amiodarone 100 mg dailyis started [9]. Conversely, amio-
darone withdrawal can lead to under-anticoagulation,
and therefore to an increased risk of thrombosis.

In conclusion, we describe the first case of genetic
VKA resistance in a child who had the p.Asp36Tyr muta-
tion combined with g.—1185G>A and g.—679A>G
mutations in the 5-flanking region. VKA resistance was
partially masked initially by concomitant amiodarone
therapy. Both warfarin—drug interactions and genetic
variations should be considered in the management of
VKA therapy. Physicians should be aware that potentially
interfering drugs can increase or decrease the INR when
they are introduced or withdrawn in patients on warfarin
therapy. Close INR monitoring is advisable in such situa-
tions. Pharmacodynamic VKA resistance resulting from
genetic factors may be masked by concomitant drugs.
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The mechanical properties of a blood clot are of crucial
importance for its ability to stem the flow of blood at a
site of vascular injury [1]. These properties are largely
determined by the mechanics of the underlying structural
scaffold, a branched network of the biopolymer fibrin [1].
This network forms during coagulation, when monomeric
fibrin assembles into protofibrils that laterally aggregate
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into thicker fibers and occasionally branch to form a
percolated, three-dimensional structure [2]. Alterations in
network structure, such as changes in fiber density, fiber
thickness or branching probability, strongly affect the
mechanics of the network [3-6].

Investigations of the relationship of the network archi-
tecture to bulk-level mechanics are commonly performed
on in vitro fibrin networks polymerized under static con-
ditions [3,7,8]. However, in the body, blood clots form in
a mechanically dynamic environment: intravascular clots
form in the presence of flowing blood, whereas clots
forming in the extravascular tissue might also be exposed
to mechanical perturbations other than flow, for instance
due to the action of breathing and body movements, or
the pulsatile dilation of the vessel wall. Indeed, the struc-
ture of fibrin clots polymerized under fluid flow is pro-
foundly changed [9,10]. However, the effects of
mechanical perturbations during clot polymerization on
clot structure and its resultant mechanical properties
remain unknown.

Here, we report the effect of mechanical perturbation
during polymerization on the structure and mechanics of
fibrin clots. We polymerized fibrin clots (0.8 mg/mL
human fibrinogen (Enzyme Research Labs, South Bend,
IN, USA), 0.05 NIH units/mL human a-thrombin
(Enzyme Research Labs), in a buffer containing 0.15 M
NaCl, 20 mm Ca, 25 mm HEPES at pH 7.4) for at least 1
hour at 25°C in situ in a strain-controlled rheometer
(ARES-G2, TA Instruments, New Castle, DE, USA) fit-
ted with a cone-plate geometry (Fig. 1A). During poly-
merization, we continuously applied sinusoidal shear
perturbations with a frequency of 0.1 Hz at six different
strain amplitudes (0%, 10%, 30%, 45%, 60% and 90%)
(Fig. 1B). Subsequently, we measured the stress-strain
response of the clots by applying a strain ramp at 1%/s
(Fig. 1B). The local slope of the stress-strain curve char-
acterizes the differential stiffness, K’, of the material as a
function of strain. All data are averages of two to four
independent experiments per condition. We confirmed by
denaturing gel electrophoresis that our fibrinogen stock
had sufficient trace amounts of factor XIII for complete
v-y cross-linking within 10 min, and that monomeric
o-chains were nearly completely depleted after 1 hour of
polymerization (data not shown).

Fibrin clots polymerized in the absence of mechanical
perturbation exhibited a highly non-linear mechanical
response with several characteristic regimes [§]. At low
strain, the differential stiffness was constant, correspond-
ing to a linear elastic modulus. Beyond a characteristic
strain, the differential stiffness steeply increased and the
mechanics became highly non-linear. Eventually, the
differential stiffness reached a plateau and the mechanics
became approximately linear. Ultimately, the differential
stiffness again increased, with the mechanics again
becoming non-linear until the clot broke (Fig. 1C).

