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Background: Aprecise approach to the diagnosis of vonWillebranddisease (vWD) remains elusive.One important
reason is that vWD is a blood flow‐related disorder: a vW Factor‐platelet GPIb binding defect exists in this condi-
tion under the high shear‐rate (>1000 sec‐1 inwhole blood; >3000 sec‐1 in PRP) conditions of physiologic blood
flow which exist in the arterioles of mucous membranes, from which most bleeding in vWD occurs.
Methods: We therefore studied 28 patients (mean 18.9 yrs) with vWD, diagnosed according to the 2007 NHLBI
clinical guidelines, and 26 healthy controls (mean 17.5 yrs). Blood was collected into a plastic tube containing
4 U/ml FC dalteparin, 1.75 μg/ml of the Tab (anti‐CD41) monoclonal antibody directed against platelet GPIIb,
and 1.0 μg/ml of an ALEXA 555‐conjugated rabbit anti‐mouse second antibody. Within 30–90 min, the blood
was then withdrawn at 667 and 1330 sec−1 through a special flow chamber allowing for real-time epifluores-
cence digital videomicroscopy of platelets interacting with a microfibrillar collagen substrate. With MetaMorph
software (Universal Imaging) we quantified the percent area (PA) covered by and total volume (TV) of adherent
platelet aggregates within a 435 μm×580 μm field of view.
Results: At 667 sec−1 after 1 min PA and TV were similar for patients and controls, but at 1330 sec−1 PA was
9.32±4.21 (mean±SD) for patients, a value lower (pb0.001) than the 12.8±3.39 for controls. TV was
(1.43±0.91)x104 for patients, a value also lower (pb0.001) than the (2.22±0.77)x104 for controls. PA
or TV was below the 2.5th percentile for controls in 10 patients (36%) and both PA and TV were below
the 2.5th percentile in eight.
Conclusions: The novel flow device found that PA and TV were significantly reduced under high shear stress
in vWD patients compared to normal controls. However, there was some overlap between the vWD and
the control group, suggesting that some vWD patients had normal platelet adhesion/aggregation under
the conditions studied. Further study with a higher shear rate appears indicated.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Von Willebrand disease (vWD) is one of the most common bleeding
disorders worldwide, yet a precise approach to the diagnosis of this con-
dition and prediction of its severity remains elusive. One reason for this is
that the components of the standard vWD laboratory panel, which in-
clude levels of factor VIII clotting activity, ristocetin cofactor activity,
and von Willebrand factor (vWF) antigen, are subject to acute changes
as “acute phase reactants.” Levels of these components can rise signifi-
cantly above their true baselines with infection, injury, stress, pregnancy,
medications such as oral contraceptive pills, and inflammatory disease
states,making clear diagnosis problematic. A second reason is that the se-
verity of bleedingmanifestations often does not correspond to the level of

vWF measured by the above parameters. A third reason is the view by
many investigators [1–3] that vWD is a blood flow-related disorder: the
defect in this condition is brought out under the high shear-rate condi-
tions of physiologic blood flow which exist in the arterioles of mucous
membranes, from which most bleeding occurs. We therefore believe
that measurements of functional vWF should be carried out under flow
conditions which simulate those in the arterioles of mucous membranes,
and not under so-called static conditions used inmost current laboratory
tests.

One aim of the present study, therefore, was to show that platelet
adhesion/aggregation for patients with vWD is reduced compared to
that for normal controls at an arteriolar shear rate of 1330 sec-1, char-
acteristic of mucous membranes, but not at a lower shear rate of
667 sec-1. We used a novel flow-based test system developed by
one of the authors [4]. A second aim was to correlate quantitative
findings to the Bleeding Score (BS) of Rodeghiero et al. [5], and to
compare this correlation to that for the conventional vWD panel
(e.g., ristocetin cofactor activity).
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Methods

As part of an IRB-approved study, we enrolled 36 patients with
Type 1 vWD, diagnosed according to the 2007 NHLBI clinical guide-
lines [6] and 34 healthy controls without any overt bleeding disorder.
Eight patients and two controls were excluded from the analysis be-
cause of substandard image quality or non-recorded images in an
early phase of this study. Three other controls were excluded because
of a bleeding disorder (two) or aspirin ingestion (one) which became
known only after the subject had been enrolled and more personal
history came to light. Three further controls were excluded because
of probable aspirin ingestion, as they showed a decrease in platelet
deposition with increasing shear rate indicative in our experience of
unacknowledged aspirin [4] or other NSAID ingestion, or, less likely,
an inherited platelet defect. This left 28 patients (21 females and 7
males) and 26 controls (13 females and 13 males), which constituted
81% of enrolled subjects. The greater number of females reflects the
frequent referrals to our practice for menorrhagia. Nonetheless,
there was no significant difference in platelet adhesion/aggregation
between male and female patients (see Results). All eight patients
for whom images were not available were included in the correla-
tions of platelet adhesion/aggregation, lowest ristocetin cofactor ac-
tivities, and bleeding score, for a total of 36 patients. Most patients
(24) were in the pediatric age group (b18 years), but some younger
adults (12) were included. Median patient age was 14 years (first
and third quartiles, 6 and 29 years, respectively), while the median
control age was 15.5 years (difference not significant by the Wilcoxin
rank-sum test; first and third quartiles, 3 and 37.5 years).

