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ABSTRACT

Purpose: To investigate the role of wall shear stress in aspects of the formation of fibrin sheath and intimal thick-
ening in a dog model.

Methods: Tunneled silicone 14.5-F catheters were inserted into the left internal jugular vein in eight dogs. The
dogs were separated into two groups according to catheter indwelling time of 14 and 28 days. All dogs underwent
extracorporeal circulation three times a week. Multidetector computed tomography venography (MDCTV) exami-
nation was used to examine the catheter tip thrombus. After the animals were sacrificed, histological and immu-
nohistochemistry evaluations were performed to confirm specific cell populations. We used computer modeling
to generate wall shear stress profiles for the blood flow through the catheter.

Results: Catheter-related sheaths were identified in all catheter specimens, but there was no fibrin sheath around
the catheter tip. There were also differences in wall shear stress between the different venous wall sites. Differ-
ences in vein wall thickening at different sites have been found at both 14 days (intima to media (I/M) ratio S1 vs S2:
p =0.01, S3 vs S4: p<0.01) and 28 days (I/M ratio S1 vs S2: p<0.01, S3 vs S4: p<0.05).

Conclusions: After catheter placement, fibrin sheath formation partially covered the catheter. Meanwhile, focal
areas of intimal thickening were also seen in the venous wall adjacent to the sites of high wall shear stress. These
findings indicate an important role of wall shear stress profiles in fibrin sheath formation and intimal thickening.
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Introduction

The clinical performance of a tunneled cuffed catheter is
crucial for adequate hemodialysis. Several studies pertaining
to blood flow rates, recirculation and long-term dysfunction-
free survival have been conducted, but not many of them
have focused on the performance of the catheters. The pal-
indrome catheter (PC), which is a new design of catheter with
symmetric tips and biased ports, is increasingly being used in
recent years. In a study in a swine model using the PC, minimal
recirculation was observed while dialysis lines were reversed,
compared with split-tip and other catheters (1). However, the
PC has also exhibited problems of catheter dysfunction in
terms of fibrin sheath formation and venous stenosis (2, 3).
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Two important findings on the topic of catheter-related
fibrin sheaths have been reported in the literature, namely
the sheaths’ histopathology features and the microscopic de-
velopment. It is well established that a fibrin sleeve can cause
encasement of the catheter, which can interfere with cath-
eter function and lead to ineffective hemodialysis (4-7). On
the other hand, there is a debate regarding the nature and
pathophysiology of the development of intimal thickening,
which correlates with venous stenosis (8, 9).

Although the pathology of stenosis has been extensively
discussed in many studies, the exact etiopathogenesis of the
disease is not fully understood. We hypothesize that the key
factor which influences whether a venous wall will undergo
stenosis is the hemodynamic wall shear stress (WSS) that
is generated when extracorporeal circulation occurs after a
catheter is inserted. Until now, several studies of WSS and
pattern of stenosis in arteriovenous fistula have been report-
ed (10, 11), and additionally a study using extracorporeal cir-
culation to test catheter recirculation has been documented
(12), but this study contains little data on the relationship of
hemodynamic WSS to the formation of fibrin sheath, as well
as to the development of intimal hyperplasia of the venous
wall. For this reason, we used extracorporeal circulation and
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computer modeling techniques to generate a WSS profile for
the blood flow through the catheter to evaluate its perfor-
mance, and to examine the fibrin sheath formation and the
development of intimal hyperplasia in the superior vena cava
wall that are adjacent to the central venous catheters in dogs.

Methods

Experimental design

A total of eight dogs (initial weight 25 kg) were used.
Animal handling and experiment conformed to standards
set forth in The Guide for the Care and Use of Laboratory
Animals (13). The study was approved by the institutional
animal use committee of the 2nd Affiliated Hospital of Tian-
jin Medical University, PR China. The dogs were divided into
two groups (four in each group) and sacrificed after a cath-
eterization period of 14 to 28 days.

Preoperative procedures: anesthesia

The dogs were anesthetized with xylazine hydrochloride
injection (1 mg/kg, intramuscularly), at least 30 minutes prior
to the surgical procedure.

Surgical preparation

All surgeries were performed using aseptic surgical proce-
dures. The hair was shaved from the ventral and left lateral
sides of the neck to at least the lateral midline on both sides.
After the dogs were transferred into the operating room, the
surgical site was cleaned by applying povidone-iodine solution
onto its surface, followed by an application of 70% isopropyl
alcohol and draping for aseptic surgery.

Surgical procedure

Percutaneous access to the left internal jugular vein was
performed with ultrasound guidance. Access was achieved
with a 21-gauge needle that was exchanged for a 3-coaxial
dilator over a 0.018-inch guide wire (Covidien, Mansfield,
MA, USA). A 16-F peel-away introducer sheath was advanced
into the left internal jugular vein over a stiff 0.35-inch guide
wire. The catheter used in this study was the 14.5-F 19-cm PC
(Covidien). After catheter placement, an X-ray was taken to
determine the location of the tip of the catheter. When the
tip of the catheter was between the sixth and seventh ribs,
we surmised that the catheter was in the proximal end of
the superior vena cava according to our knowledge of canine
anatomy.

