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Although it is generally believed that the structure of venous thromboemboli is a homogeneous red blood cell-
fibrin clot, their structure may be heterogeneous, with non-uniformly distributed platelet layers, known as the
lines of Zahn. We tested (a) whether venous thromboemboli ex vivo contained platelet layers, i.e. the lines of
Zahn, and (b) whether, according to mathematical modeling, eddies can arise in the venous system, possibly
contributing to platelet aggregation. The structure of venous thromboemboli ex vivo was determined by high-
resolution magnetic resonance imaging (MRI) and by immunohistochemistry (IHC). High-resolution ultrasound
(US) imaging was employed to determine the popliteal vein geometry and hemodynamics in healthy subjects
and in subjects with previous venous thrombosis. The US data were then used as input for numerical simulations
of venous hemodynamics. MRI and IHC confirmed that 42 of 49 ex vivo venous thromboemboli were structurally
heterogeneous with platelet layers. The peak venous flow velocity was higher in patients with partly recanalized
deep vein thrombosis than in healthy subjects in the prone position (46 44 cm/s vs. 16 43 cm/s). Our numerical
simulation showed that partial venous obstruction with stenosis or malfunctioning venous valves creates the
conditions for eddy blood flow. Our experimental results and computer simulation confirmed that the heteroge-
neous structure of venous thromboemboli with twisted platelet layers may be associated with eddy flow at the
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sites of their formation.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

Venous thromboemboli denote two interrelated pathological
conditions; deep venous thrombosis (DVT) and pulmonary embolism.
Both conditions originate from the same pathological process, thrombo-
genesis, according to Virchow's triad [ 1]. The diversity of venous throm-
boemboli ranges from clinically unsuspected to massive pulmonary
embolisms causing death, which is why early non-invasive detection
of thromboemboli is of great importance. Among several established
imaging modalities, MRI is a promising method in the diagnostics of
suspected thromboembolism since it provides exceptional soft tissue
contrast, as well as a high spatial and temporal resolution [2].

The structure of venous thromboemboli is considered to be mainly
homogeneous and therefore composed of predominant red blood cell
(RBC)-rich regions with sparse platelet-fibrin accumulations only on
the clot surface [3, 4]. Several in vitro studies concluded that MRI of
thromboemboli enables discrimination between the RBC-rich regions
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and the platelet layers [5, 6], which are interspersed in a form that is
macroscopically identified as the lines of Zahn [3]. The prevalence of
the layers is high in the arterial system, due to flow effects on platelet
activation, while in the venous system, where the flow is not as fast,
the prevalence is low [7]. However, our previous studies on high-
resolution MRI of thromboemboli [6, 8-10] showed that the prevalence
of these layers in venous thromboemboli may be higher than anticipat-
ed [11, 12]. In addition, the layers are non-uniformly distributed along
the entire volume of the thromboemboli. These results cannot be
assigned to post-mortem platelet-fibrin accumulations, which mostly
appear only on the surface of thromboemboli [13]. We hypothesize
that the unexpected prevalence and arrangement of the layers can be
associated with the growth of thromboemboli under conditions of
altered venous hemodynamics resulting in blood flow eddies. Typically,
thromboemboli are attached to the vessel wall most firmly at the point
of their origin and they propagate along the flow direction with no or
only weak attachment to the vessel wall [14]. The partial obstruction
of the vein at the site of the thromboembolus formation results in local-
ly altered hemodynamic conditions, which may in turn influence the
structure of the forming thromboembolus [15]. Specifically, the altered
hemodynamic conditions may promote the growth of platelet layers
that propagate along the stream lines of the flowing blood.
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We tested (a) whether venous thromboemboli ex vivo contained
platelet layers, i.e. the lines of Zahn, and (b) whether, according to
mathematical modeling, eddies can arise in the venous system, possibly
contributing to platelet aggregation.

Materials and methods
Venous thromboemboli ex vivo

Forty-nine venous thromboemboli (24 pulmonary emboli and 25
venous thrombi) were acquired within 48 hours after death in routine
post mortem autopsies of 22 patients who died of massive pulmonary
embolism. The thromboemboli were carefully removed from the
surrounding vascular tissues, rinsed with isotonic saline of 0.9% w/v
NaCl, pH 7.4 and divided into two halves. The first half was examined
by high-resolution MRI, while the second half was analyzed by immu-
nohistochemical staining of platelets, fibrin and RBC regions. The
study did not interfere with the course of the autopsy and its protocol
was approved by the national medical ethics committee.

