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Abstract

Background: Patients on continuous flow ventricular assist devices (CF-VADs)
are at high risk for the development of Acquired von-Willebrand Syndrome
(AVWS) and non-surgical bleeding. von Willebrand Factor (vWF) plays an es-
sential role in maintaining hemostasis via platelet binding to the damaged en-
dothelium to facilitate coagulation. In CF-VAD patients, degradation of vWF into
low MW multimers that are inefficient in facilitating coagulation occurs and has
been primarily attributed to the supraphysiological shear stress associated with
the CF-VAD impeller.

Methods: In this review, we evaluate information from the literature regarding
the unraveling behavior of surface-immobilized vWF under pulsatile and con-
tinuous flow pertaining to: (A) the process of arterial endothelial vVWF produc-
tion and release into circulation, (B) the critical shear stress required to unravel
surface bound versus soluble vVWF which leads to degradation, and (C) the role of
pulsatility in on the production and degradation of vWF.

Results and Conclusion: Taken together, these data suggests that the loss of

pulsatility and its impact on arterial endothelial cells plays an important role in

Abbreviations: ADAMTS13, A Disintegrin-like and Metalloprotease ThromboSpondin-13; ASYN, asynchronous flow modulation; AVWS, acquired
von Willebrand syndrome; CF-VADs, continuous flow ventricular assist devices; ER, endoplasmic reticulum; GI, gastrointestinal; HF, heart failure;
LVADs, left ventricular assist devices; MW, molecular weight; PF-VADs, pulsatile-flow ventricular assist devices; SYN, synchronous flow
modulation; WPBs, weibel-palade bodies; vWF, von Willebrand Factor.
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1 | INTRODUCTION

Left Ventricular assist devices (LVADs) are standard ther-
apy for patients with advanced heart failure (HF) refrac-
tory to medical therapy.1 Categorized based on the type
of flow, both pulsatile flow VADs (PF-VADs) and con-
tinuous flow VADs (CF-VADs) provide hemodynamic
support and improve the quality of life and functional
capacity of patients.> Clinically, CF-VAD implanta-
tions are preferred over PF-VADs owing to advantages
in size, reliability, energy efficiency, and ease of implant.
However, CF-VADs provide non-physiological stimuli
that are associated with pump thrombosis (due to plate-
let activation as a result of supraphysiological shear®)
and non-surgical bleeding, particularly in the gastroin-
testinal (GI) tract.” While still major challenges, hemo-
lysis and pump thrombosis have been mitigated through
pump designs that reduce the shear and residence times,
proper positioning of the outflow cannula, and antico-
agulant therapies.’ Non-surgical bleeding remains a
frequent complication in patients supported with CF-
VADs.® Despite the fact that bleeding is a multifactorial
event, evidence links GI bleeding and the development
of acquired von Willebrand syndrome (AVWS), however,
it is important to note that not all patients that develop
AVWS experience non-surgical bleeding.”'® In AVWS,
the large globular plasma glycoprotein vWF, which plays
a critical role in facilitating coagulation through platelet
adhesion, undergoes cleavage into low molecular weight
(MW) multimers, which bind poorly to platelets and
sub-endothelial collagen.'' Quantitative evaluation of
vWF multimers shows that CF-VAD patients often dis-
play a significant reduction in plasma vWF levels, and
increased vWF degradation.'” While decreased circulat-
ing high MW vWF multimers does not always lead to GI
bleeding, patients experiencing GI bleeds have signifi-
cantly lower levels of vWE.? The requisite anticoagula-
tion therapy CF-VAD patients undergo complicates this
pathophysiology. However, a clinical trial reported high
levels of bleeding in CF-VAD patients not receiving sys-
temic anticoagulation."”® Despite the complex nature of
this process, VWF degradation appears to play an import-
ant role in the development of non-surgical bleeding.
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the production, release, unraveling, and proteolytic degradation of vWF into low
MW multimers, contributing to the development of AVWS. Restoration of pulsa-
tility can potentially mitigate this issue by preventing AVWS and minimizing the

risk of non-surgical bleeding.

