposed to lower levels of SSS,
and only a very small volume was exposed to SSS above
1000 Pa. These hot spots often existed in the transition region
of sharp edges and narrow gaps. During the pulse-modulated
speed operation, a higher fraction of the volume was exposed
to SS beyond 1000 Pa under the peak rotation speed (t = 1.2 s

and 4.2 s in Fig. 7). During the lowest speed rotation, the SSS
inside the pumps was below 1000 Pa (t = 2.78 s and 5.78 s),
and during the mid of acceleration and deceleration stage, it
was comparable to the trend of constant speed rotation (t =
0.15 s and 1.65 s).

The fluid volumes exposed to SSS were grouped into three
categories according to the SSS levels: (1) below 10 Pa, which is
within the physiological range, (2) above 10 Pa and below
100 Pa, which is considered to be non-physiological, and (3)

Fig. 4 Simulated wall shear stress distribution on the impeller surface under constant speed operation (3000 rpm) at six discrete time instants over one
cardiac cycle

Fig. 5 Simulated wall shear stress distribution on the impeller surface at six discrete time instants over two speed pulses under pulse-modulated speed
operation
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beyond 100 Pa, which is extremely non-physiological. The ex-
posure to non-physiological shear stress may cause platelet acti-
vation and hemolysis while the exposure to extremely non-
physiological shear stress could induce structural and functional
impairment of blood cells, including platelet activation, receptor
shedding, and cellular rupture [23, 24]. A summary of the SSS
distribution for the three exposure zones is shown in Fig. 8a, b.

Under the constant speed operation, about 75–77% of the vol-
ume inside the pump was exposed to SSS below 10 Pa while
almost 22–24% of volume was exposed to SSS from 10 to
100 Pa. Only a small fraction of the volume around 0.6 to
0.7% was exposed to SSS above 100 Pa (Fig. 8a).

Under the pulse-modulated speed operation, the percentage
of the volumes exposed to the three levels of SSS varied at

Fig. 6 Histogram of volumetric SSS distribution inside the pump at six discrete time instants under constant speed rotation operation (3000 rpm)

Fig. 7 Histogram of volumetric SSS distribution inside the pump at six discrete time instants over two speed pulses under pulse-modulated rotation
operation
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different instants due to variation in pump speed (2400–
4000 rpm) (Fig. 8b). At the middle of acceleration and decel-
eration (t = 0.15 s and 1.65 s), about 75% of the volume was
exposed to SSS below 10 Pa, 23% of the volume to SSS from
10 to 100 Pa, and about 0.75% of the volume to SSS above
100 Pa. While the pump speed was at 4000 rpm, the volume
exposed to higher SSS levels increased. About 68% of the
volume was exposed to SSS below 10 Pa and 30% of the
volume to SSS from 10 to 100 Pa while about 1% of the
volume was exposed to SSS above 100 Pa. During the low-
speed rotation at 2400 rpm, around 80% of pump volume are
exposed to SSS below 10 Pa, 17–22% of the volume to SSS
from 10 to 100 Pa, and a smaller percentage (< 0.5%) of the
volume to SSS above 100 Pa.

3.3 Hemolysis analysis

The HI was calculated from the solution of the scalar transport
Eq. 2 in an Eularian frame from the flow field variables [15, 19].
In order to quantitatively characterize the device-induced blood
trauma under the constant and pulse-modulated speed operations,
HI defined in Eq. 4 was used to denote the ratio of plasma-free
hemoglobin to the total blood hemoglobin concentration at any

instant of time. The predicted HI results are presented in Fig. 9a,
b. As indicated by Fig. 9a, the high HI exists in the gaps between
the impeller top surface and the upper housing, and the impeller
bottom surface and the lower housing wall, and the impeller
inner wall and the central strut. The HI varied with modulated
pump speed and cardiac cycle (Fig. 9a, b). The hemolysis was
highest at pump speeds of 4000 rpm and lowest at pump speeds
of 2400 rpm (Fig. 9a, b). The HI for the constant speed condition
also varied periodically with the cardiac cycle with maximum at
the lowest flow rate and the minimum at the highest flow rate.
The variation range of the HI under the pulse-modulated speed
operation was much larger than that under the constant speed
condition. Ultimately, the differences in the time-averaged value
of the HI for the constant (2.97 × 10−6) and modulated (2.91 ×
10−6) pump speeds are assumed to be negligible, suggesting no
additional risk for hemolytic dysfunction with low-frequency
asynchronous pump speed modulation.