Extracorporeal circulation

The dogs underwent extracorporeal circulation, under
aseptic conditions, three times a week in order to simulate
the hemodynamic conditions during hemodialysis. In brief,
dogs were anesthetized, and subsequently, after priming
with saline, two dialysis tubes were connected to the cath-
eter adapters separately, and a loaded heparin dose of 3,000
IU was given intravenously. Finally, the dogs underwent
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extracorporeal circulation for 30 min, by using a blood pump
with a blood flow rate of 250 mL/min. A heparin lock was
used at the end of procedure, to prevent thrombosis.

Multidetector computed tomography venography
examination

The dogs underwent multidetector computed tomography
venography (MDCTV) at the 14-day and 28-day time points.
MDCTV was performed using a 64-detector CT scanner (GE,
Light speed VCT, Atlanta, GA, USA) after intravenous injection
of 70 to 80 mL of Iohexol (350 mg/mL; GE Healthcare AS) via
the venous adapter of the catheter at 3 mL/sec by a dual-head
power injector (Tennessee XD2003, Ulrich GmbH & Co. KG,
Ulm, Germany). Scanning was triggered automatically with
bolus tracking and the region of interest was placed between
the left internal jugular venous system and the superior vena
cava, with a threshold of 100 Hounsfield units (HU), and a
5-sec fixed delay was used for data acquisition. The raw data
were sent to an offline workstation (GE, Volume Share2-AW4.4
version), and then inputted into a three-dimensional software
(GE, Volume Share2-AW4.4 version) on the workstation. Re-
construction images of the left internal jugular venous system
and the superior vena cava were built by using multiplanar
reformation, maximum intensity projection and volume ren-
dering technique.

Specimen processing

The dogs were sacrificed after a catheterization period
of 14 to 28 days. The tissues of the left internal jugular vein
were fixed in formalin for at least 1 day. The tissue speci-
mens were serially cut into five blocks, and numbered as
sites1-5. Site 1 (S1) represented the area located 2 cm from
the tip of the catheter; site 2 (S2) represented the area from
the tip to the side holes of the catheter; site 3 (S3) repre-
sented the area around the side holes of the catheter; site 4
(S4) represented the area 2 cm from the side holes and site
5 (S5) represented the site of catheter entry (Fig. 1). Trans-
verse slices of the associated venous wall of approximately
0.5 cm thickness were put into cassettes and embedded in
paraffin.

Histochemistry and immunohistochemistry

Hematoxylin and eosin (H&E) staining was used for his-
tological examination in the standard way. Verhoeff-van
Gieson staining was used to identify elastic laminas and Mas-
son’s trichrome staining was used to visualize the collagen
distribution. For the immunohistochemical staining, after
deparaffinization and hydration, sections underwent anti-
gen retrieval, were incubated with the blocking agent, 3%
H,0,, for 10 min and blocked with rabbit serum for 30 min.
The sections were then incubated with the primary antibody
(anti-alpha smooth muscle actin antibody, abcam, ab5694,
1:100; and anti-von Willebrand factor abcam, ab6994, 1:200)
overnight at 4°C. The next day, sections were incubated with
the biotinylated goat anti-polyvalent antibody for 30 min
and with streptavidin peroxidase for 30 min at 37°C. The
sections were then treated with the DAB color developing
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Fig. 1 - Photograph of internal jugular vein with an inserted catheter, divided into segments termed as segments 1-5: segment 1 (S1) represents
the site located 2 cm from the tip of the catheter; segment 2 (S2) represents the area from the tip to the side holes of the catheter; segment
3 (S3) represents the area around the side holes of the catheter; segment 4 (S4) represents the site 2 cm from the side holes; segment 5 (S5)

represents the site of catheter entry, after 28 days indwelling.

solution and hematoxylin. Following dehydration, sections
were mounted and dried.

Development of a complete WSS profile

The computational domain encompasses the space in the
blood vessel and the hemodialysis catheter which is being
filled with blood. The computational domain was represent-
ed using a fine unstructured mesh of a number of tetrahe-
drons (ICEMCFD; version 14.5). In order to drive the flow in
the computational domain, pressure boundary condition was
set at both the inlet and the outlet ends of the blood vessel,
and the flow boundary condition was set at both ends of the
hemodialysis catheter. Due to the viscosity of blood, it is criti-
cally important in this study that nonslip boundary conditions
are set at both the blood vessel wall and the hemodialysis
catheter wall. The governing equation, that is, Navier-Stokes
equation, which was discretized using the finite volume
method and solved numerically (Fluent; version 14.5), result-
ed in the development of a complete calculated WSS distribu-
tion of the blood vessel inserted with a hemodialysis catheter
(Fluent; version 6.3.26).

