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Essentials

It is unclear whether there are differences between von
Willebrand factor (VWF) activity assays.

* We compared the four most used VWF activity assays
in 661 von Willebrand disease (VWD) patients.

» All assays correlated excellently, but a discrepant classi-
fication was seen in 20% of patients.

» Differences between VWF activity assays have a large
impact on the classification of VWD.

Summary. Background: Measuring the ability of von Wille-
brand factor (VWF) to bind to platelets is crucial for the
diagnosis and classification of von Willebrand disease
(VWD). Several assays that measure this VWF activity
using different principles are available, but the clinical rele-
vance of different assay principles is unclear. Objective: To
compare the four most widely used VWF activity assays in
a large VWD patient population. Methods: We measured
VWEF:RCo (ristocetin to activate VWF + whole platelets),
VWEF:GPIbR (ristocetin + platelet glycoprotein Ib receptor
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[GPIb] fragments), VWF:GPIbM (gain-of-function GPIb
fragments that bind VWF spontaneously without risto-
cetin) and VWF:Ab (monoclonal antibody directed against
the GPIb binding epitope of VWF to mimic platelets) in
661 VWD patients from the nationwide “Willebrand in the
Netherlands’ (WiN) Study. Results: All assays correlated
excellently (Pearson r > 0.9), but discrepant results led to a
different classification for up to one-fifth of VWD patients.
VWEF:RCo was not sensitive enough to classify 18% of
patients and misclassified half of genotypic 2B VWD
patients, especially those with p.Arg1306Trp. VWF:GPIbR
was more sensitive, accurately classified the vast majority
of patients, and was unaffected by the p.Aspl1472His vari-
ant that causes artificially low VWF:RCo. VWF:GPIbM
was the most precise assay but misclassified over a quarter
of genotypic 2A, 2B and 3 patients. VWF:ADb, often not
considered an actual VWF activity assay, performed at
least equally to the other assays with regard to accurate
VWD classification. Conclusion: Although the different
VWF activity assays are often considered similar, differ-
ences between assays have a large impact on the classifica-
tion of VWD.

Keywords: blood coagulation disorders; clinical
laboratory  techniques; subtype classification; von
Willebrand disease; von Willebrand factor.

Introduction

Von Willebrand factor (VWF) plays an important role in
primary hemostasis by mediating the adhesion of platelets
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to exposed collagen in damaged vessels and subsequent
platelet aggregation. In addition, VWF indirectly affects
secondary hemostasis by protecting coagulation factor
VIII from degradation and clearance. A deficiency or dys-
function of VWF causes the bleeding disorder von Wille-
brand disease (VWD) [1]. Von Willebrand disease is
classified into three types: type 1 VWD is characterized
by a partial deficiency of VWF; type 2 is caused by a dys-
functional VWF; type 3 is characterized by a virtually
complete absence of VWF.

The diagnosis and classification of VWD are based on
laboratory tests. The plasma concentration of VWF mea-
sured by VWF antigen (VWF:Ag) does not provide infor-
mation on the functional activity of VWF. Because VWF:
Ag may be normal in type 2 VWD, it is crucial to mea-
sure the ability of VWF to bind and activate platelets.
Guidelines advise that both VWF:Ag and the ability of
VWF to bind platelet glycoprotein Ib (GPIb) receptor
(the ‘platelet-dependent VWEF activity’, hereafter named
‘VWF activity’) be measured [2,3]. Moreover, the periop-
erative treatment of VWD patients is monitored using
platelet-dependent VWF activity assays [1].

Since the 1970s, assays that use the antibiotic ristocetin
and platelets (VWF:RCo) have been the standard for
measuring VWF activity [4,5]. In this assay, ristocetin
induces a conformational change in VWF, causing it to
bind platelets, and the subsequent platelet agglutination is
then measured. Despite improvements that have made the
assay less elaborate and less time consuming, VWF:RCo
still has a poor sensitivity and a high coefficient of varia-
tion [6,7]. In addition, several studies have shown that
common genetic variants in the VWF gene that affect the
sensitivity of VWF to ristocetin lead to artifactually low
assay results [8,9].

Several other commercial assays that measure platelet-
dependent VWF activity have been developed in recent
decades. One of these assays measures the binding of
VWF to a monoclonal antibody directed against the
GPIb binding epitope of VWF as a surrogate for platelets
(VWF:Ab), and is generally considered not to be a func-
tional assay [10,11]. Another more recently developed
assay still uses ristocetin, but uses recombinant GPIb
fragments (rGPIb) adhered to microparticles instead of
whole platelets (VWF:GPIbR) [12]. This assay is more
sensitive and less variable than VWF:RCo, but may still
be susceptible to the same genetic variants that affect
VWF:RCo [6]. Another recently developed assay uses a
rGPIb fragment with two gain-of-function mutations that
enable binding to VWF without the need for ristocetin
(VWF:GPIbM) [13]. Although VWF:GPIbM is reported
to be precise and sensitive, data on its use in VWD
patients are still limited [6]. While getting rid of ristocetin
as a non-physiological VWF activator, the VWF:GPIbM
assay introduces a non-physiological binding of VWF to
a mutant receptor. In a recent worldwide survey by the
External quality Control for Assays and Tests (ECAT)

Foundation in 292 laboratories, 30% used a VWF:RCo
assay, 27% the VWF:GPIbM assay, 19% the VWE:
GPIbR assay and 16% the VWF:Ab assay [14].

Thus, there are currently several widely used assays
that measure VWF activity using different principles.
However, it is not known whether and to what extent
these various assay principles translate into clinically rele-
vant differences in test results. Comparisons have only
been made in studies with relatively few VWD patients.
To improve evidence-based diagnostics of VWD, a direct
comparison of these assays in a large patient group is
urgently needed [6]. We therefore performed the largest
and most comprehensive such study to date, comparing
the four most widely used VWF activity assays in 661
VWD patients.

