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Abstract Patients with ventricular assist devices (VADs) and extracorporeal membrane oxygen-
ation (ECMO) suffer from an increased risk for thromboembolic events as well as for
hemorrhages. High shear stress in the mechanical device results in acquired von
Willebrand syndrome (AVWS), characterized by a loss of high-molecular-weight multi-
mers of von Willebrand factor (VWF) leading to an increased bleeding risk. Onset of
AVWS occurs within hours, persists during the whole period of mechanical support,
and subsides rapidly after explantation. Patients with the older HeartMate Il exhibit
more severe AVWS than those with the newer HeartMate Ill, thanks to lower shear
stress in the latter. All ECMO and VAD patients exhibit thrombocytopathia and often
thrombocytopenia which further increases the bleeding risk. Etiological models for
AVWS are increased cleavage by the metalloproteinase ADAMSTS13, mechanical
destruction of VWF, and shear-induced VWF binding to platelets. Platelet secretion
defects may be caused by transient platelet activation leading to degranulation. AVWS
can be diagnosed by detection of VWF multimers using gel-electrophoresis and
functional assays of varying sensitivity (VWEF ristocetin cofactor activity, VWF activity,

Keywords VWEF collagen binding). Platelet dysfunction is monitored using light transmission
= ventricular assist aggregometry and secretion defects are detectable using flow cytometry. Modest use
devices of anticoagulants and a target-controlled therapy based on VWF parameters and other
= ECMO coagulation and platelet parameters are shown to be beneficial in this patient group.
= acquired von Persistent hemorrhages may be controlled with tranexamic acid and platelet concen-
Willebrand syndrome  trates. Prompt weaning from the device, when indicated, is the best therapeutic option
= platelet secretion to prevent recurrent bleeding.
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Introduction

Recent advances in the field of mechanical circulatory sup-
port (MCS) have led to increased survival and improved
quality of life of patients suffering from advanced respiratory
or heart failure." Mortality of patients with extracorporeal
membrane oxygenation (ECMO) therapy is gradually
decreasing.2 Ventricular assist devices (VADs) are used as a
bridge to heart transplant or for recovery. VAD support also
gains importance as destination therapy, because newer
devices feature smaller sizes and less complications, and
donor organs for transplantation are scarce. In 2018, a total of
703 patients were on the active waiting list for heart trans-
plants in Germany, but only 296 hearts were transplanted
(Yearly Statistics Overview Eurotransplant, 2018).

The HeartMate II (HM II) has been a prominent left-VAD
(LVAD) with an axial continuousflow that had been implanted
into 15,000 patients worldwide until 2015.3 Clinical findings
and long-term experience with the HM II have influenced the
development of the HeartMate III (HM III), a novel LVAD
featuring several modifications and potential improvements.*
HM III contains a centrifugal-flow pump with wide blood-flow
paths to improve hemodynamics. Additionally, an artificial
pulse mode has been implemented. Clinical evaluations have
attested the HM III lower shear stress, greater hemocompat-
ibility, and better overall outcome.’

Epidemiology

Hemostaseological alterations secondary to MCS, particularly
VAD and ECMO, are issues of continued research interest.
Patients with MCS are suffering from an increased risk for
thromboembolic events; however, hemorrhage is the
main complication resulting from VAD implantation or ECMO
therapy.e'7 ECMO patients exhibit bleeding from catheter inser-
tion sites, mucous membranes, and pulmonary bleeding.
Incidence of intracranial bleeding varies from 3.6 to 21% and
is associated with substantially increased mortality.®° VAD
patients show elevated bleeding risk at surgical sites, occasional
pulmonary and intracerebral bleeding, and an increased rate of
gastrointestinal (GI) bleeds during long-term VAD support.'®"!
Continuous flow and reduced pulse pressure can result in
arteriovenous malformations contributing to the GI bleeds.'%'3

Anticoagulation is required to prevent substantial contact
activation on mechanical surfaces, but incidence of nonsurgical
hemorrhages exceeded those of heart transplant patients
patients receiving heparin postopemtively.14 International nor-
malized ratio, activated partial thromboplastin time, and rota-
tional thrombelastography cannot reliably predict clinical
bleeding events in ECMO or VAD patients.'>'®

In addition to contact of patients’ blood with nonphysio-
logical surfaces, MCS also induces pathological blood flow
resulting in elevated shear stress.'” These changes in hemo-
dynamics lead to acquired von Willebrand syndrome (AVWS)
present in VAD and ECMO, which may exacerbated bleeding
symptoms.'82% AVWS is characterized by the loss of high-
molecular-weight (HMW) multimers of von Willebrand fac-
tor (VWF) leading to impaired hemostatic activity.21
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Patients with ECMO invariably develop severe AVWS
within 1 to 6 hours after implantation. AVWS persists as
long as patients remain on ECMO. After ECMO explantation,
recovery from AVWS occurs rapidly within 3 to 24 hours.??