MRI of venous thromboemboli

High-resolution MRI was performed with a 2.35 T horizontal-bore
superconducting magnet (Oxford, UK) equipped with microimaging
accessories (Bruker, Ettlingen, Germany) and a TecMag spectrometer
(Houston TX, USA). Venous thromboemboli were scanned by high-
resolution T;-weighted MRI using the 3D spin-echo imaging sequence.
Imaging parameters were the following: echo time TE= 10 ms, repeti-
tion time TR=105 ms, imaging matrix 64 x 128 x 256, field of view
20 mmx 20 mm x40 mm and imaging time 30 min; no signal averag-
ing was used.

Immunohistochemistry

One half of each venous thromboembolus, dissected along the longi-
tudinal direction, was verified by IHC for the presence of platelet layers
and RBC-rich regions. The samples were fixed in 10% buffered formalin,
sliced longitudinally into multiple 5 pm thick sections and embedded in
paraffin. The sections were initially stained with hematoxylin/eosin
(HE) for conventional histological identification of venous thromboem-
boli. Subsequently, the sections were immunologically stained using
monoclonal antibodies against platelets (anti 3-3 integrin Anti-Human
CD61, DakoCytomation, Denmark), RBC-rich regions (Anti-Human
Glycophorin A, DakoCytomation, Denmark) and fibrin (Acid Picro-
Mallory stain) as described previously [6, 9]. Immunohistochemical
staining was performed using a Ventana Benchmark automatic stainer
with the streptavidin-biotin peroxidase complex and diaminobenzidine
tetrahydro-chloride as chromogen.

Ultrasound examination of the lower limb veins in vivo

Four recreationally active subjects (3 males and 1 female, age
28-33) volunteered for the study. The exclusion criteria included a
presence or history of cardiovascular, pulmonary, or metabolic disease,
hypertension (blood pressure>140/90 mmHg), neurological disease,
cancer, tobacco use, a recent change in body weight, use of cardioactive
medications, abnormal resting electrocardiogram, and obesity
(BMI> 30 kg/m?). The female had a negative pregnancy test.

The study also included two male subjects, aged 47 and 43, who
were diagnosed with DVT of the lower extremity three and six months
ago, respectively. Both subjects were treated with oral anticoagulants
and were otherwise in good health with no other chronic disease at
the time of the US examination.

High-resolution US scans of the femoropopliteal veins were
obtained by a linear phased array probe with US frequencies ranging
from 4.8 - 10 MHz. (Vascular 10 L, Vivid 7, GE Medical System, USA).

Visualization of vein geometry (vein dimensions, compressibility, resid-
ual thrombus and valve morphology) and venous hemodynamics
(velocity profiles of venous blood flow) was performed using B-mode,
color Doppler and pulsed Doppler. The US velocity measurements
were optimized by changing the insonation angle as described in [16,
17]. The popliteal veins were examined in the prone or lateral decubitus
position with the knee slightly flexed to prevent vein compression.

Image analysis

8-bit grey-scale magnetic resonance (MR) and US images of venous
thromboemboli were analyzed by Image] software (National Institute of
Health, USA). In T;-weighted 3D MR images, the best discrimination
between brighter platelet layers and darker RBC-rich regions was
obtained using the cut-off value I, = Iyin+0.55 (Imax - Imin), Where
Imin and Iq correspond to values of the darkest and the brightest
voxels, i.e., 0 and 255 respectively [6, 9]. The image noise (with voxel
values ranging from 0 to 20) was filtered out. Volume fractions of plate-
let layers and of RBC-rich regions, i.e., ratios of voxels above or below
the cut-off value to all voxels above the noise level, were calculated
for each MR image. Co-localization of platelet layers and RBC-rich
regions of venous thromboemboli was studied semi-quantitatively as
described previously [6]. This was because of difficulties associated
with the alignment between MR and IHC images, which may be a
consequence of sample shape changes during fixation, as well as tissue
fragmentation. Venous blood flow velocity profiles and approximate
popliteal vein geometries of both groups, healthy volunteers and DVT
patients, were determined from the original US images in the DICOM
format.