acquired von Willebrand syndrome, continuous flow, loss of pulsatility, von Willebrand Factor

vWF degradation into low MW multimers requires
shear-mediated unraveling, resulting in the exposure of
the scissile bond located within the A2 domain for proteo-
lytic cleavage via metalloprotease A Disintegrin-like and
Metalloprotease ThromboSpondin-13 (ADAMTS13).!+16
Studies using mock flow loops and vortex mixers confirm
that exposure of vVWF to supraphysiological shear rates in
the presence of ADAMTS13 (>10 000 s 1) results in unrav-
eling, proteolytic degradation, and breakdown of vWF into
low MW multimers.!” While considering shear stress, it is
also important to consider the type of flow regime. High
shear stress associated with the turbulence in the CF-VAD
promotes VWF unraveling and degradation18 whereas;
high supraphysiological shear stress associated with CF-
VADs using microfluidic devices where the flow is laminar
did not result in excessive cleavage or decreased function
of von Willebrand factor in the presence of ADAMTS13."
While AVWS development has primarily been considered
in the context of these supraphysiological shear rates ob-
served within the CF-VADs,” there are reasons to believe
that the exposure to supraphysiological shear may not
be the sole contributor. The short (30-200 milliseconds)
residence time for vVWF within the high shear stress areas
of the CF-VAD, even when the flow is turbulent, may be
insufficient for the unraveling of vWF required for deg-
radation. Further, high supraphysiological shear within
CF-VAD:s is limited to localized regions (<25% of CF-VAD
volume)’! and newer designs have reduced impeller shear
rates and pump residence time.?* Notably, such improve-
ments to the Heartmate III device (Abbott Laboratories,
Chicago, IL) resulted in an increased proportion of pa-
tients with intact high MW vWF multimers (from 9% to
25%). However, nearly 75% of Heartmate 111 patients still
developed AVWS.*

Pulsatility is an intrinsic aspect of arterial circulation.
Arterial endothelial cells transduce pulsatile pressure,
shear, and stretch to maintain normal endothelial func-
tion, and changes in pulsatility affect arterial endothelial
cell function.?* Further, arterial endothelial cells produce
and secrete VWF and represent the primary location of ex-
posure of vVWF to shear associated with blood flow.”> Early
LVAD design improvements focused on minimizing hemo-
lysis and thrombosis, to improve patient safety and survival
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with CF-VADs despite the loss of pulsatility. Frequent inci-
dences of non-surgical bleeding with CF-VAD usage have
renewed efforts to understand the consequences of loss of
physiologic pulsatility and identification of mechanisms
that possibly contribute to AVWS. Based on what we know
from the process of arterial endothelial vVWF production
and release into circulation, theoretical and experimental
studies establishing minimum shear thresholds for unrav-
eling surface bound versus soluble vWF, the relationship
between the level of pulsatility and vWF degradation,26
and our recent study evaluating the unraveling behavior of
surface-immobilized vWF under pulsatile and continuous
flow?’; we postulate that the loss of pulsatility experienced by
the arterial endothelium is highly significant in the context
of VWF production, release, unraveling, and proteolytic deg-
radation into low MW multimers. A detailed discussion of
each of these factors follows.

2 | PRODUCTION AND RELEASE

OF ENDOTHELIAL vWF INTO
CIRCULATION

vWF is a plasma glycoprotein, synthesized by endothelial
cells, stored in Weibel-Palade bodies (WPBs) or by activated

platelets, and released into circulation.”® Endothelial cells
ensure basal levels of vWF via constitutive, stimulation-
independent secretion of vVWF from WPBs (Figure 1, 1-6)

Bound . "
Circulating
VW 7 VWF
ADAMTSlB‘si .