Materials and methods

Patients

We included patients from the nationwide cross-sectional
‘Willebrand in the Netherlands’” (WiN) Study. Patients
were included in the WiN Study if they had (i) a hemor-
rhagic diathesis or a positive family history for VWD and
(ii) historically lowest VWF:Ag and/or VWF activity
<30 UdL™! or FVIII coagulant activity (FVIIL:C)
<40 U dL" (for type 2N patients). Details of the study
design have been reported elsewhere [15]. Patients were
excluded if they had also been diagnosed with another
inherited bleeding disorder. This study has been approved
by the medical ethics committees of all participating cen-
ters and all patients have given written informed consent.

Laboratory measurements

At inclusion in the WiN Study, venous blood was col-
lected from patients in 0.105-M sodium citrate tubes, cen-
trifuged twice at 2200 xg for 10 min at room
temperature and stored in aliquots at —80 °C. VWF:Ag
was determined with an in-house ELISA using polyclonal
rabbit anti-human VWF antibodies and horseradish per-
oxidase (HRP)-conjugated anti-human VWF antibodies
(DakoCytomation, Glostrup, Denmark) for detection.
VWEF:CB was measured with an in-house ELISA using
collagen type 1 (Sigma-Aldrich, St Louis, MO, USA) for
capture and HRP-conjugated anti-human VWF antibody
(DakoCytomation) for detection. Other measurements
such as FVIII:C, VWF:FVIIIB and VWF multimer anal-
ysis had been performed previously at Erasmus University
Medical Center and VWF propeptide had been measured
previously at Leiden University Medical Center [15,16].
For each of the four assays compared in the current
study, we measured VWF activity from separate, previ-
ously unthawed aliquots. To limit aliquot to aliquot vari-
ability, plasma was derived from a single blood draw and
pooled prior to making the aliquots. All assays were
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performed on commercially available single automated
platforms. All measurements were performed without
prior knowledge of previous measurements or diagnosis.

VWEF:RCo was measured with the commercial ‘BC von
Willebrand reagent’ (Catalogue number OUBD37, Sie-
mens Healthcare Diagnostics, Marburg, Germany) on a
Sysmex CS-5100 analyzer (Sysmex, Kobe, Japan) using
the manufacturer’s protocol. To 18 pl. patient plasma,
54 L Owren’s Veronal Buffer was added; after 10 s,
150 uL  reagent (containing stabilized platelets and
1.25 mg mL™" ristocetin) was added; platelet agglutina-
tion was then measured as change in turbidity.

VWF:GPIbR was measured with the ‘HemosIL AcuS-
tar VWF:RCo’ reagent (catalogue number 0009802024,
Werfen 1L, Breda, the Netherlands) on an ACL AcuStar
analyzer (Werfen IL) using the manufacturer’s protocol.
To 28 pL patient plasma, 112 pL diluent was added;
50 pL ‘reagent 1B’ (assay buffer containing ristocetin to
an end concentration of 1 mg mL™") and 20 pL ‘reagent
1A’ (containing magnetic particles coated with a rGPIb
fragment) were then added to 20 uL of the diluted plasma
sample. After 114 s of incubation and a wash step, 85 uL
‘reagent 1B’ and 85 pL ‘reagent 1C’ (anti-VWF murine
mADbD labeled with isoluminol) were added. After 9.5 min
of incubation, 190 pL sodium hydroxide and 200 uL
hydrogen peroxide-urea were added and the subsequent
chemiluminescense was measured.

VWEF:GPIbM was measured with the ‘INNOVANCE
VWF Ac’ reagent (Catalogue number OPHLO3, Siemens
Healthcare Diagnostics) on a Sysmex CS-5100 analyzer
using the manufacturer’s protocol. First, samples were
measured using the ‘High’ protocol: 30 pLL Owren’s Vero-
nal Buffer was added to 15 pL patient plasma; 20 s later,
70 pL ‘Reagent II’ (containing a heterophilic blocking
reagent) was added; 20 s later 20 pL ‘Reagent III’ (con-
taining rGPIb) was added; 30 s later 40 pL ‘Reagent I’
(containing polystyrene particles coated with anti-GPIb
mAb) was added; particle agglutination was then mea-
sured as change in turbidity. If a test result using the
‘High® protocol was below 15 IU dL™', the sample was
measured again using the ‘Low’ protocol: 70 pL ‘Reagent
I" was added to 70 pL patient plasma; 20 s later, 20 uL.
‘Reagent III’ was added; 30 s later, 40 pL. ‘Reagent I’
was added; particle agglutination was measured as change
in turbidity.

VWF:Ab was measured with the ‘HemosIL VWF
Activity’ (catalogue number 0020004700, Werfen IL) on a
Sysmex CA-1500 analyzer using the manufacturer’s pro-
tocol. To 50 pL patient plasma, 50 pL 0.9% NaCl was
added; 150 pL reagent (containing polystyrene latex parti-
cles coated with a murine mAb directed against the VWF
GPIb binding epitope) was added to 30 pL of this mix-
ture; particle agglutination was measured as change in
absorbance.

Reference curves for VWF:RCo, VWF:GPIbM and
VWEF:Ab were constructed by diluting Standard Human
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Plasma (Siemens Healthcare Diagnostics) in Owren’s Ver-
onal Buffer. VWF:GPIbR could only be calibrated using
the calibrator plasma provided in the reagent kit as
described by the manufacturer and therefore we could
not use the same standard curve for this assay as for the
other assays. The lower limits of quantification were
12 TU dL™' for VWF:RCo, 4 IU dL™' for VWF:GPIbM,
1TUdL™" for VWF:Ab and 0.51U dL™' for VWF:
GPIbR.

The coefficients of variation (CV) were calculated for
each assay using the quality control material (QC). For
VWF:RCo, VWF:GPIbM and VWF:Ab, we used Visu-
Con™-F Frozen Normal Control Plasma with VWF
activity ~100 TU dL™" as high QC and VisuCon™-F Fro-
zen Abnormal Control Plasma with VWF activity
~351U dL7! as low QC. For VWF:GPIbR, we used the
obligatory AcuStar von Willebrand Factor: Controls
plasma (VWF activity for high QC ~90 IU dL~', VWF
activity for low QC ~25 IU dL™"). The CVs for VWF:
GPIbM were 0.9% for the high QC and 1.2% for the low
QC. The CVs for VWF:Ab were 1.0% for the high QC
and 5.2% for the low QC. The ristocetin-containing
assays were the most variable, with CVs of 5.2% (VWE:
RCo) and 4.5% (VWF:GPIbR) for the high QC
and 9.9% (VWF:RCo) and 8.3% (VWF:GPIbR) for the
low QC.