Model of venous hemodynamics

Blood flow in an occluded popliteal vein was simulated numerically
in 3D by the Fluent computational fluid dynamics (CFD) program
(Fluent Inc., USA). The CFD program numerically solved the Navier—
Stokes equation
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for initial and boundary conditions that were obtained by US, i.e., the
popliteal vein geometry and the average blood velocity in the simula-
tion corresponded to our US measurements. The popliteal vein was
approximated by a 100 mm long cylinder with a diameter of 8 mm,
while stenosis in the form of a rigid venous valve was modeled by a
10 mm long symmetric frustum. In the simulation, the blood flow
initially had (in the vessel inlet 30 mm distal to the stenosis) a flat
velocity profile of 10 cm/s that attained a fully developed parabolic ve-
locity profile before reaching the stenosis. The simulation was per-
formed for various levels of stenosis in which the proximal diameter
of the stenosis changed from 8 mm (no stenosis), 6 mm and 4 mm
(moderate stenosis) to 2 mm and 1 mm (severe stenosis). Regions of
the vein far from the stenosis were meshed with a 1 mm resolution so
that its surface and volume were covered by 6,600 triangular surface
elements and by 36,000 hybrid hexahedral/tetrahedral volume ele-
ments, respectively. The simulations were calculated in 1000 time
steps of 0.01 s using unsteady first order implicit solver. The time span
of the simulation of 10 s was long enough for the simulated flow to
become fully developed. Blood was assumed to be an incompressible
Newtonian fluid with viscosity 1=0.0035 Pas and density
p=1060 kg/m> [18], while vein vessels were assumed rigid with no-
slip boundary conditions for blood flow on the walls. The simulation
yielded 3D velocity vector fields, which were analyzed for the presence
of turbulence in the proximity of the stenosis. The criterion to
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determine whether flow is laminar or turbulent is given by the
Reynolds number, Re = pdv/n, where v and d are the average velocity
and vein vessel diameter, respectively. In smooth straight round tubes
flow is laminar when Re<2000 and is turbulent when Re>3000 [19].

Results

High-resolution 3D T;-weighted MRI showed ex vivo venous throm-
boemboli to have a distinctly heterogeneous structure in the form of
brighter platelet layers and darker RBC-rich regions. These can be clear-
ly seen in the central-slice MR image of a representative venous throm-
boembolus (Fig. 1A). Better spatial discrimination between RBC-rich
regions and platelet layers, representing a fibrin scaffold, was obtained
by image analysis based on volume rendering of the thromboemboli
(Fig. 1B). A semi-quantitative comparison of the MR images with the
[HC staining (Fig. 1C, D) made on another representative venous throm-
boembolus, confirmed that the brighter layers in the MR images corre-
sponded to regions of coalescent platelets entrapped during flow in a
fibrin meshwork. A heterogeneous structure with twisted platelet
layers was found in 42 out of 49 venous thromboemboli. Analysis of
T,-weighted MR images of the heterogeneous thromboemboli showed
that a volume fraction of platelet layers was in the range between
1-10% with the average of 4%+ 2% (n=42).

High resolution US of the healthy subjects showed normal popliteal
vein morphology and clearly discernible valves. Venous lumens were
fully compressible without any regurgitation while performing strain-
ing maneuvers. Conversely, high resolution US of the subjects who
had suffered venous thrombosis 3-6 months previously showed altered
vein morphology, i.e., a residual mural thrombus. The residual thrombi
narrowed the vessel lumen and caused incomplete lumen compressibil-
ity with partial regurgitation during straining maneuvers. The peak
popliteal vein blood flow velocities in the prone position were higher
in the venous thrombosis patients than in healthy subjects, i.e., 46+
4 cm/s vs. 16 + 3 cm/s, respectively.