VAD patients develop AVWS as well, with rapid onset
within a few hours and quick recovery after VAD explan-
tation.'® A longitudinal study with a large cohort (N =198)
revealed that severity and progression of AVWS heavily
depend on the VAD type. AVWS in patients with HM III
was less severe than in patients with HM II, which correlated
with less bleeding symptoms in HM III patients.'*

Most ECMO and VAD patients exhibit decreased platelet
counts.?>?3 Platelet counts recover slower than VWF activity
but within 1 to 7 days after device explantation. Platelet
function measured using light-transmission aggregometry is
impaired in patients with ECMO and VAD, independently of
low-dose aspirin administration.’?%> Flow cytometric anal-
ysis of platelets from ECMO and VAD patients revealed
impaired a-granule and §-granule secretion upon stimula-
tion with thrombin due to preactivation which finally leads
to platelet hypoaggreg.enbility.14’22 These platelet secretion
defects in VAD and ECMO patients are similar to storage pool
deficiencies associated with inherited platelet disorders.2*
Patients with the latter exhibit mild to moderate bleeding
diathesis analogously arguing for an increased bleeding risk
due to secretion defects in MCS patients.

Interestingly, platelet function defects are equally persis-
tent with both LVADs (HM II and HM III) giving new incen-
tives for design improvements.14

Pathophysiology

Changes in hemodynamics lead to unfolding of HMW multimers
of VWF, which allows the metalloproteinase with the thrombo-
spondin type 1 motif, member 13 (ADAMSTS13), to cleave VWF
at the A2 domain into smaller multimers resulting in impaired
interaction between VWF and collagen and platelets.> This
consecutive loss of VWF HMW multimers leads to typical
clinical bleeding symptoms characterized by AVWS. Other
models emphasize the mechanical destruction of VWF within
the device, and shear-induced VWF binding to platelets.?%2”

VWEF regulates angiogenesis and vessel maturation by
controlling vascular endothelial growth factor receptor-2
signaling and binding to avf3 integrin on vascular smooth
muscle cells.?® Patients with prolonged AVWS due to extend-
ed VAD therapy can exhibit vessel malformations leading to
increased mucosal and Gl bleeding. The VWF is aggravated by
shear-stress-induced degradation and ameliorated by endo-
thelial release of new VWF which is triggered by pulsatility.2®
Hence, introduction of artificial pulsatility in newer VADs
resulted in significantly lower GI bleeding incidence com-
pared with older models.

Lower platelet counts and observed platelet defects are
attributable to shear-stress-induced platelet activation result-
ing in platelet consumption.>® Transient platelet activation
potentially leads to degranulation making platelets refractory
to agonistic stimuli, which explains their hyporeactivity and
secretion defects.3! Platelets from VAD and ECMO patients
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reportedly exhibit lower surface levels of the VWF receptor
GPIBa, which may contribute to impaired VWF-platelet
interaction.>

Diagnosis

Gold standard for detection of AVWS is separation of VWF
multimers from patients’ plasma via gel electrophoresis on
SDS-agarose low-resolution gels followed by membrane blot-
ting and detection with appropriate primary and secondary
antibodies.33-** This method is highly sensitive for loss of VWF
HMW multimers, but requires special training and is quite
laborious, thus, not always suitable for routine screening.

Screening for loss of VWF HMW multimers can be per-
formed with functional assays. Ristocetin cofactor activity
(VWF:RCo) was used routinely worldwide and is based on
the binding of VWF to GPIb receptors of fixed platelets. The
newer VWF activity (VWF:Ac) is based on VWF binding to
recombinant GPIb immobilized on particles, and features
higher sensitivity for AVWS than for VWF:RCo.>> The colla-
gen-binding capacity (VWF:CB) using collagen 1 features
even higher sensitivity than the aforementioned functional
assays, but requires in-house development and special train-
ing. The commercially available VWF:CB uses collagen III,
which is more stable than collagen I; however, collagen III is
less sensitive to the loss of HMW multimers than collagen I.
Ratios of these values (VWF:CB/VWEF:Ag) are used to identify
the loss of the HMW multimers (e.g., <0.7 as cut-off for the
VWEF:CB assay using collagen I;~Table 1).3°

Two large-scale studies were published investigating the
longitudinal impact of HM II versus HM IIl on AVWS.'436
While Bansal et al did not observe any significant differences
regarding the vVWF:Ac/VWF:Ag ratio between the two devi-
ces up until 90 days after implantation, Geisen etal found a
greater reduction of the vVWF:CB/vWF:Ag ratio in patients
with HM 1II than in patients with HM III support, which
correlated with the more severe loss of VWF high-molecular
multimers and the more severe bleeding symptoms in
patients with HM II.