Fibrin clots polymerized under oscillatory perturba-
tions also exhibited these regimes. However, the charac-
teristic strain for the onset of non-linearity increased
with increasing perturbation amplitude (Fig. 1C, horizon-
tal arrow). Interestingly, the transition into the plateau
regime occurred at the strain value corresponding to the
perturbation amplitude (Fig. 1C, vertical bars). Conse-
quently, all further transitions were shifted to larger
strains, and the clots ruptured successively later (Fig. 1D,
blue). Moreover, the differential stiffnesses and the rup-
ture stresses were of comparable magnitude for clots
polymerized at perturbation amplitudes up to 60%
(Fig. 1D, red). However, the initial stiffnesses in the lin-
ear regime decreased dramatically for perturbation
amplitudes larger than 10% (Fig. 1D, green). These
results suggest that the linear modulus, commonly
reported as the only measure of clot mechanics, is a
poor indicator of the high-strain mechanics and rupture
stress.

To determine the origin of these perturbation-induced
mechanical alterations, we polymerized fluorescently
labeled fibrin clots (0.8 mg/mL of a 1:6 mixture of
fibrinogen labeled with TAMRA-SE (Sigma, St Louis,
MO, USA) with unlabeled fibrinogen) in a home-built
parallel-plate shear cell mounted on a confocal micro-
scope (Leica SPS5, equipped with a 63 x/1.2NA water
immersion lens; Wetzlar, Germany) (Fig. 1E). To repli-
cate the perturbing oscillations of the rheometer, we con-
tinuously moved the upper plate back and forth at
different amplitudes for at least 1 hour while the clots
were forming. Subsequently, we imaged the full three-
dimensional structure of each clot by acquiring a stack
of evenly spaced optical sections. Projections of x-z
slices along the y-axis show that fibrin clots formed
without perturbations had a largely homogeneous distri-
bution of isotropically orientated fibers (Fig. 1F). In
contrast, the structure of clots polymerized under pertur-
bation showed two distinct layers: a layer of homoge-
neous clot structure with a density comparable to that
of the unperturbed sample, and a second layer with a
highly inhomogeneous structure of bundled fibers and
large pores (Fig. 1H-J). The thickness of the bundled
layer increased with increasing perturbation amplitude,
and the pore size was comparable to the layer thickness.
Similar fiber bundling has also been reported for net-
works polymerized under steady fluid flow [10]. Layer
formation and bundling occurred only when the pertur-
bations were applied during polymerization; to confirm
this, we applied an oscillatory strain of 60% for 1 hour
to a clot polymerized under static conditions. We found
that the fiber density and degree of homogeneity of the
clot remained unchanged (Fig. 1G). Moreover, the non-
linear mechanics of fully polymerized and cross-linked
clots did not change even under repeated large shear
oscillations (data not shown) [11].

© 2013 International Society on Thrombosis and Haemostasis
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Fig. 1. Mechanical properties and three-dimensional structure of fibrin clots polymerized under oscillatory shear deformations of different
amplitudes. (A) Bulk rheological measurements were performed in a strain-controlled rheometer fitted with a cone-plate geometry. (B) Test
protocol: continuous shear oscillations of 0.1 Hz at various amplitudes (blue, green and red) were applied for one hour; subsequently, strain
ramps at 1%/s were applied to measure the stress-strain relationship. (C) Log-log plot of the differential modulus K’ vs. strain of clots formed
without perturbation (black) and with perturbations of 10% (blue), 30% (green), 45% (red), 60% (turquoise) and 90% (purple) strain ampli-
tude. Colored vertical bars mark the strain amplitude of the perturbation at which the samples were polymerized. Clots polymerized under lar-
ger perturbation amplitudes exhibited a consistently later onset of strain-stiffening (horizontal arrow). (D) Linear modulus (green), rupture
strain (blue) and rupture stress (red) for all samples. Circles depict the values of each individual measurement, and horizontal bars represent
averages per condition. Light colored lines are added to guide the eye. (E) Fluorescently labeled fibrin networks were polymerized in a shear
cell consisting of two parallel glass plates on a confocal microscope while the upper plate oscillated at different amplitudes horizontally with a
period of 10 s. Similarly, in panels F-M, the bottom plate was the stationary glass plate of the shear cell, whereas the top plate was moved by
the actuator (as shown by the coordinate systems in panel F, which corresponds to panel E and applies to panels G-M alike). (F-J) Maximum
projections along the y-axis spanning 33 um in depth depict the resulting structure of the fibrin networks in their 0% strain position. (F) Struc-
ture of a clot formed without perturbations. (G) Structure of a clot polymerized without perturbations after oscillatory shear deformations of
60% strain amplitude have been imposed for 1 hour. The scale bar of 100 um applies equally to panels F-M. (H-J) Structure of clots polymer-
ized under perturbations. Red arrows indicate the amplitude of the motion of the top plate during polymerization (same scale as scale bar in
G; corresponding to 30%, 60% and 90% strain amplitude). (K-M) Maximum projections (taken from movie SI in the Supporting Material)
of the networks from H-J under shear; the strain values shown depict the points at which the bundled regions became straight and the upper
dense regions just began to deform. Red arrows indicate the displacement of the top plate at these strain values (corresponding to strains of
25%, 45% and 75%).