The solution of blood flow in a model of a popliteal vein vessel nar-
rowed by a moderate thrombus stenosis is shown in Fig. 2. The geome-
try of the popliteal vein vessel is depicted in Fig. 2A. The initial flat

A

velocity profile of 10 cm/s progressively changes into a fully developed
parabolic velocity profile before reaching the distal end of the stenosis.
In the stenotic region, the average velocity increases to 40 cm/s due to
the conservation of flow; this can be seen in the final frame of the 3D
velocity vector field shown in Fig. 2B. The velocity increase is also asso-
ciated with an increase of Reynolds number, which is equal to 240
before the stenosis and increases to 960 at the stenosis. After the steno-
sis flow is separated into a high-velocity jet in the center and low veloc-
ity eddy blood flow formed between the jet and the vessel wall. The
formation of eddy flow can be clearly seen in Fig. 2C in 30 mm 2D
longitudinal cross-sections of the 3D velocity vector field at 0 mm,
1.5 mm and 3 mm from the vessel center. The average eddy flow veloc-
ity is in the range from 10 um/s to 10 mmy/s, while the average jet flow
velocity is approximately equal to the velocity in the stenotic region, i.e.,
40 cm/s. Further downstream from the stenosis eddy blood flow pro-
gressively reverts into straight flow, i.e., laminar flow with parallel
streamlines. In the simulation, eddy flow extends up to approximately
12 mm downstream from the stenosis. The existence of eddy flow in
the simulation of venous hemodynamics provides a possible explana-
tion for the origin of the twisted platelet layers in the thromboemboli.
Namely, the high shear-stress environment [20, 21] in the severe steno-
sis is a favorable condition for platelet activation, while long residence
times in eddies following the stenosis enable platelet aggregation in a
form resembling the flow pattern.

The blood flow pattern depends considerably on the level of proxi-
mal thrombus stenosis. This effect is depicted in Fig. 3A, E by 30 mm
2D longitudinal cross-sections of 3D velocity vector fields. With no
stenosis, a fully developed flow extends all along the vein vessel
(Fig. 3A). With stenosis, the flow before the narrowing separates into
a central high-velocity jet and possible eddies next to the vessel wall.
The complexity of the flow pattern, i.e., the number of eddies and
their region, increases with the stenosis level (Fig. 3B-E). For example,
in a moderate stenosis (75% of the normal vessel lumen is obstructed
by the thrombus) the blood flow reaches 40 cm/s in the central jet
and develops a parabolic profile 12 mm downstream from the stenosis
(Fig. 3C). However, in a severe stenosis (94% of the normal vessel lumen
obstructed by the thrombus) the blood flow is substantially altered so

Fig. 1. A high-resolution T;-weighted central-slice MR image of a 3D data set (A) and the corresponding volume-rendered 3D image (B) of the same thromboembolus that was retrieved
from a lower limb post mortem. MRI enabled discrimination between the darker red blood cell-rich regions and the brighter platelet layers (A, arrows). The platelet layers forming a
scaffold can be seen in the 3D MR image (B, white inclusions), while the remaining thromboembolus was composed mainly of red blood cells (B, red volume). IHC images of another
thromboembolus are shown in longitudinal cross-section obtained by staining to platelets using (3-3 integrin CD61 (C), where platelets appear brown, and by Picro-Mallory staining
(D), where RBC-rich regions appear orange, the fibrin meshwork red and platelets bluish. The scale bars represent 5 mm.
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Fig. 2. A model of the popliteal vein vessel geometry with the stenosis in the form of a
rigid venous valve (A); the arrow indicates the blood flow direction. The model was
used in a computer simulation of blood flow in the valve region. Results of the simulation
are shown by a 3D velocity vector field as obtained after 1000 simulation time steps of
0.01s (B) and by the corresponding parallel 2D longitudinal cross-sections of the 3D
field (C) at various distances from the vessel center: 0 mm, 1.5 mm and 3 mm.

that the jet velocity may reach several meters per second and a fully de-
veloped parabolic velocity profile is not reestablished within 60 mm
downstream of the stenosis (Fig. 3E). In the simulation, the Reynolds
number in the valve outlet increases with stenosis level from the initial
240 (no stenosis) to 320, 480 (moderate stenosis), 960 and 1920
(severe stenosis). In the stenotic region, the shear-stress ranges from
18 to 1000 dyne/cm?, while the corresponding times of travel range
from 60 ms to 1 ms. In simulations eddies were stationary in both
cases of moderate stenosis (Fig. 3B, C) and they were non-stationary
in both cases of severe stenosis (Fig. 3D, E), which is in a good agree-
ment with classification of laminar vs. turbulent flow.