Definitions

We classified every VWD patient for each of the assays
according to current guidelines, independent from knowl-
edge of the previous classification [1,3]. For VWF:GPIbR,
VWEF:GPIbM and VWF:Ab, type 1 VWD was defined
as VWF activity/antigen ratio > 0.60, type 2 A/B/M as
VWF activity/antigen ratio < 0.60, and type 3 as VWE:
Ag < 51U dL™" and VWF activity < 5 U dL™".

Because VWF:RCo is less sensitive than the other three
assays, we had to use a different VWD classification for
this assay. Patients with undetectably low VWF:RCo
(< 121U dL™") and VWF:Ag > 20 TU dL™' were classi-
fied as type 2 A/B/M VWD because they had a VWE:
RCo/VWF:Ag ratio < 0.6 (although the precise ratio
could not be calculated). Because we were unable to
determine if the VWF:RCo/VWF:Ag was above or below
0.6 for patients with VWF:RCo < 12 IU dL~' and VWF:
Ag 5-19 1U dL™', we classified these patients as having
‘classification difficulties’. Patients with VWF:RCo
< 121U dL™" and VWF:Ag < 5 IU dL~' were classified
as type 3 VWD.

Patients were classified as type 2N if they had either
abnormal VWF:FVIIIB or a type 2N VWF mutation.
VWF gene mutations were defined as type 2A, 2B or 2M
only if they were consistently reported as such in the
EAHAD Coagulation Factor Variant Database for VWF
(https://grenada.lume.nl/LOVD2/VWEF/home.php?select_
db=VWF accessed October 2017). VWF gene mutations
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that were previously reported for several subtypes of
VWD, were not included in the VWD subtype analyses.

Statistical analysis

Correlation between assays was assessed with Deming
regression and the Pearson correlation coefficient, and
analytical agreement was assessed with Bland-Altman
analysis. Test results were further compared using
repeated measures one-way ANovA with Greenhouse-Geis-
ser correction for within-subjects effects and post-hoc
analysis with Bonferroni correction for comparisons
between assays. For these analyses, test results below the
lower limits of quantification were set at half that value
(i,e. 61U dL™" for VWF:RCo, 21U dL™' for VWF:
GPIbM, 0.5 TU dL™' for VWF:Ab and 0.25 TU dL™" for
VWEF:GPIbR).

Clinical agreement was assessed by determining the
agreement in VWD classification. Statistical significance
was set at P < 0.05. Bland-Altman analysis was per-
formed using GraphPad Prism, version 5 (GraphPad
Software Inc., La Jolla, CA, USA); all other analyses
were performed with SPSS for Windows, version 21
(IBM Corporation, Armonk, NY, USA).

Results

After exclusion of patients who were pregnant (n = 5) or
who had used desmopressin or VWF concentrates within
72 h before blood sampling (n = 15), 661 patients were
available for the current study (patient characteristics in
Table 1). Of these, VWF:Ab was measured in 655
patients, VWF:RCo and VWF:GPIbM in 643 patients,
and VWF:GPIbR in 623 patients. For 39% of patients
(n = 243), VWF:RCo was below the lower limit of quan-
tification. For the other assays, this was the case for 8%
(VWEF:Ab, n =54) and 3% of patients (VWF:GPIbM,
n =19; VWF:GPIbR, n = 18).

In 618 patients all four assays were performed. Within
these patients, the test results were significantly different
(repeated measures one-way aNova with Greenhouse-

Table 1 Patient characteristics

VWD patients (n = 661)

Age, years 44 [29-57]
Female 411 62%
Blood group O* 400 61%
VWEF:Ag, U dL! 29 [18-44]
VWF:CB, IU dL™! 22 [7-50]
VWF:RCo, TU dL ! 20 [6-47]
VWF:GPIbR, 1U dL™! 22 [9-47]
VWF:GPIbM, TU dL™! 24 [13-51]
VWF:ADb, IU dL™! 22 [8-51]
FVIII:C, IU dL~! 51 [32-73]

Data are shown as median, [interquartile range] or n, %. *Four miss-
ing. VWD, von Willebrand disease; VWF, von Willebrand factor.

Geisser correction for within-subjects effects F(2.697,
1663.768) = 86.081, P < 0.001). VWF:RCo and VWF:
GPIbR  gave similar results (mean difference,
—0.1 TU dL™"; 95% confidence interval (CI), —1.1 to 0.9).
VWEF:RCo gave lower results than VWF:GPIbM (mean
difference, —4.7 TU dL™'; 95% CI, —5.5 to —3.9) and
VWE:Ab (mean difference, —3.1 IU dL™'; 95% CI, —4.2
to —2.0). VWF:GPIbR also gave lower results than VWF:
GPIbM (mean difference, —4.6 IU dL™%; 95% CI, —5.3 to
—3.8) and VWF:ADb (mean difference, —3.0 IU dL"'; 95%
CI, —4.0 to —2.1). Results for VWF:GPIbM were some-
what higher than for VWF:Ab (mean difference,
1.6 TU dL™'; 95% CI, 0.6-2.5).

There was an excellent correlation between assays
(Fig. 1). Bland-Altman analysis revealed a small bias
(< 51U dL7Y) between assays (Fig. 2). However, there
were considerable differences in individual results: an
absolute difference of 10 IU dL™' or more was found in
many patients, ranging from 15.7% of patients when
comparing VWF:GPIbM and VWF:GPIbR to 24.5% of
patients when comparing VWF:RCo and VWF:Ab
(Fig. 3 and Table 2). Moreover, an absolute difference of
20 TU dL™" or more was found in 3.9% (when comparing
VWEF:RCo and VWF:GPIbM) to 7.2% of patients (when
comparing VWF:RCo and VWF:GPIbR). Compared
with VWF:GPIbR, the positive bias for VWEF:RCo,
VWF:GPIbM and VWF:Ab increased at higher VWF
activity (Fig. 2). All four assays also had a high correla-
tion with VWF:CB with only a small bias, although in
individual patients there were considerable differences
between VWF activity and VWF:CB (Figure S1).