To explore how the change in clot structure led to
changes in the mechanical response, we translated the top
plate by 5% strain increments and acquired full three-
dimensional images after each shear step. The sequence of
x—z projections reveals the dynamic behavior of the clots
as they were sheared (movie S1 in Supporting Material).
A clot polymerized under static conditions deformed

© 2013 International Society on Thrombosis and Haemostasis

evenly throughout its entire thickness, with many fibers
aligning in the direction of strain; in the strain-stiffening
regime, these fibers stretched homogeneously, suggesting
that the mechanical properties are homogenous through-
out the clot. In contrast, for the clots polymerized under
oscillatory perturbation, the two structurally different lay-
ers exhibited different behaviors when the clots were
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sheared (movie S1). Initially, at low strains, the fiber bun-
dles accommodated the full applied deformation by tilting
and straightening, whereas the fibers in the dense region
remained virtually undeformed and only translated hori-
zontally with the moving plate. However, once the fiber
bundles became straight, the dense region of the clot also
began to deform.

Clots polymerized under larger perturbation amplitudes
had larger regions of thicker yet more undulated bundles,
which could accommodate a proportionally larger defor-
mation until they were straightened; hence, the strain
where the denser region began to stretch was greater
(Fig. 1IK-M). Furthermore, the lowered linear modulus
of these clots indicates that the initial straightening of the
bundles required less force than the deformation of
unperturbed clots. However, once the fiber bundles were
straightened and the clots exhibited strain-stiffening, the
typical stiffness range was comparable to that of unper-
turbed clots. Hence, the mechanics of the dense region of
perturbed clots must be similar to those of unperturbed
clots. Therefore, the occurrence of the structural heteroge-
neity explains the delayed onset of the non-linear stiffen-
ing of clots formed under perturbation, whereas the
abundance of a dense clot layer explains the mechanical
similarity to unperturbed clots when strained to large
deformations.

In contrast to undulated bundles formed upon applica-
tion of oscillatory perturbations during polymerization,
application of a constant flow during polymerization of
fibrin clots results in straight fibers aligned in the direc-
tion of flow [9,10]. Undulated bundles led to a lower
linear modulus and a delay in the non-linear response; in
contrast, straight fibers should cause an immediate onset
of the non-linear response, which would increase the
apparent linear modulus of clots formed under flow [10].

In conclusion, we have shown that fibrin polymerized
under continuous oscillatory shear perturbations forms
rigid clots that exhibit a significantly later onset of strain-
stiffening, a postponed rupture strain, and a lower linear
modulus. Up to perturbation amplitudes of 45% strain,
the typical non-linear stiffnesses of these clots, as well as
their rupture stresses, are of similar magnitude to those
formed without perturbation. These changes in the
mechanical properties result from changes in clot archi-
tecture: one part of the clot shows a highly bundled struc-
ture, while the remaining part is virtually unaltered. This
architectural adjustment to the specific loading conditions
of the environment may enable blood clots to maintain
their non-linear properties and prevent early rupture,
hence, allowing them to serve their function over a wide
range of mechanical challenges.
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