ADAMTS13 cleavage site ,"ﬂ‘”

Nucleus

FIGURE 1
production and secretion. Transcription (1) and translation (2) of

Schematic representation of high MW vWF

vWF monomers occur in the nucleus. Dimerization (3) occurs in
the endoplasmic reticulum (ER), followed by multimerization in
the Golgi. vVWF multimers are packaged into Weibel Palade bodies
(4), from which vWF is secreted at the cell membrane (5). High
MW VWEF is cleaved from endothelial cells by ADAMTS-13 (6)
leading to circulation (7).

and an increase in circulating vWF occurs in response to
stimuli like a vascular injury.?’ Newly released vWF from
WPBs is in the form of ultra-large multimers, which re-
main anchored to the endothelial surface and unravels
under shear stress until being proteolytically released by
ADAMTS13 (Figure 1 6-7)."*'® While ADAMTS13 can
bind to globular vWF, it cannot cleave it, as the scissile
bond located on the A2 domain and other potential cleav-
age sites are hidden in its folded, globular form. Therefore
fluid shear stress from blood flow is an important media-
tor of arterial homeostasis and maintenance of basal vVWF
levels. Change from normal pulsatile flow to continuous
flow or “static” no-flow conditions results in a sharp de-
crease in VWF release from endothelial cells.***° While it
is not entirely clear if pulsatile flow increases transcrip-
tionally regulated production of vWF, the pulsatile stretch
may enhance the release of vWF stored in WPBs.?!

In normal physiology, binding and proteolytic cleavage
of vWF by ADAMTSI13 occurs at three distinct locations:
(1) Surface of the arterial endothelium: the endo-
thelial cells that make up the arterial vessel walls are an
important source of vVWF. vWF secreted from WPBs that
are produced within the arterial endothelial cells remains
anchored to the arterial endothelium and requires pro-
teolytic cleavage for release as ultra-large vVWF molecules
into circulation, (2) In the bloodstream: Globular vVWF
molecules in free circulation or transiting through the CF-
VAD may unravel under elevated shear, exposing binding
sites and the scissile bond resulting in cleavage, and (3)
Sites of vascular injury: following rupture of any vessel
within the body, large vVWF multimers present in the blood-
stream bind to activated platelets and sub-endothelial col-
lagen beneath the damaged endothelial layer and unravel
in response to shear from blood flow. Unraveling exposes
both the A2 domain and additional binding exosites and
cleavage locations, resulting in the degradation of vWF
into smaller fibrils with significantly reduced adhesive po-
tential to prevent whole vessel occlusion.

3 | SHEAR STRESS: SURFACE-

BOUND VERSUS GLOBULAR vWF
IN BULK FLOW

Vessel shear stress varies as a function of the radial distance
from the center of the vessel, with surface-immobilized
molecules experiencing significantly greater shear than
molecules suspended in the fluid. Simulation and experi-
mental studies confirm that vWF can unfold in response
to shear both in solution and when immobilized on sub-
strates. However, the shear threshold for the unraveling of
surface-bound versus soluble vVWF may differ significantly
(Figure 2). Molecular simulations suggest that the critical
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shear rate threshold for unraveling of vWF in solution (un-
bound) can be ~50-fold greater than for vVWF immobilized
to a surface.*” Experimental studies using fluorescence mi-
croscopy,33 small-angle neutron scattering (SANS),** and
fluorescence spectroscopy”> confirm that the critical shear
rate for vWF unraveling was >5000 s~! in solution.

The critical shear rates for the unraveling of surface-
bound vWF have been experimentally measured in the
range of 1000 to 3500s ' based on the method of immo-
bilization.***” Dong et al. showed that newly released
vWF from endothelial cells undergo elongation and string
formation at significantly lower shear rates (<500s ')
than vWF molecules immobilized with different chemis-
tries.'> This study also found that under flow conditions,
endothelial-bound vWF was cleaved and released within
seconds to minutes in the presence of normal plasma
(~100% ADAMTS-13 activity) in contrast to plasma from
patients with thrombotic thrombocytopenic purpura
(TTP) (~0% to 10% ADAMTS-13 activity) that resulted in
endothelial bound strings of vVWF. These results demon-
strate that vWF unraveling occurs at significantly lower
shear rates for endothelial-bound vWF compared to
surface-bound vWF and vWF in the bulk flow.