Because differences in test results have the biggest impact
when results are low, absolute differences were also calcu-
lated when at least one of the compared assays was
<30 IU dL™". In this group, an absolute difference of at
least 10 TU dL ™" was still found in a significant proportion
of patients, ranging from 4.5% when comparing VWEF:
GPIbR and VWF:Ab to 20.3% of patients when compar-
ing VWF:RCo and VWF:GPIbM; an absolute difference
of at least 20 TU dL ™' was found in 1.1% when comparing
VWEF:GPIbR and VWF:Ab, and 5.0% of patients when
comparing VWF:RCo and VWF:AD (Table 2).

To determine the effect of differences in test results on
VWD classification, we calculated the classification agree-
ment between assays after exclusion of type 2N patients.
Of the 243 patients with VWF:RCo < 12 TU dL™', 113
(18% of total) had VWF:Ag < 20 IU dL™', leading to
classification difficulties. None of the other assays had
classification difficulties (Fig. 3A). After exclusion of
patients with classification difficulties, classification agree-
ment ranged from 82.5% when comparing VWF:GPIbM
and VWF:Ab to 93.3% when comparing VWF:RCo and
VWEF:GPIbR (Table S1).

We next compared the assays in 57 patients with
known type 2A mutations (list of mutations in Table S2).
VWEF:RCo had classification difficulties for 21% of
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Fig. 1. Correlation between von Willebrand factor (VWF) activity assays. Correlation between assays was determined using the Pearson corre-
lation coefficient. The slope was calculated using Deming regression. Dotted gray lines depict the line of identity.

genotype 2A patients, whereas it classified 72% of all
genotype 2A patients as type 2 VWD (Fig. 3B). VWEF:
GPIbR and VWF:Ab classified 81% and 74% of geno-
type 2A patients as type 2. VWF:GPIbM classified 65%
as type 2 VWD. Although VWF:GPIbM classified fewer
patients as type 2, we did not observe differences in test
results between VWF:GPIbM, VWF:GPIbR and VWF:
Ab in these patients (F(1.469, 82.278) = 1.952, P = 0.16);
VWF:RCo was excluded from this analysis because 51/57
patients had VWF:RCo below the lower limit of quantifi-
cation (Fig. 4A). Of note, the vast majority of genotype
2A patients that were wrongly classified as type 1 VWD
had an abnormal VWF multimeric pattern or VWF:CB
to VWF:Ag ratio < 0.60, which are both indicative of
type 2A or 2B VWD (Table S3).

We then compared the assays in 53 patients with a
known type 2B VWD mutation (list of mutations in
Table S2). VWF:GPIbR and VWEF:AD classified 98% and
93% of genotype 2B patients as type 2 VWD, and VWF:
GPIbM classified 81% of patients as type 2 (Fig. 3C). In
contrast, VWF:RCo was unable to classify 19% of patients
and classified 52% of all genotype 2B patients as type 2
VWD, while classifying the other 29% of patients as type 1
VWD. Test results differed in type 2B patients (F(2.109,
109.691) = 8.784, P < 0.001, Fig. 4B). These differences
seemed dependent on the causal VWF mutation. In 28
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patients with p.Argl306Trp, VWF:RCo was 6.7 (95%
CI, 2.1-11.2) TU dL~! higher than VWF:GPIbR and 6.8
(95% CI, 2.0-11.5)IU dL™' higher than VWEF:AD,
whereas VWF:GPIbM was 4.5 TU dL ! higher (95% CI,
0.9-8.0) than VWF:GPIbR and 4.6 IU dL™' higher
(95% CI, 0.5-8.6) than VWF:Ab (Fig. 4C). In 18
patients with p.Argl308Cys, VWF:RCo was undetectable
and the other assays gave similar results (Fig. 4D). It
should be noted again that almost all genotype 2B
patients that were classified as type 1 VWD had an
abnormal VWF multimeric pattern or VWF:CB to
VWF:Ag ratio < 0.60 (Table S3).

Of all the assays, VWF:GPIbM least often classified
patients as type 3 VWD (Fig. 3A and Table S1). We
therefore also compared the assays in 21 patients with
definite type 3 VWD, based on VWF:Ag and VWF
propeptide < 5 U dL™' [16]. Interestingly, eight of these
type 3 patients had VWF:GPIbM > 5 TU dL~!, whereas
results for the other assays were < 5 IU dL~' (Fig. 4E).
Two of these eight patients had detectable VWF multi-
mers: one had VWF:GPIbM 51U dL™', VWF:GPIbR
21U dL!' and VWF:Ag 4 IU dL~' and the other had
VWF:GPIbM 6 TU dL™', VWF:GPIbR 4.6 IU dL' and
VWF:Ag 31U dL™"; VWF:RCo and VWF:Ab were
undetectable for  both  patients. VWF:Ag was
< 11U dL™' for all other type 3 VWD patients.
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Fig. 2. Bland-Altman analysis. Bland-Altman plots show the difference in test results against the mean of the test results. The continuous gray
lines depict bias between assays; dotted gray lines depict 95% limits of agreement (bias + 1.96 SD) between test results. An absolute difference
of over 10 IU dL™" was found in more than 15% of patients (also when results were low).

We also compared the assays in the 47 patients with the
VWF variant p.Aspl472His, which has been reported to
cause 25% lower VWF:RCo results [9]. Indeed, test results
differed in these patients (F(1.962, 90.255) = 26.271,
P <0.0001). VWF:RCo was 21% (mean difference,
—7.710 dL™'; 95% CI, —11.3 to —4.0) lower than VWF:
GPIbR, 27% (mean difference, —10.7 TU dL™'; 95% CI,

—14.5 to —6.9) lower than VWF:GPIbM, and 25% (mean
difference, —9.5 U dL™"; 95% CI, —14.6 to —4.3) lower
than VWF:Ab (Fig. 4F). Interestingly, VWF:GPIbR was
similar to VWF:Ab (mean difference, —1.8 TU dL’l; 95%
CI, —4.78 to 1.2), and only 8% (mean difference,
—3.0 IU dL™"; 95% CI, —5.2 to —0.8) lower than VWF:
GPIbM.