Bloodwas collected into a plastic tube containing 4 U/ml FC lowMW
heparin (dalteparin), 1.75 μg/ml of the Tab (anti-CD41)monoclonal an-
tibody directed against platelet GPIIb, 1.0 μg/ml of an ALEXA
555-conjugated rabbit anti-mouse second antibody, and PBS (9 parts
blood:1 part PBS). The TAB monoclonal antibody was developed by
Dr. RodgerMcEver, is well-characterized, and has been shown not to af-
fect platelet aggregation induced by ADP or thrombin [7] or 125-I-
fibrinogen binding [8]. Blood was then transported to our laboratory
and, within 30–90 min of blood collection, rewarmed to 37 °C in a
water bath, and then immediately withdrawn at 670 and 1330 sec-1
through a special flow chamber [4] allowing for blood exposure to
150 μm glass cover slips (Fig. 1) to which had been preadsorbed micro-
fibrillar collagen (equine tendon; Helena Laboratories, Beaumont, TX)
from a 100 μg/ml solution over 15 min. The surface concentration of
adsorbed collagen was considered for each cover slip to reach the
same final value over several minutes, according to the Langmuir ad-
sorption equilibrium [9]. Adsorption on the cover slips took place in a
covered tissue culture plate with rectangular wells, the cover slips
thereby never being allowed to dry prior to mounting in the chamber.
Using epifluorescence digital videomicroscopy (Nikon Optiphot micro-
scope, 20x objective; Photometrics CoolSnap HQ camera–4095 grey
levels, Roper Scientific; Lumen 200 PRO light source, Prior), we imaged
platelets interacting in real time with the collagen substrate at times 1,
2, 3 and 4 min at the lower shear rate, and at times 1 and 2 min at the
higher shear rate. Platelet deposition after one minute at 1330 sec-1
was diminished with blood from a subset of patients as compared to
blood from controls (Fig. 2A and B). Resolution was better than 1 μm,
which permitted the identification of single platelets, the estimation
of the mean platelet area in image pixels, and the estimation of the
total platelet volume as the sum of the products, for all fluorescence in-
tensities, of fluorescence intensity and the number of image pixels at
that fluorescence intensity. In preliminary work, the average area for
single platelets (from images for two patients and two controls) was
58.3±20.7 (mean±SD, N=69) pixels, or about 10.2 square microns.
This value is consistent with an adherent platelet diameter of 3.6 mi-
crons. We therefore defined as an image object any region with a fluo-
rescence intensity above background whose area equaled or exceeded
that for the 2.5th percentile for a single platelet, or 18 pixels.

Blood was collected into a low MW heparin insofar as platelet
function is more physiologic owing to the presence of normal levels
(mM) levels of ionized calcium. Collection of blood into sodium cit-
rate, in contrast, leads to artifacts in platelet adhesion/aggregation
(see Discussion). In order to confirm this in the present flow system,
we compared platelet adhesion/aggregation with blood from the
same donor collected into 0.23% sodium citrate vs the same concen-
tration of low MW heparin as above. In two separate high shear rate
experiments, platelet aggregates formed in citrate were significantly
smaller in both surface attachment area and volume as compared ag-
gregates formed in low MW heparin (Fig. 3A and B).

We quantified platelet deposition at both shear rates using Meta-
Morph software (Universal Imaging) in terms of 1) the percent area
(PA) covered by adherent single platelets and platelet aggregates
(field of view 435 μm×580 μm, or 0.2523 mm2), 2) the platelet
thrombus volume (TV), as platelets per mm2 for the field of view,
and 3) the number of objects (NO), whether single platelets or plate-
let aggregates, in the field of view. Measurements of TV in units of
fluorescence intensity-pixels were converted to platelets per mm2
by dividing by the mean volume for a single platelet in units of fluo-
rescence intensity-pixels. The platelet mean volume proved to be
25,500±2,390 (mean±SE) fluorescence intensity-pixels. In this
step we assumed that local fluorescence intensity is proportional to
the number of platelets in the vertical or z-direction at a particular
x-y location. This assumption is reasonable for aggregate thicknesses
(estimated to be in the range of 5 to 30 μm) small compared to the
flow chamber channel height (290 μm), a condition best assured at
the earliest time point (1 min) of the study.

Clinical BS [5], ristocetin cofactor activity (performed on an
AggRam platelet aggregometer, Helena Laboratories, Beaumont, TX)
and vWF antigen (Liatest vWF reagent, Diagnostica Stago, Asnieres,
France; performed on an MDAII analyzer, TCoag, Parsippany, NJ) as
measured by the Massachusetts General Hospital Special Coagulation
Laboratory, were also recorded. When multiple values of the ristoce-
tin cofactor activity or vWF antigen were available, the lowest and/or
a replicate value was used to make a diagnosis of mild vWD and
thereby define who was a patient. However, for correlation analyses
involving flow device parameters, lowest and same-day ristocetin co-
factor activities were both used. Same-day ristocetin cofactor activity
was defined as ristocetin cofactor activity measured on the same

Fig. 1. Schema of flow path in blood flow chamber. Lengths of arrows represent local
magnitude of flow velocity.
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