
might represent a viable and clinically meaningful strate-
gy for achieving the best therapeutic outcome for the
individual patient and to satisfy the need to optimize
resources for the patient community.
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Formation of a blood clot within an artery, is a com-
plex process orchestrated by numerous chemical and
physical factors, including: platelets, endothelium,

subendothelial matrix, soluble blood proteins involved in
hemostasis e.g., fibrinogen and von Willebrand factor
(VWF) and blood flow.1 The pivotal role of flow charac-
teristics in thrombosis and hemostasis has been well rec-
ognized in the field, as blood flow regulates the physical
environment of the clotting process and the transport of
molecules and blood cells.2, 3 More specifically, in vivo and
in vitro studies under constant flow highlighted wall shear
rate, the spatial rate of change in velocity near the wall
which affects transport and friction forces near the wall,
as a key parameter controlling the thrombosis processes.4–
7 Under physiological conditions, wall shear is tightly reg-

ulated in the arterial vascular system. However, under
pathological conditions, such as arterial stenosis, wall
shear rate can increase significantly above its physiologi-
cal level.8 Thus, the study of thrombosis under patholog-
ical high wall shear rates has received considerable atten-
tion and has uncovered important shear dependent
processes such as platelet shear activation and VWF
unfol ding.9,10 However, unlike constant wall shear condi-
tions, in stenotic sites the flow is complex and the wall
shear rate changes dramatically at the flow acceleration
and deceleration zones.11 Several studies have investigat-
ed platelet aggregation mechanisms under complex shear
gradient to emphasize the key role of disturbed hemody-
namics in thrombus cascade.12 One important study in
this field was conducted by Nesbitt et al., Nature



Medicine 2009, where platelets aggregation was investi-
gated under shear gradient hemodynamics both in vivo
and in vitro.1 The study showed that local shear micro-gra-
dients as a consequence of vessel geometry or thrombus
formation, encourage the formation of platelets aggrega-
tion.1 Despite the important findings of this study, only
type 1 fibrillar collagen and VWF-coated surfaces were
examined, thus the possible role of other proteins, such as
fibrinogen, under disturbed flow is yet to be deciphered.
Thenceforth, another prominent study conducted by
Westein et al., PNAS 2012, aimed to investigate stenosis-
dependent platelet aggregation both in vitro and in vivo.
Westein et al. designed stenotic flow channels with
VWF/fibrinogen-coated surfaces to represent the surface
of growing thrombi and the shear rate gradient at stenotic
atherosclero tic plaque sites. The combination of the
physical and the biological recapitulation of the stenotic
microenvironment, showed that activated platelets,
VWF/fibrinogen surface combined with shear alterations
at a stenosis outlet is sufficient for a strong pro-aggrega-
tory effect.9 Despite the valuable findings of this work, it
centrally highlights the role of the mechano-sensitive
VWF in arterial thrombosis while less emphasis was

given to the weakly-adhesive proteins role in the throm-
bosis cascade e.g., fibrinogen. More generally, there is still
a lack of mechanistic understanding of the physi cal inter-
action between VWF and fibrinogen at stenotic sites
where complex flow patterns exist.
Published in this issue of Haematologica, the study by

Receveur et al., addresses this important gap of knowl-
edge and highlights the role of weakly adhesive surfaces,
e.g., fi brinogen, on thrombus formation under a shear
gradient in stenotic vessels.13 Unlike most of the studies in
this field, which focused on platelets behavior on an
immobilized collagen or collagen/VWF surface, Receveur
et al. comprehensively describe platelets adhesion mecha-
nism under gradient shear rate on a fibrinogen surface.
Surprisingly, unlike constant flow/shear conditions, under
a shear gradient, weakly-adhesive protein surfaces
become highly thrombogenic, see Figure 1. Moreover, the
authors describe the two phases of thrombus formation
under these conditions where a slow single platelet adhe-
sion phase is followed by a rapid aggregation phase, as
shown in Figure 1.
In their study, Receveur et al. used symmetric stenotic

channels with a 90% lumen reduction to create a gradient
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Figure1. Bi-phasic model of
thrombus formation cascade
at stenotic arteries under a
shear gradient. (A)Wall shear
rate gradually elevates within
an arterial stenosis. The shear
gradient alters the mechano-
sensitive von Willebrand factor
(VWF) conformational state
from globular to elongated. In
atherosclerotic lesions, the
extracellular matrix becomes
exposed, possibly displaying
weakly-adhesive proteins like
fibrinogen. At these sites,
thrombus is initiated when the
elongated VWF adheres to the
exposed fibrinogen thus creat-
ing a thrombogenic surface.
Thenceforth, activated platelets
from the blood stream are
recruited to the vessel wall, to
adhere and accumulate.
(B)Thrombus formation under
gradient shear is bi-phasic.
Phase I: individual platelets
slowly adhere to VWF fibers
bound to a weakly adhesive
protein. Phase II: platelets rap-
idly aggregate and VWF elon-
gated fibers are formed which
facilitate thrombus formation.  