© 2018 International Society on Thrombosis and Haemostasis
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Fig. 3. von Willebrand disease classification per assay. For each assay, patients were classified according to current guidelines (type 1 VWD,
VWEF activity/antigen ratio > 0.60; type 2, VWF activity/antigen ratio < 0.60; type 3, VWF activity and antigen both < 5 IU dL™" or unde-
tectable). Patients with type 2N VWD were excluded from analysis. (A) VWD classification for all patients. (B) VWD classification for patients
with a known type 2A VWD mutation (n = 57). (C) VWD classification for patients with a known type 2B VWD mutation (n = 53). VWD,

von Willebrand disease; VWF, von Willebrand factor.

Discussion

Currently there are several widely used assays that mea-
sure platelet-dependent VWF activity using different prin-
ciples. Despite their widespread use, comparisons between

© 2018 International Society on Thrombosis and Haemostasis

these assays have mainly been performed in small groups
of VWD patients and often only included two assays [7].
We compared the four by far most widely used VWF
activity assays (VWF:RCo, VWF:GPIbR, VWF:GPIbM
and VWF:AD) in the most comprehensive study to date.
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Table 2 Absolute difference between assays

Results
All results <30 U dL™'*

Absolute difference n % n %
VWF:RCo vs. VWF:GPIbR

> 10 TU dL! 118/622 19.0 41/391 10.5

>20 IU dL ! 30/622 438 8/391 2.0
VWF:RCo vs. VWF:GPIbM

> 10 IU dL! 147/642 22.9 81/400 20.3

>20 TU dL! 25/642 3.9 7/400 1.8
VWF:RCo vs. VWF:Ab

> 101U dL! 156/637 24.5 65/403 16.1

>20 IU dL! 46/637 7.2 20/403 5.0
VWE:GPIbR vs. VWF:GPIbM

> 10 IU dL! 98/622 15.8 29/377 7.7

>20 U dL! 30/622 4.8 6/377 1.6
VWF:GPIbR vs. VWF:Ab

> 101U dL! 118/619 19.1 17/379 4.5

>20IU dL™! 28/619 45 4/379 1.1
VWEF:GPIbM vs. VWF:Ab

>10 U dL7! 110/629 17.5 56/384 14.6

>20 1U dL™! 27/629 43 11/384 29

*One or both assays < 30 IU dL™" VWF, von Willebrand factor.

Although all four assays were highly correlated
(R* > 0.90), we found clinically relevant differences in test
results in one-fifth of our patient population. We also
show that VWF genetics has a clear impact on the differ-
ent assays and highlight limitations and advantages of
each assay.

Although VWF:RCo is the historical standard for mea-
suring VWF activity, it is well known for its high vari-
ability and lack of sensitivity [6]. In our study, VWF:RCo
was below the detection limit of 12 TU dL™" for almost
39% of patients. The ratio between VWF activity and
antigen is calculated to distinguish type 1 (ratio > 0.6)
and type 2 VWD (ratio < 0.6) [1-3]. This cut-off could
not be calculated accurately for 18% of patients with
VWE:RCo, hampering VWD classification. VWF:GPIbR,
VWF:Ab and VWF:GPIbM were much more sensitive,
and we did not have classification difficulties in any
patient using these assays. Hillarp et al. have developed
an adaptation of VWF:RCo that improves its detection
limit to 3 IU dL™!, which may be of value for severe
VWD patients, but this adaptation is not widely adopted
and should be further validated [17].

Test results for VWF:RCo were high for many patients
with genotype 2B VWD, especially patients with the
p.Argl306Trp mutation, and subsequently 29% of type
2B patients were misclassified as type 1. This impacts
treatment for these patients because desmopressin is often
given to type 1 VWD patients but is contraindicated in
type 2B VWD patients. Trossaért et al. also reported
higher VWF:RCo in patients with type 2B VWD (com-
pared with VWF:Ab), although the difference in their
study was not statistically significant, probably as a result

of small patient numbers. They, however, did not report
the causal VWF mutation for their type 2B patients [18].
Importantly, ristocetin is also used in VWF:GPIbR,
which correctly classified 98% of 2B patients.

Flood et al. have reported that the common VWF vari-
ant p.Aspl472His affects the ability of ristocetin to acti-
vate VWF, artifactually leading to 25% lower VWF:RCo
results and possibly misdiagnosis of VWD in people with
this variant [9]. We observed a similar difference in
patients with this variant. The effect of p.Aspl472His on
VWF:GPIbR has been hypothesized to be similar to that
on VWF:RCo [19]. We are the first to investigate the
effect of p.Aspl472His on VWF:GPIbR and show that
this assay is not affected, meaning that people with
p-Aspl472His are not at risk of VWD misdiagnosis when
using VWF:GPIbR. The discrepancies between VWEF:
RCo and VWF:GPIbR in patients with type 2B muta-
tions or p.Aspl472His may be explained by the difference
in ristocetin concentration and use of a recombinant
GPIb fragment rather than whole platelets.

VWE:GPIbM had the lowest coefficient of variation,
making it the most precise assay in our study. However,
VWEF:GPIbM was 5 IU dL™" or higher in eight of 21
patients with definite type 3 VWD (VWF:Ag and propep-
tide < 5 IU dL™"). This finding is in contrast with previ-
ous studies in which VWF:GPIbM was undetectable in a
combined total of 21 type 3 VWD patients, although a
few case reports have reported a similar discrepancy in
type 3 VWD patients [13,20-24]. Another VWF:GPIbM
assay developed by the Zimmerman Program was unde-
tectably low in all 13 type 3 VWD patients in their study.
This assay, however, differs from the commercial assay
we used (e.g. other gain-of-function mutations incorpo-
rated, ELISA versus particle-based assay) and compara-
bility is limited.