4 | UNRAVELING BEHAVIOR
OF SURFACE IMMOBILIZED
vWF UNDER CONTINUOUS AND
PULSATILE FLOW

Normal pulsatile flow as seen in arterial vessels is asso-
ciated with higher peak shear stress but also provides a

Low Physiological Supraphysiological
Shear Shear Shear
f——— l— >
—» Bound > I §
> VWF @ - @ —

= E—

FIGURE 2 Shear-mediated unraveling behavior of
surface-bound and free vWF under low, physiological, and
supraphysiological flow.

Normal Pulsatile Flow
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period of zero/low shear. Continuous flow is associated
with constant shear stress albeit at a lower magnitude
than the peak seen with pulsatile flow. In vitro, the un-
raveling of vVWF has been almost exclusively studied under
conditions of continuous flow. Our group was the first to
evaluate the unraveling behavior of vVWF molecules im-
mobilized using avidin-biotin chemistry under conditions
of pulsatile flow. Our results demonstrated that the un-
raveling lengths of vWF are significantly reduced under
conditions of pulsatile flow than with continuous flow.
Increasing the magnitude of pulsatility up to physiological
levels reduces the unraveling lengths of vVWF molecules,
and the frequency of pulsatility (20—60 cycles/min) does
not have a major effect on the maximum or minimum un-
raveling lengths.27 These direct vWF molecular observa-
tions suggest that vVWF conformation changes related to
recoiling are on the order of approximately 1 s. Despite
the higher peak shear stress, the pulsatile flow does not
result in a significant unraveling of surface-bound vWF,
which minimizes exposure of the scissile bond within
the A2 domain for proteolytic cleavage by ADAMTSI13.
Conversely, with continuous flow, the constant exposure
to shear stress causes extensive and sustained unraveling
of vWF leading to greater unraveling lengths, potentially
increasing exposure of the scissile bond within the A2 do-
main for ADAMTS13 mediated proteolytic degradation of
vWF into low MW multimers (Figure 3).

5 | SIGNIFICANCE OF THE

ARTERIAL ENDOTHELIUM IN vWF
PRODUCTION AND DEGRADATION

In summary, data from published studies by others and
our recent work strongly indicate that the arterial en-
dothelium is a critical location where VWF degradation
occurs and is a major contributor to the development of
AVWS. Specific evidence includes the following 6 obser-
vations: (1) Newly released ultra large endothelial vVWF is
bound to the endothelium prior to release in circulation
and requires ADAMTSI3 for cleavage from the endothe-
lial surface and release into circulation; this event pre-
cedes interaction of vVWF in circulation with the CF-VAD

Continuous Flow
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FIGURE 3
of surface-bound vWF under pulsatile and

Unraveling and recoiling

Flow
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the continued unraveling of vWF under
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impeller.m"16 (2) The critical shear rate for unraveling of

newly released endothelial-bound vWF is <500s ', which
is significantly lower than shear rates at which globular
soluble VWF unravels."> (3) Continuous flow results in
greater unraveling of surface-bound vWF compared to pul-
satile flow. An increase in the magnitude of pulsatile flow
to normal pulsatility results in decreased vWF unraveling
lengths which suggests that vVWF at the endothelial sur-
face undergoes extensive and sustained unraveling under
minimally pulsatile flow, exposing additional ADAMTSI13
binding sites.”’” (4) Recent studies with mock flow loops
and swine models show a dose-response relationship
between the degree of pulsatility and vWF; both high
MW multimers and vWF collagen-binding activity were
boosted with increased levels of pulsatility (but with simi-
lar average shear stress), with a strong direct correlation
between pulse pressure and high MW multimers.”® (5) In
vitro studies suggest that endothelial production and/or
release of vVWF is suppressed under continuous flow, and
basal levels of vWF are restored following return to nor-
mal pulsatile flow.”® (6) Published studies and our patient
data show that circulating vWF levels decrease by >40% in
patients 1-3 months following CF-VAD placement.