shear stress profile with ascending shear stress values.
The channels were coated with fibrinogen to simulate the
early stages of thrombus formation when an extracellular
matrix protein array is exposed. Whole blood with fluo-
rescently labeled platelets was perfused over these chan-
nels while visualizing their spatial adhesion in real-time.
To validate the results, platelets were perfused on straight
channels that are characterized by a uniform flow regime
and also on passiva ted channels by albumin. To validate
the results in vivo, an experimental thrombosis approach
was performed. An iron chloride solution and a microma-
nipulator were used to injure the murine carotid artery
vessel wall and to create a severe stenosis which pro-
duced a shear stress gradient, respectively. 
Using real-time video-microscopy, Receveur et al.

succee ded in revealing several interesting observations.
Under a uniform low wall shear rate, (<1,000 s-1), single
platelets were recruited to fibrinogen-coated channel.
However, when the shear rate was elevated, (>1,000 s-1),
platelets failed to adhere. This indicates that fibrinogen has
a limited affinity to its platelet ligand, integrin αIIbβ3,
which under high wall shear rate cannot support platelets
adhesion. On the other hand, when platelets were per-
fused in the stenotic channel, they adhered to the immobi-
lized fibrinogen. This phenomenon was not observed,
notwithstanding, when platelets experienced a similar wall
shear rate in a straight channel. This unique behavior
proves that platelets adhesion to immobilized fibrinogen is
mediated by gradient shear due to the stenotic geometry.
Another pivotal finding of this paper is the unique interac-
tion of VWF and fibrinogen under flow. Receveur et al.
show that VWF-fibrinogen interaction is shear-gradient
related. In the absence of disturbed flow, the VWF-fibrino-
gen complex has minimum bonds to support platelets
adhesion. However, when shear gradient exists, the
mechano-sensitive VWF unfolds, exposes its shielded
domains, and adheres to the immobilized exposed fibrino-
gen. Thenceforth, the sticky VWF recruits more platelets
from the blood stream. This indicates that the critical step
in thrombus escalation is shear gradient dependent, which
forms due to a geometrical alteration at stenotic vessels. 
This study also introduces a model of bi-phasic throm-

bus formation under shear rate gradients. The model sug-
gests the existence of two different stages in the throm-
bus formation cascade: phase I and II, see Figure 1. Phase
I is characte rized by the slow and heterogeneous recruit-
ment of individual platelets while phase II is character-
ized by long VWF sticky fibers that very rapidly con-
tribute to platelet aggregation. More importantly, the bi-
phasic thrombus cascade occurs only for elevated values
of shear rate gradient while VWF-self association may
play a crucial rule in it. 
Despite the important contribution of this paper in

terms of deciphering arterial thrombosis, there are some
limitations. Studies have shown that parallel flow cham-
bers and microfluidics do not give accurate results as they
fail to precisely recapitulate real-scale hemodynamic
forces in human arteries, important flow parameters and
mass transport characteristics.14 Additionally, it is worth
noting that experiments were conducted under constant

flow disregarding the physiological pulsatile blood flow
that exists in human arteries. Therefore, the microfluidic-
scale observations do not necessarily reflect the human
macro-scale phenomena. Accordingly, it would be inte -
resting to validate these observations under physiological
hemodynamic conditions. Moreover, hemodynamic
parameters which are highly dependent on the vessel
diameter and the flow pulse, prevent us from extrapola -
ting data from in vivo mouse experimental conditions
which are different from humans not only in their biolo-
gy but also in their underlying physics.15

To conclude with, this study offers a novel perspective
regarding the reciprocal interactions along the axis:
platelets-VWF-fibrinogen. A comprehensive outlook of
these interactions along the thrombosis axis, may pave
the way toward major implications for arterial thrombo-
sis treatment and platelets adhesion down-regulation in
disease conditions, which have not been examined so far.
Moreover, better understanding of the processes affected
by complex flow can also be valuable for the proper
design of extracorporeal systems and vascular
implantable devices. 
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