It is well known that specific VWF mutations can
cause distinct properties of the VWF protein that lead to
artifactually high assay results, and possibly such muta-
tions could explain the high VWF:GPIbM results in our
study. However, six of the eight discrepant patients had
absent VWF multimers, and all 21 type 3 VWD patients
in our study had VWF:Ag and VWFpp < 51U dL™ !,
indicating undetectably low circulating VWF. This rules
out VWF properties that could cause such a discrepancy.
[16,25] Tt is therefore likely that the discrepancy was
caused by interference of other factors such as heterophi-
lic antibodies, rheumatoid factors or human anti-mouse
antibodies (HAMAs), which were thought to be the
cause of previously reported discrepancies [23,24]. The
prevalence of HAMASs may be as much as 11.7% of the
population [26].

VWF:Ab has been reported to miss the type 2M VWD
p-Glyl1324Ala mutation [18]. Furthermore, VWF:Ab uses
binding of an antibody directed against the VWF Al
domain as a surrogate for VWF-to-platelet binding.
Because of this, VWF:Ab is generally considered an

© 2018 International Society on Thrombosis and Haemostasis
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Fig. 4. Test results for subgroups of VWD patients. Test results are shown for (A) patients with a known type 2A VWD mutation (= 57), (B)
patients with a known type 2B mutation (n = 53), (C) patients with the type 2B p.Argl1306Trp mutation (n = 28), (D) patients with the type 2B
p.Argl308Cys mutation (n = 18), (E) patients with type 3 VWD, defined as VWF:Ag and VWF propeptide < 5 TU dL™" (n = 21), and (F)
patients heterozygous (n = 46) or homozygous (n = 1) for the VWF variant p.Asp1472His. Striped areas depict the range below the lower limit
of quantification for each assay; gray lines depict median and interquartile range. Results were compared using repeated measures one-way
ANOVA with Greenhouse-Geisser correction and post-hoc analysis with Bonferroni correction. ***P < 0.001; **P < 0.01; NS, not significant;
VWD, von Willebrand disease; VWF, von Willebrand factor.

adequate screening assay for VWD but not a replacement
for VWF:RCo [6,19]. However, all currently available
VWEF activity assays and not just VWF:Ab use a surro-
gate (ristocetin or gain-of-function rGPIb) for the in vivo

© 2018 International Society on Thrombosis and Haemostasis

shear-dependent VWF to platelet binding. In our study,
VWF:Ab was the assay that most consistently identified
patients with type 2A, 2B and 3 VWD. No patient in our
study had the p.Gly1324Ala mutation.
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Although it measures the ability of VWF to bind colla-
gen, making it essentially a different assay to the platelet-
dependent VWF activity assays, VWF:CB is an important
addition to the diagnostic panel for VWD. In our study,
VWF:CB had excellent correlation with the VWF activity
assays. Importantly, all type 2A and 2B patients unde-
tected by single VWF activity assays were detected by
VWE:CB. Additionally using a VWF:CB assay minimizes
the risk of misclassifying type 2 VWD patients.

Our study has several limitations. Firstly, patients were
included in the WiN Study if their historically lowest
measured VWF antigen or activity in their local hospital
laboratory was < 30 U dL~'. Because for decades VWF:
RCo was used to measure VWF activity, patients may
have been included solely based on a low VWEF:RCo
result, possibly causing a bias towards comparatively
lower VWF:RCo results. Moreover, because of our inclu-
sion criteria, this study does not provide information on
the performance of VWF activity assays in the clinically
relevant patient group with historically lowest VWF levels
between 0.30 and 0.50 TU mL™". Secondly, there are sev-
eral VWF:RCo assays, and subtle differences between
these assays may limit the generalizability for the VWE:
RCo assay that we used. Nevertheless, we used the VWEF:
RCo assay that is used by 61% of hemostasis laboratories
that use a VWF:RCo assay [14]. Thirdly, for each assay
we used commercially available assays from only one
manufacturer, and therefore we may have missed subtle
differences between manufacturers. Fourthly, our rela-
tively short washout period for VWF concentrates of
72 h may have led to residual levels of exogenous VWF,
which may have caused a small interference in the mea-
surements. We also did not test multiple reagent lots,
instead opting to use single lots to limit lot-to-lot varia-
tion. The results from our study might therefore partly
reflect circumstances in the specific reagent lots used in
our study rather than differences in assay principle.

Furthermore, although we were able to standardize the
calibration method for three of the four assays, we were
unable to do so for VWF:GPIbR. Differences between
VWEF:GPIbR and the other assays may therefore have
been caused by the different calibration method rather
than differences in assay principle. Unfortunately, we
were not able to measure VWF:GPIbR in a number of
patients. This assay was the latest measured and unfortu-
nately there were no more fresh aliquots available from
20 patients (mainly children). However, we feel that this
had a negligible impact on our results, because all four
assays were used for the vast majority of patients. Lastly,
there is currently no reference standard with which to
compare all assays used in our study. We therefore used
causal VWF mutations to identify patients with a clear
VWD classification. Mutation analysis has now been per-
formed in most patients in the WiN Study. Many VWF
variants in our study have been linked to multiple VWD
(sub)types, and were consequently excluded from subtype

analysis [27]. An insufficient number of patients in our
study had a mutation consistently linked to type 1 or 2M
VWD. Nevertheless, our strict definition of type 2A or 2B
mutation does increase the validity of our analysis.

In conclusion, VWF:RCo, long considered the reference
assay for measuring VWF activity, has been surpassed by
other assays in terms of sensitivity, variability and diagnos-
tic accuracy. Laboratories that wish to use an assay that
employs ristocetin should consider using VWF:GPIbR.
VWF:GPIbM results should be interpreted with caution in
patients with very low VWF:Ag. VWF:AD, often not con-
sidered an actual VWF activity assay, performed at least
equally to the other assays with regard to accuracy in
VWD classification. The choice of VWF activity has a sig-
nificant impact on the classification of VWD.