These observations strongly suggest that the loss or
marked decrease in pulsatility associated with CF-VAD
support directly affects both the degradation of newly re-
leased ultra-large vVWF from endothelial cells and the pro-
duction/release of endothelial vWF. Specifically, newly
released ultra-large vWF attached to the surface of the
arterial endothelial cells undergoes only partial unravel-
ing and refolding with the normal pulsatile flow and is
released following cleavage by ADAMTS13 as high MW
multimers into circulation. The partial unraveling behav-
ior potentially protects the scissile bond within the vVWF A2
domain, preserving vWF in its high MW form. However,

Normal Pulsatile Flow
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under continuous flow associated with CF-VAD support,
endothelial-bound vWF undergoes extensive unraveling,
exposing the scissile bond within the vVWF A2 domain
and potentially additional cleavage sites for ADAMTS13
to facilitate proteolytic degradation into low MW vWF
multimers released into circulation and are inefficient in
preventing bleeding (Figure 4). Additionally, the change
from pulsatile to continuous flow either directly or indi-
rectly has an inhibitory effect on the endothelial release of
vWF, which can be restored to basal levels following the
reintroduction of pulsatility. Based on published results
that suggest that a pulse pressure<35mm Hg is a major
risk factor for the development of non-surgical bleeding,*®
we suspect that restoration pulse pressure>35mmHg is
essential.

6 IMPLICATIONS FOR CURRENT

CF-VADs AND THE DESIGN OF THE
NEXT GENERATION OF CF-VADs

CF-VADs continuously unload the native ventricle and
significantly diminish arterial pressure pulsatility. Flow

modulation is a potential option to reintroduce pulsatility

and has been proposed both in literature®* ** and intro-

duced into clinical practice to augment pulsatility (Lavare
cycle in HeartWare HVAD),** facilitate the opening of
the aortic valve (intermittent low speed in Jarvik 2000)*
or to improve washing (intrinsic pulsatility mechanism
with Heartmate 3, (i.e.) 1 pulse every 2s when operat-

ing above 4000 rpm).46 While Heartmate 3, currently
the only FDA-approved CF-VAD, is capable of intermit-
tent speed modulation to provide artificial pulsatility*”*
the intermittent speed reduction is not representative of

physiological pulsatility and clinical studies show limited

FIGURE 4 Proposed mechanism

of AVWS development: Endothelial

VWEF requires cleavage by ADAMTS13

for vWF release into the circulation.
Under pulsatile flow, the unraveling is
limited, resulting in the release of high
MW vWF whereas under continuous
flow, sustained, unraveling results in
exposure of the scissile bond in the A2
domain resulting in ADAMTS13 mediated

(@) Endothelial Weibel Palade
Cell Bodies

‘ADAMT513 v Q]IE‘J:MTSIB cleavage

proteolytic degradation into low MW
multimers.
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benefit in preventing non-surgical bleeding.23 In addition
to Heartmate 3, there are two other pumps, the CorWave
LVAD, which relies on a proprietary ‘wave membrane’
technology, and the EVAHEART®2 CF-VAD, which uses a
hydraulically levitated “open vane” impeller. Restoration
of near-physiological levels of pulsatility is possible with
the Heartmate 3 and the EVAHEART®2 via rapid changes
in pump speed“g"5 "and the CorWave Membrane LVAD
with changes in the frequency of actuation of the mem-
brane.’® Unlike the native ventricle which can generate
peak flows of 30—40L/min, these devices are limited to
peak flow rates of ~10 L/min which limits the level of pul-
satility that can be restored. Therefore, pulsatility can be re-
stored in two ways: (1) Synchronous Flow Modulation
(SYN): where changes in pump speed are accomplished
in synchrony with native myocardial contractions.” >
The only variable that can be modulated is the pulse pres-
sure. These devices (Heartmate 3) are limited to peak flow
rates of ~10 L/min, which limits the pulse pressure that
can be generated with synchronous flow modulation to