Table 1 Recommended laboratory assays to establish the
diagnosis of AVWS and platelet dysfunction

Laboratory assay Sensitivity Labor-intensiveness
VWF HMW multimer +++ +++

analysis

VWEF:CB/VWEF:Ag ratio ++ ++
VWEF:Ac/VWF:Ag ratio + +
VWF:RCo/VWF:Ag ratio + +

Light transmission ++ ++

aggregometry

Flow cytometry +++ +++

(secretion defects)

Abbreviations: CB, collagen binding capacity; RCo, ristocetin cofactor
activity;VWF:Ac, von Willebrand factor activity; VWF:Ag, von Willebrand
factor antigen; VWF HMW, von Willebrand factor high molecular weight.
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The discrepancies of these assays are most likely attribut-
able to previously reported variations in functional assays,
and emphasize the necessity of sufficient sensitivity when
screening for AVWS routinely.>3”

Since VWF is involved in the regulation of blood vessel
formation,>® mucosal vascular alterations due to HMW loss
may be monitored as risk stratification for GI bleeds.>®

Platelet counts should be determined using standard labo-
ratory techniques. Gold standard for platelet function testing is
light transmission aggregometry. Commonly used agonists to
test for platelet dysfunction are adenosine diphosphate, colla-
gen, epinephrine, and ristocetin.>> Arachidonic acid should not
be used in this patient group because low-dose aspirin admin-
istration hampers informative value.

Quantification of platelet granule secretion is performed
using flow cytometry.*° Platelets in platelet-rich plasma are
stimulated with increasing concentrations of thrombin, in
the presence of the peptide Gly-Pro-Arg-Pro to prevent fibrin
polymerization. Then, platelets are fixed, washed, and incu-
bated with fluorescently labeled CD62 (for a-granules) and
CDG63 (for d-granules) antibodies before analysis of surface
fluorescence with a flow cytometer.

Treatment

Patients with MCS exhibit increased risk for thrombosis as
well as bleeding leaving only a narrow therapeutic window
for anticoagulation. Pump thrombosis is a feared complica-
tion due to additional risks added by reoperation. Antith-
rombotic regimens include heparin, vitamin K antagonists
(VKAs), and antiplatelet therapy. Heparin is used as a
bridge to VKA anticoagulation. Presence of AVWS should
be considered regarding the antithrombotic regimens,
since it contributes to the bleeding risk. Recent findings
suggest a modest usage of anticoagulants to be beneficial.
In a study by Krueger et al, administration of 40 mg
subcutaneous enoxaparin per day (the standard anticoa-
gulation strategy for every critical care patient) in 60 ECMO
patients resulted in no fatal bleeding event and no intra-
cranial hemorrhage, while patients required only a third of
blood product transfusion compared with published
data.*"*2 Researchers recommend to minimize additional
anticoagulation and suggest desmopressin as bleeding
prophylaxis.*> However, VWF is an acute-phase protein,
and VWFstorage may deplete rapidly capping the thera-
peutic value of desmopressin.

In a single case report, repeated transfusion of VWF
concentrates successfully stopped recurrent GI bleeds.**
We gathered similar outcomes in patients with AVWS and
VAD or ECMO support. However, therapeutic efficacy can be
limited due to short half-life of VWF and constant shredding
within the device. Tranexamic acid is a suitable alternative to
stop refractory bleeding, however, can be either insufficient
if the wound is too large or may lead to an increased risk of
thrombosis if used recurrently in a high dosage.*

Rigorous monitoring of parameters associated with acquired
coagulation disorders and substitution of the appropriate
coagulation factors and platelet concentrates instead of
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coagulation management based on clinical bleeding symptoms
has been shown to be beneficial for the management of MCS
patients. Kalbhenn et al demonstrated that the risk for ECMO
patients to develop intracranial hemorrhage can be reduced by
identification of acquired bleeding disorders and substitution
of the respective factors in a target-controlled approach.#®

Platelet concentrates are an option to manage thrombo-
cytopenia and platelet dysfunction or patients with bleeding
symptoms not manageable with VWF concentrates; howev-
er, potential contraindications such as heparin-induced
thrombocytopenia, thrombotic thrombocytopenic purpura,
or disseminated intravascular coagulation should be taken
into account. Aspirin is frequently used as therapy in VAD
patients, but causes an ongoing matter of debate since shear-
induced platelet aggregation seems to be unaffected by
aspirin.*’

For both ECMO and VAD patients, the best therapeutic
option to prevent bleeding as well as thrombosis is rigorous
weaning from the device as soon as possible.

Conclusion

AVWS is present in MCS patients with fast onset after
implantation and recovery after explantation. AVWS is
more pronounced in ECMO patients than in LVAD patients,
and newer LVAD devices with lower shear stress show less
pronounced AVWS and less bleeding symptoms. All MCS
patients exhibit platelet secretion defects and hypoaggreg-
ability independent of the device, which adds to the already
heightened bleeding risk. Close monitoring of AVWS and
platelet dysfunction is recommended using VWF HMW
multimer analysis, functional assays (VWF:RCO/VWF:Ag,
VWF:Ac/[VWF:Ag, or VWF:CB/VWF:Ag), light transmission
aggregometry, and flow cytometry. To minimize the bleeding
risk, antithrombotic regimens should be tailored to presence
and severity of AVWS. Bleedings can be managed with
tranexamic acid and platelet concentrates. In any case,
proactive coagulation management based on parameters
associated with acquired coagulation is preferred over treat-
ment of clinical bleeding symptoms.
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