Addendum

F. W. G. Leebeck and M. P. M. de Maat designed the
study, interpreted data and wrote the manuscript. J.
Boender designed the study, performed laboratory mea-
surements, analyzed and interpreted data, and wrote the
manuscript. J. Eikenboom designed the study, interpreted
data and critically revised the manuscript. J. G. van der
Bom, K. Meijer, J. de Meris, K. Fijnvandraat, M. Cnos-
sen, B. A. P. Laros-van Gorkom, W. van Heerde and E.
P. Mauser-Bunschoten designed the study and critically
revised the manuscript.

Acknowledgements

The authors thank all participating patients and E. de
Wee and all the hemophilia nurses for their work on
including patients. The authors also thank H. van Daele,
R. Nieman, D. Priem and P. Beenhakker for their assis-
tance in performing the laboratory measurements. A com-
plete list of the members of the WiN Study appears in the
Appendix. The WiN Study is supported by research fund-
ing from the Dutch Hemophilia Foundation (Stichting
Haemophilia) and CSL Behring (unrestricted grant).

Disclosure of Conflict of Interests

B. A. P. Laros-van Gorkom has received unrestricted edu-
cational grants from Baxter and CSL Behring. K. Fijnvan-
draat has received unrestricted research grants from CSL
Behring, Pfizer, Novo Nordisk and Bayer, and has given
lectures at educational symposiums organized by Pfizer,
Bayer, Baxter and Novo Nordisk. F. W. G. Leebeek has
received research support from CSL Behring for perform-
ing the WiN Study (unrestricted grant), has received unre-
stricted research grants from Baxter for studies outside the
submitted work, is a consultant for uniQure and Baxalta
(Shire) and received a lecture fee from Roche. J. Boender
reports grants from CSL Behring, outside the submitted
work. K. Meijer has received research support from Bayer,

© 2018 International Society on Thrombosis and Haemostasis



Baxter, Sanquin and Pfizer; speaker fees from Bayer, San-
quin, Boehringer Ingelheim and BMS; and consulting fees
from Uniqure. E. P. Mauser-Bunschoten has received
unrestricted research/educational support from CSL Behr-
ing, Bayer, Baxter, Griffols, Novo Nordisk, Pfizer, Biotest,
Roche and Sanquin. M. Cnossen has received unrestricted
research/educational funding for various projects from the
following companies: Pfizer, Baxter, Bayer Schering
Pharma, Novo Nordisk and Novartis. M. P. M. de Maat
has collaborated with Roche, Siemens and Werfen for the
evaluation of instruments and reagents. The other authors
state that they have no conflict of interests.

Appendix
WiN Study group members

Amsterdam, K. Fijnvandraat, M.Coppens, A. Kors, S. Zweeg-
man; Nijkerk, J. de Meris; Breda, G. J. Goverde, M. H. Jon-
kers; Eindhoven, N. Dors, L. Nieuwenhuizen; Groningen, K.
Meijer, R. Y. J. Tamminga; Haarlem, P. W. van der Linden;
The Hague, P. F. Ypma; Leiden, J. G. van der Bom, J. Eiken-
boom, F. J. W. Smiers; Maastricht, B.Granzen, E. Beckers;
Nijmegen, P. Brons, B. A. P. Laros-van Gorkom; Rotterdam,
M. H. Cnossen, F. W. G. Leebeek (principal investigator), J.
Boender, F. Atiq; Utrecht, E. P. Mauser-Bunschoten (chair-
man steering committee), K. P. M. van Galen.

Supporting Information

Additional supporting information may be found online
in the Supporting Information section at the end of the
article:

Table S1. Clinical agreement between VWF:RCo and
VWE:GPIbM

Table S2. List of type 2A and 2B VWD mutations

Table S3. VWF:CB/VWF:Ag ratio and VWF multimer
pattern in subgroups

Fig. S1. Correlations and Bland-Altman analyses for pla-
telet-dependent VWF activity assays and VWF:CB. A,
VWEF:RCo; B, VWF:GPIbR; C, VWF:GPIbM; D, VWF:
Ab. The slope was calculated using Deming regression.
Dotted gray lines depict the line of identity.

References

1 Leebeek FW, Eikenboom JC. von Willebrand’s disease. N Engl J
Med 2016; 375: 2067-80.

2 Sadler JE, Budde U, Eikenboom JC, Favaloro EJ, Hill FG,
Holmberg L, Ingerslev J, Lee CA, Lillicrap D, Mannucci PM,
Mazurier C, Meyer D, Nichols WL, Nishino M, Peake IR,
Rodeghiero F, Schneppenheim R, Ruggeri ZM, Srivastava A,
Montgomery RR. Update on the pathophysiology and classifica-
tion of von Willebrand disease: a report of the Subcommittee on
von Willebrand Factor. J Thromb Haemost 2006; 4: 2103-14.

3 Nichols WL, Hultin MB, James AH, Manco-Johnson MJ, Mont-
gomery RR, Ortel TL, Rick ME, Sadler JE, Weinstein M, Yawn
BP. von Willebrand disease (VWD): evidence-based diagnosis

© 2018 International Society on Thrombosis and Haemostasis

12

13

15

16

17

Important differences in VWF activity assays 2423

and management guidelines, the National Heart, Lung, and
Blood Institute (NHLBI) Expert Panel report (USA). Haemophil-
ia 2008; 14: 171-232.

Howard MA, Firkin BG. Ristocetin—a new tool in the investiga-
tion of platelet aggregation. Thromb Diath Haemorrh 1971; 26:
362-9.

Howard MA, Sawers RJ, Firkin BG. Ristocetin: a means of dif-
ferentiating von Willebrand’s disease into two groups. Blood
1973; 41: 637-90.

Bodo I, Eikenboom J, Montgomery R, Patzke J, Schneppenheim
R, Di Paola J; von Willebrand factor Subcommittee of the Stan-
dardization and Scientific Committee of the International Society
for Thrombosis and Haemostasis. Platelet-dependent von Wille-
brand factor activity. Nomenclature and methodology: communi-
cation from the SSC of the ISTH. J Thromb Haemost 2015; 13:
1345-50.