<20 mmHg.56 Pulsatile devices in development like the
VentriFlo and NuPulseCV iVAS generally produce higher
levels of arterial pulsatility than CF-VADs at native heart
rates (>60bpm) and are capable of faster displacement,
which can be used to enhance arterial pressure pulsatility
and reduce vWF degradation. (2) Asynchronous Flow

Modulation (ASYN): where changes in pump speed are

accomplished independent of the native heart rate.’”®

Both pulse pressure and frequency can be modulated to
achieve desired levels of pulsatility. Asynchronous modu-
lation at lower VAD flow modulation rates (<25 bpm) can
generate near physiological pulse pressures (~40 mm Hg)

even with peak flow rates of 10 L/min.’ 6 While all three
CF-VADs can restore some level of pulsatility, given their
peak flow rate limitations, it is unclear as to the levels of
pulse pressure and pulse frequency that need to be re-
stored to prevent vWF dysregulation.

Current flow modulation approaches like the Lavare
cycle augment pulsatility but is sporadic with prolonged
periods of diminished pulsatility that can potentially cause
vWF degradation and affect the physiologic release of vVWF
from endothelial cells. Restoration of normal levels of pulse
pressures (>35mm Hg) on a consistent basis can only be ac-
complished at lower pulse frequencies (<25bpm). A recent
publication (Previous AO publication) demonstrated that
pulsatility delivered at lower pulse frequencies (20bpm)
did not adversely affect vWF unraveling (similar vWF
lengths) compared to normal frequencies. Flow modula-
tion with CF-VADs can cause increases in peak shear rates
but previous studies have not demonstrated differences
in time-averaged hemolysis or cf LVAD-induced vWF
degradation**® compared to constant pump speed opera-
tion. Thus, flow modulation approaches that consistently

—WILEYJﬂ

provide physiologic levels of pulsatility may not only min-
imize VWF destruction but also maintain physiologic re-
lease. Additionally, Lavare cycle and flow modulation with

HeartMate 3 have been demonstrated to increase ventricu-
43,60
t,

l‘gans

lar intracavity washing and washout of the aortic roo
potentially reducing thrombisis risk. Flow modulation to
produce physiologic levels of pulsatility can not only fur-
ther augment intraventricular and aortic washout, but has
the potential to improve intrapump washing. However,
blood pumps need to be designed to avoid areas of blood
stasis, especially during low flow rates during flow modula-
tion. Studies evaluating the effects of various combinations
of pulse pressure and pulse frequency on vWF production
and degradation can potentially provide important insights
into minimal levels of pulsatility required and optimal pul-
satility profiles that can minimize surface-bound vWF deg-
radation and restore basal vVWF production.

7 | CONCLUSIONS

In summary, current literature on endothelial vWF produc-
tion and release suggests a critical role for the arterial en-
dothelium, especially following the loss of pulsatility, in the
development of AVWS. Further studies are necessary to elu-
cidate the exact mechanisms through which the complete
or partial loss of pulsatility affects various events associated
with the production and degradation of vVWF. Knowledge
gained from these studies will provide insights that can
help identify critical levels of pulsatility (pulse pressure,
pulse frequency) necessary to maintain normal levels of
vWF production and minimize degradation of endothelial-
bound vWF. These findings can potentially inform viable
strategies to reintroduce pulsatility using current CF-VADs
and guide the development of the next-generation VADs to
prevent AVWS, which is a major contributing factor to the
development of non-surgical bleeding.
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