4 Discussion

CF-VADs have gained widespread clinical acceptance and use
as a viable HF therapy having successfully demonstrating

Fig. 8 Percentages of volumes
with physiological SSS, non-
physiological SSS, and extreme
non-physiological SSS at six
discrete time instants, a under
constant speed (3000 rpm)
operation and b under pulse-
modulated rotation operation
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better outcomes than PF-VADs. However, the risk of clinical-
ly significant adverse events has not been completely eradi-
cated [25]. The diminished vascular pulsatility, continuous
volume unloading, and/or non-physiologic shear stresses pro-
duced by CF-LVADs have been hypothesized as potential
contributing factors. For example, endothelium and smooth
muscle cells sense the arterial pulse and adapt to cyclic chang-
es of pressure and flow to maintain the normal homeostasis.
Under the constant speed operation, CF-VADs not only di-
minish the vascular pulsatility, but may also cause permanent
closure of the AV [26]. Ambardekar et al. [27] reported that
there were changes in the structure and composition of the
aorta as well as an increase in aortic wall stiffness in CF-
VAD patients without AV opening compared with age-
matched HF patients and non-failing donors.

The potential clinical benefits of vascular pulsatility and
conversely the potential consequences of non-physiologic
(diminished) pulsatility have been debated for decades.
Nonetheless, clinically approved devices have implemented
algorithms to alter CF-VAD pump speed to enable opening
of the AV and/or washing device bearings to help prevent
thrombus [28]. Pulsatility index (PI) is often used in the liter-
ature to characterize the physiological pulse and is often de-
fined as the ratio of the difference between maximum (peak)

and minimum (valley) flow rates to the average flow rate. In
this CFD study, analysis of the two operation modes of the
HVAD pump, the PI for the constant speed operation was 0.43
while the PI for the pulse-modulated speed operation was
0.82. The pulse-modulated speed operation almost doubled
the PI. Based on the analyses of the SS distribution and HI,
low-freqeuncy asynchronous pump speed modulation dou-
bled the PI while predicting no discernible difference in
hemocompatibility compared to constant pump speed.

Analysis of CFD data demonstrated theWSS and SSS vary as
a function of cardiac cycle and pump speed. As indicated by the
results, it can be found that the shear stress level near the rotor is
closely related to pump speed.When the pump speed is fixed, the
flow rate changes because of the variation of inlet and outlet
presure, and the WSS and SSS around rotor still nearly keep
the same. However, when pump speed increases, the WSS and
SSS elevate, and vice versa. It has also been shown that shear
stress is the primary culprit of blood trauma. In this computation-
al study, HI fluctuated during the constant speed operation due to
the ventricular contraction, but the magnitude of the fluctuation
was relatively small. As theWSS and SSS changedwith the rotor
speed under the pulse-modulated speed operation, hemolysis
was higher during the high-speed rotation and lower during the
low-speed rotation, but the time-averaged values of the HI for

Fig. 9 Computationally predicted
time-varying HI generated by the
HVAD pump under the two
operation modes: constant speed
and pulse-modulated speed. a The
contour maps of the hemolysis
index (HI) distribution on the
middle cut plane of the HVAD
pump at 0.2 s and 0.4 s under
constant speed condition and 1.2 s
(speed of 4000 rpm) and 2.78 s
(speed of 2400 rpm) under pulse-
modulated speed condition. b The
time-varying HI values; dash line
is for constant speed operation
and solid line is for pulse-
modulated speed operation
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both the constant and pulse-modulated speed operations were
comparable. These results support the basis for continued inves-
tigation of CF-VAD pump speed modulation to create vascular
pulsatility and phasic volume unloading as a potential control
strategy to help to mitigate potential complications without fur-
ther risk of additional blood trauma. The findings of the present
study can be used as a reference for the pulse-modulated speed
operation of HAVD in clinical trials in coming days.

Some limitations should to be mentioned. (1) The blood was
assumed to be Newtonian fluid. The non-Newtonian character-
istics were not incorporated in the simulation. (2) The gap of the
HVAD was set to be constant for simulation. While during the
speed changing of rotor, there might be quite small change of
gap size because of the weight balance of the magnetic and
hydrodynamic forces whose effect on our simulation can be
practically neglected. (3) The pressure waveforms generated
from the in vivo calf experiments may differ from clinical
waveforms due to differences in vascular impedance between
the calf and human heart failure. (4) The present work is only a
comparative study using the linearized power law model to
calculate HI under pulsatile flow condition. The applicability
of this model for pulsatile flow condition needs to be experi-
mentally validated. In additon, it is premature to make a con-
clusion based solely on a CFD study and experiments will be
needed to verify the blood damage under the constant and
pulse-modulated speed operations.

5 Conclusion

Low-frequency, asynchronous pump speed modulation with
CF-VAD (HVAD) increased vascular pulsatility (doubled PI)
compared to constant pump speed. Although pump speed
modulation generated larger variations in the stress field and
HI, the time-averaged values were indiscernible compared to
fixed rate (3000 rpm). These findings suggest that the pulse-
modulated speed operation of a CF-VAD may be a feasible
technique to restore the vascular pulsatility without further
increasing the risk of blood trauma.
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