Just S. Laboratory testing for von Willebrand disease: the past,
present, and future state of play for von Willebrand factor assays
that measure platelet binding activity, with or without ristocetin.
Semin Thromb Hemost 2017; 43: 75-91.

Flood VH, Friedman KD, Gill JC, Morateck PA, Wren JS,
Scott JP, Montgomery RR. Limitations of the ristocetin cofactor
assay in measurement of von Willebrand factor function. J
Thromb Haemost 2009; 7: 1832-9.

Flood VH, Gill JC, Morateck PA, Christopherson PA, Friedman
KD, Haberichter SL, Branchford BR, Hoffmann RG, Abshire
TC, Di Paola JA, Hoots WK, Leissinger C, Lusher JM, Ragni
MYV, Shapiro AD, Montgomery RR. Common VWF exon 28
polymorphisms in African Americans affecting the VWF activity
assay by ristocetin cofactor. Blood 2010; 116: 280-6.

Goodall AH, Meyer D. Registry of monoclonal antibodies to
factor VIII and von Willebrand factor. International Committee
on Thrombosis and Haemostasis. Thromb Haemost 1985; 54:
878-91.

Murdock PJ, Woodhams BJ, Matthews KB, Pasi KJ, Goodall
AH. von Willebrand factor activity detected in a monoclonal
antibody-based ELISA: an alternative to the ristocetin cofactor
platelet agglutination assay for diagnostic use. Thromb Haemost
1997; 78: 1272-7.

Verfaillie CJ, De Witte E, Devreese KM. Validation of a new
panel of automated chemiluminescence assays for von Wille-
brand factor antigen and activity in the screening for von Wille-
brand disease. Int J Lab Hematol 2013; 35: 555-65.

Patzke J, Budde U, Huber A, Mendez A, Muth H, Obser T,
Peerschke E, Wilkens M, Schneppenheim R. Performance evalu-
ation and multicentre study of a von Willebrand factor activity
assay based on GPIb binding in the absence of ristocetin. Blood
Coagul Fibrinolysis 2014; 25: 860-70.

Meijer P. ECAT foundation - external quality control for assays
and tests with a focus on thrombosis and haemostasis survey.
Survey Report 2017-M1 2017; 1: 66-9.

de Wee EM, Sanders YV, Mauser-Bunschoten EP, van der Bom
JG, Degenaar-Dujardin ME, Eikenboom J, de Goede-Bolder A,
Laros-van Gorkom BA, Meijer K, Hamulyak K, Nijziel MR,
Fijnvandraat K, Leebeek FW; WiN Study Group. Determinants
of bleeding phenotype in adult patients with moderate or severe
von Willebrand disease. Thromb Haemost 2012; 108: 683-92.
Sanders YV, Groeneveld D, Meijer K, Fijnvandraat K, Cnossen
MH, van der Bom JG, Coppens M, de Meris J, Laros-van Gor-
kom BA, Mauser-Bunschoten EP, Leebeck FW, Eikenboom J;
WiN Study Group. von Willebrand factor propeptide and the
phenotypic classification of von Willebrand disease. Blood 2015;
125: 3006-13.

Hillarp A, Stadler M, Haderer C, Weinberger J, Kessler CM,
Romisch J. Improved performance characteristics of the von
Willebrand factor ristocetin cofactor activity assay using a novel
automated assay protocol. J Thromb Haemost 2010; 8: 2216-23.



2424 J. Boender et al.

18

19

20

21

22

Trossaert M, Ternisien C, Lefrancois A, Llopis L, Goudemand
J, Sigaud M, Fouassier M, Caron C. Evaluation of an auto-
mated von Willebrand factor activity assay in von Willebrand
disease. Clin Appl Thromb Hemost 2011; 17: E25-9.

De Jong A, Eikenboom J. Developments in the diagnostic procedures
for von Willebrand disease. J Thromb Haemost 2016; 14: 449-60.

de Maistre E, Volot F, Mourey G, Aho LS, Ternisien C, Briquel
ME, Bertrand MA, Tardy B, Frotscher B, Nguyen P, Dumont L,
Vandroux D, Hézard N, Trossaért M. Performance of two new
automated assays for measuring von Willebrand activity: HemosIL
AcuStar and Innovance. Thromb Haemost 2014; 112: 825-30.
Favaloro EJ, Mohammed S. Evaluation of a von Willebrand fac-
tor three test panel and chemiluminescent-based assay system for
identification of, and therapy monitoring in, von Willebrand dis-
ease. Thromb Res 2016; 141: 202—11.

Graf L, Moffat KA, Carlino SA, Chan AK, Iorio A, Giulivi A,
Hayward CP. Evaluation of an automated method for measuring
von Willebrand factor activity in clinical samples without risto-
cetin. Int J Lab Hematol 2014; 36: 341-51.

23

24

25

26

27

Reilly-Stitt C, Coppell J, Mumford AD. Discrepancy in von
Willebrand factor activity determined by ristocetin cofactor and
immunotubidometric assays. Haemophilia 2014; 20: e341-4.
Bowyer AE, Guy S, Shepherd MF, Sampson BM, Kitchen S,
Makris M. von Willebrand factor activity assay errors. Hae-
mophilia 2016; 22: e74-6.

Eikenboom J, Federici AB, Dirven RJ, Castaman G, Rodeghiero
F, Budde U, Schneppenheim R, Batlle J, Canciani MT, Goude-
mand J, Peake I, Goodeve A; MCMDM-1VWD Study Group.
VWF propeptide and ratios between VWF, VWF propeptide,
and FVIII in the characterization of type 1 von Willebrand dis-
ease. Blood 2013; 121: 2336-9.

Koshida S, Asanuma K, Kuribayashi K, Goto M, Tsuji N,
Kobayashi D, Tanaka M, Watanabe N. Prevalence of human
anti-mouse antibodies (HAMAS) in routine examinations. Clin
Chim Acta 2010; 411: 391-4.

de Jong A, Eikenboom J. von Willebrand disease mutation spec-
trum and associated mutation mechanisms. Thromb Res 2017;
159: 65-75.

© 2018 International Society on Thrombosis and Haemostasis