The structure of the curved platelet layers in ex vivo venous thrombi,
mimicking the shape of vortices, suggested the presence of eddy flow in
veins in vivo. A typical example of twisted platelet layers in a venous
thrombus formed behind a venous valve is shown in Fig. 4 by 3-3 integ-
rin CD61 [HC staining. The corresponding venous vessel geometry
(Fig. 4B, green) was used as an input for the blood flow simulation
which confirmed the possible existence of eddy flow behind the valve.
Although the position of the stationary flow eddy in the 2D simulation
(Fig. 4C) does not exactly match the position of the twisted platelet
layers in the ex vivo thrombus (Fig. 4B, red), there is a remarkable
similarity between the flow profile in the simulation and the organiza-
tion of platelets. This similarity suggests the presence of eddy flow,
stimulating the aggregation of platelets, in veins during the growth of
a venous thrombus.
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Fig. 3. Computer simulations of blood flow in the central longitudinal cross-section
through the vein for various degrees of valve stenosis: the open valve open lumen diam-
eter equals 8 mm - no stenosis (A), 6 mm - slight stenosis (B), 4 mm - moderate stenosis
(C), 2 mm - severe stenosis (D), and 1 mm - severe stenosis (E). All other model and sim-
ulation parameters are identical to those used in the simulation in Fig. 3. Due to flow con-
servation the jet velocity is inversely proportional to the open lumen diameter squared. It
can also be noticed that the size of the eddy flow region increases with the increasing jet
velocity.

Discussion

In this study the structural heterogeneity in a form of twisted plate-
let layers of venous thromboemboli was experimentally confirmed by
two different imaging modalities (MRI and IHC) and an explanation
for the origin of the heterogeneity was provided by numerical simula-
tion of venous blood flow in a model of the popliteal vein, using the
venous flow velocities measured in patients with partly recanalized
venous thromboses. The principal findings of the study are that: (a)
high resolution T;-weighted MRI can efficiently discriminate between
platelet layers and the RBC-rich regions of venous thromboemboli; (b)
more than 85% of the studied venous thromboemboli were structurally
heterogeneous, containing platelet layers; (c) the layers were most
often organized in an interspersed, scaffold-like non-parallel manner;
and (d) the results of the numerical simulation suggest the existence
of a close link between the shape of the layers and the flow pattern in
the region of their origin.

MRI discrimination between platelet layers and RBC-rich regions of
venous thromboemboli was systematically verified by semi-quantitative
co-localization of these regions by IHC staining for platelets, fibrin and
RBCs, as described previously [6]. MRI discrimination is enabled by
tight platelet aggregation, which extrudes extracellular fluid from the
platelet aggregates and therefore effectively concentrates cellular
proteins, shortening the proton spin-lattice relaxation times in platelet
aggregates and creating a bright signal in the T;-weighted MR images [9].
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Fig. 4. AR-3 integrin CD61 IHC image of the thromboembolus formed distal to the venous
valve (A) and the corresponding venous vessel geometry with organization of platelets
(B). The vessel geometry (B, green) was used as an input for the blood flow simulation
(C) that showed a remarkable similarity between the eddy flow pattern of the simulation
and the twisted platelet layers (B, red). The similarity suggests that the thromboembolus
was formed under eddy flow conditions. The arrow marks the position of twisted platelet
layers (A) that coincide with the eddy position (C); the scale bars represent 5 mm.

The effect prevails over NMR relaxation induced by paramagnetic deox-
yhemoglobin, which occurs in RBC-rich regions.

The established pathology paradigm postulates that venous throm-
boemboli are composed mostly of RBCs and of much fewer platelets,
which are interspersed at the surface of thromboemboli in the form of
lines of Zahn [3]. However, the high prevalence of structural heteroge-
neity, which was found in our study, indicates that platelet layers are
also distributed in the deeper layers of venous thromboemboli, which
is consistent with a morphological study published already in 1974
[22]. The layers are organized in a non-parallel manner in a scaffold
that spreads through the entire thromboembolus. Despite the low
volume fraction the scaffold provides support to the thromboembolus,
increases its compactness and makes its dissolution harder [23]. The
positioning of the platelet layers in the venous thrombi corresponded
to the predicted regions of high shear flow in the partly obstructed
venous lumen. As the platelets are commonly activated in the high
shear-stress environment of the arterial vascular system [7], our exper-
imental and theoretical results suggest that such conditions were also
present during the growth of venous thromboemboli.

