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1. Introduction

Intraluminal thrombus (ILT) is a fibrin structure with
an aggregation of platelets, blood cells, blood proteins
and cellular debris leading to a fluid-permeable struc-
ture by means of a network of canaliculi. ILT is
organised in 3 distinct layers with different compos-
ition and structure depending on the level of throm-
bus ageing and leading to permeability gradients
(Wilson 2013). ILT formation often occurs in aneur-
ysmal aortas and its role in the pathology evolution is
still debating. A part of the answer can be tackled
through 3D thrombus morphology analysis and
mechanical characterisation that are both not widely
known. Only one experimental study investigated
thrombus permeability from abdominal aortic aneur-
ysm (AAA) (Boschetti 2007) considering the distinct
thrombus layers. Histological studies can provide ILT
compositions but only 2D morphology. Finally, only
one work performed micro-computed tomography
(uCT) measurements, but no 3D microstructure was
provided (Karagiannidis 2020). The objectives of this
study are therefore to propose a new permeability
experiment, uCT measurements to obtain the 3D
morphology of thrombus and histological study to
link microstructure and permeability.

2. Methods

Four thrombi were removed from AAAs of human
donors (average age 65 years). Fourteen disk samples,
16 slices and 10 cylindrical samples extracted from
these 4 thrombi were used to performed permeability,
histology and uCT analysis, respectively.

2.1. Permeability

After removal, ILTs were placed in DMEM solution
and stored at 4°C or frozen. The three layers of each
of them were first separated and 14mm diameter
disks were cut from each of these layers using a sharp

punch. The 14 samples were divided into 9 luminal
disks, 2 abluminal, 1 medial and 2 composed by the
medial and abluminal layers because the transition
between the layers was unclear. Each disk was placed
into a homemade permeameter set-up. Agarose was
used for few disks with diameter lesser than 14mm
to compensate the permeameter cell. The permeabil-
ity of samples was calculated according to the
Darcy’s law measuring the flowrate through the disks
under constant hydrostatic pressure of 35mmHg
and/or 100mmHg.

2.2. Histology

Samples from the same four ILTs were submitted to
histological study. ILTs were fixed in 10% formalin
solution, embedded in paraffin through conventional
methods. Then, they were stained with Hematoxylin
and Eosin (H&E) to highlight erythrocytes, leucocytes
and fibrin. To bring out platelets, an immunobhistol-
ogy technique was performed using CD61 antibodies.

2.3. uCT

Cylindrical samples of 3mm diameter were cut into
the ILTs thickness keeping their three layers. Samples
were first washed in distilled water to remove DMEM
solution. They were then fixed in 4% formalin solu-
tion for 24h. After fixation, samples were subjected to
a dehydration process, gradually stored in pure alco-
hol solution. Finally, specimens were immersed in
0.6% phosphotungstic acid (PTA) in 70% alcohol
solution to improve tissue contrast. After the prepar-
ation, samples were immersed in pure alcohol and
tested using a uCT with 3um resolution. Porosity,
interconnectivity and permeability were assessed using
iMorph (Brun 2009).

3. Results and discussion
3.1. Permeability studies

Different values of permeability were obtained accord-
ing to the tested layer. Permeabilities between
2.2.107"*m? and 3.8.107'®m* were measured for
luminal disks depending on the use of agarose. No
perfusion was reported for 4 disks.
Concerning medial and abluminal disks, none have
perfused. These findings suggests that the luminal

luminal

layer is fluid-permeable due to a canaliculi network.
The study of Boschetti obtained approximatively the
same permeability mean values for luminal, medial
and abluminal layer (3.1077m? = 4.1077m?
3.5.1077m®> respectively). The result provided by
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Figure 1. a) Overview of histological image. b) Abluminal
layer. c) Medial layer (H&E). d) Luminal layer (CD61).

Figure 2. a) Vertical cut of ILT sample under uCT. b) Luminal
layer. c) Medial layer. d) Abluminal layer.

Boschetti is unexpected regarding the inhomogeneous
ILT structure.

3.2. Histological analysis

Sixteen slides from the 4 ILTs were investigated by
histological analysis. Figure 1 is an illustration of the
results obtained. Luminal layer is mainly composed
by erythrocytes and contains also leucocytes concen-
trated in loose fibrin network (not shown). The
immunohistology reveals that a high number of plate-
lets is present in the luminal layer (Figure 1d) con-
trary to the medial and abluminal layers where low
concentration of platelets is observed. The porous
medial layer shows agglomerated erythrocytes (Figure

Ic). Finally, abluminal layer is composed by a con-
densed oriented fibrin network without porosity.

3.3. uCT studies

Figure 2 is an illustration of the results obtained from
uCT. ILT shows a non-homogeneous structure
through the thickness leading to porosity gradients
(Figure 2a). The luminal layer is composed by loose
fibrin networks. Considering the maximal representa-
tive elementary volume a mean pore diameter of
8.8um and a porosity of 7.4% are obtained (Figure
2b). The medial layer shows higher porosity with
8.2% and a mean pore diameter of 28.8um (Figure
2¢). Finally, abluminal layer is composed by dense
fibrin fibers networks with lower porosity (4%) com-
pared to the medial layer (Figure 2d). For both medial
and abluminal layers, the average spacing between
pores is high, 81pm and 150pum, respectively and they
are not permeable at this scale. On the contrary, the
pores are closer in the luminal layer with an average
spacing of 54.8um and few regions with connected
pore clusters. The permeability of luminal layer is
equal to 3.79.10“m”.

3.4. Discussion

At macroscale different permeability values were
obtained for the luminal layer. This difference may be
explained using agarose and by the variability of the
ILT composition. Even if only one measurement of
permeability was performed using uCT, macroscale
and microscale values are comparable, and the struc-
ture of porous networks is consistent with these per-
meability measurements. Concerning both abluminal
and medial layers macro and microscale permeability
measurements agree. Finally, the microstructure
obtained by uCT is consistent with histology.

4, Conclusions

For the first time in the literature pCT analysis on ILT
allowed to obtain its 3D morphology with a resolution
of 3um. This work is ongoing increasing the ILT sample
number and improving resolution using a nanotube.
Mechanical testing will be performed. These develop-
ments will allow to build a porous model for ILT com-
bining data obtained at micro and macro scales to
assess the role of the thrombus in pathology evolution.
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