A plausible explanation for the origin of twisted platelet formations in
thromboemboli is associated with flow separation in the post-stenotic
region between the central high-velocity jet and low-velocity eddies
residing in flow niches behind the stenosis (perivalvular region). Long
residence times of flow in the niches provide favorable conditions for
platelet aggregation and adherence that follows the pattern of flow.
The process results in twisted platelet layers in the growing thromboem-
bolus (Fig. 4). Thromboemboli with twisted platelet layers are less likely
in regions distant to the stenosis due to the prevalence of straight flow.
However, in turbulent flow (Fig. 3E) conditions for thrombus growth
are unfavorable because of excessive mechanical forces and flow non-
stationarity [24].

Previous venous thrombosis is a strong risk factor for recurrence of
venous thrombosis. The results of our US examinations showed that
in subjects who had suffered venous thrombosis 3-6 months previously
and had incompletely recanalized deep veins of the lower limbs, the
peak venous blood velocity in the prone position was higher than in
healthy subjects. The increased venous blood peak velocity in the
outpatient treated subjects was not even included in the simulation,
which assumed an identical pre-stenotic flow velocity of 10 cm/s for
all degrees of stenosis. The increased inlet velocity in the simulation
resulted in the formation of turbulent flow in the post-stenotic region
even at lower levels of stenosis, which additionally supports our claim
for the possible occurrence of turbulent flow along fibrotic venous
valves or emerging non-occlusive venous thrombi.

A limitation of our study was that MRI and IHC examinations were
not performed simultaneously. However, our results were not an
artifact, since MRI and IHC were performed on complementary halves
of the thromboemboli examined. Selected T,-weighted MRI parameters
(TR/TE=105/10 ms), that were already used in our previous studies,
yielded the best compromise between image contrast and image quality
[6, 9]. A shorter repetition time would introduce heavier T;-weighting
but also more image noise, whereas a longer repetition time would
result in less image contrast, but with better signal-to-noise ratio, and
would also prolong the scan time. All MR images were obtained ex
vivo using MR microscopy, so that image resolution was much better
and scan time longer than if images were obtained in vivo on a standard
clinical MRI scanner.

Another limitation was also the simplified geometry of the popliteal
vein that was used as an input for the vessel model used in the numer-
ical simulation of vein vessel hemodynamics. Malfunctioning vessel
valves are in reality only partially rigid, therefore, no-slip boundary
conditions do not apply entirely in the valve region. Moreover, blood
was considered to be a Newtonian incompressible fluid and the fluid-
structure interactions (i.e. cell-to-cell collisions and cell adhesion)
were not taken into account [18, 25]. Inclusion of the above details
and interactions into a model of platelet aggregation and adhesion of
the aggregates to the vessel wall has been done recently by Flamm
and co-authors [26], but is not essential to highlight the interaction of
venous flow and patterns of platelet aggregation In our simulation the
inlet velocity was assumed stationary, which is another simplification.
In reality, in veins flow is pulsatile with pulsations determined by
breathing, heart beating and muscle contractions. The effect of flow
pulsations could rise unsteady oscillating eddies (Supplementary Add.
1). In addition, the inlet velocity was assumed constant regardless of
the level of stenosis. However, flow through the stenosed venous vessel
drops with the increasing level of stenosis [27] ,which would result in
less extent eddies in severely stenosed flow compared to our simulation
results (Supplementary Add. 2).

In summary, T;-weighted MRI and IHC of venous thromboemboli ex
vivo showed a high prevalence of structural heterogeneity with twisted
platelet layers inside the RBC-rich clot. The hypothesis that the hetero-
geneity of venous thromboemboli is associated with local hemodynam-
ic conditions at the site of venous stenosis during thrombus growth is
supported by the experimentally observed organization of platelet
layers, which corresponds to the flow pattern of our simulation
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model. Therefore, twisted platelet layers are expected in the post-
stenotic region with eddy flow, while laminar platelet layers are
expected in regions distant to the stenosis where flow is straight.
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