Image analysis

Images of the stained sections were digitalized using a mi-
croscope (Nikon Eclipse 90i) fitted with a camera head (DS-5M)
and a controller (DS Camera Control Unit DS-L1), which deliv-
ered the image to a computer (IBM). Digital Managing System
(NIS-Elements F.3.0) was used for image capture and analysis.

To calculate the thickness and area of the intimal and
medial layers, the image analysis software was calibrated to
report measurements in micrometer. For the H&E-stained
sections, each segment was analyzed by drawing six equally
spaced lines perpendicular to the venous wall and measuring
the thickness of the intima and media. The data were then av-
eraged to provide the thickness of the laminae for each seg-
ment and similar method was used for measuring the area of
the intima and media.

© 2015 Wichtig Publishing

Statistical analysis

The intima to media (I/M) ratios of both thickness and
area from day 14 to day 28 were compared using Student’s
t-tests or alternatively Mann-Whitney U test when the data
were not normally distributed. The difference was considered
to be statistically significant at p<0.05. Statistical analysis was
performed using the SPSS software version 20.0 (IBM Corpo-
ration, Armonk, NY, USA).

Results

Fibrin sheath formation and morphological changes of the
venous vascular

At the histological examination, catheter-related sheaths
partially covered the intravascular length of the catheter due
to different catheter insertion period (Fig. 2). Whereas the
fibrin sheath covered the catheter mainly from the entry
site to the S4 site, there was no fibrin sheath around the
catheter tip (S1-S3). The sheaths in the venous cavity were
partially or circumferentially composed of a mixed cellular
and noncellular coating of white blood cells embedded in
thrombin (Fig. 3a, indicated by arrow) at day 14, while at day
28, there was less prominent cellularity and more prominent
collagen content (Fig. 3b) in the fibrin sheaths. The intimal
layer was located above the internal elastin layer (Fig. 4a, b).
Additionally, smooth muscle cells were detected under the
intimal layer at day 28, as indicated by their positive stain-
ing for the anti-actin antibody (Fig. 5a-d). Fibrin sheath for-
mation was indentified at the site where the catheter was
inserted into the left internal jugular vein, which we termed
“S5.” This finding was similar among all study groups at this
site (Fig. 6a, b).

Results of MDCTV examination

At the 14-day time point, there was no obvious thrombus
at the tip of the catheter (Fig. 7a), whereas at the 28-day time
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Fig. 2 - Photograph of the internal jugular vein and well-developed, circumferential catheter-related sheath after 28 days indwelling time.

point, there was thrombosis at the tip of the catheter (Fig. 7b,
indicated by arrow).

Identification of differences of WSS values in S1-S4

We calculated the maximum and minimum WSS values as
there was variation of WSS during extracorporeal circulation.
The data show that the maximum WSS values were higherin S1
and S3, and lower in S2 and S4 (Fig. 8). Furthermore, the WSS
value was highest on the S3 site compared to the other three
sites. Figure 9a, b presents the WSS values calculated at the

W

Fig. 3 - a) The sheaths in the venous
cavity were partially or circumfer-
entially composed of a mixed cellu-
lar and noncellular coating of white
blood cells in a background of throm-
bin at day 14 (indicated by arrow)
(H&E staining; original magnification,
x100). b) The sheaths in the venous
cavity at day 28 showed less promi-
nent cellularity and more prominent
collagen content (H&E staining; origi-
nal magnification, x40).

Fig. 4 - Collagen distribution in the
laminar membrane was detected
between intimal and media layers.
a) Verhoeff-van Gieson’s elastin
(lamina) staining (original magnifi-
cation, x40). b) Masson’s trichrome
staining of collagen (original magni-
fication, x100).

S3, S1 site during the peaks and valleys of blood flow circula-
tion. The velocity vectors for both the cross-sectional and lon-
gitudinal sections have been analyzed in Figure 10a-c.

Identification of histological differences among $S1-54 sites
with differences in WSS

At the 14-day time point, intimal hyperplasia could be
foundinthearealocated 2cmfromthetip ofthe catheter(S1),
as well as the regions around the area of the side holes of
the catheter (S3) (Fig. 11a, c). In contrast, Figure 11b and d

© 2015 Wichtig Publishing
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Fig. 5 - A 28-day specimen. Cells
staining positive for smooth muscle
actin were present under the inti-
mal layer of the S1-S4 site. a) S1 site
of the internal jugular vein. b) S2 site
of internal jugular vein. c) S3 site of
the internal jugular vein. d) S4 site of
the internal jugular vein (H&E stain-
ing; original magnification, x100).

shows that there was less intimal-media thickening in the S2
and S4 sites. Similar trend was observed for the 28-day time
point on the S1-54 sites (Fig. 12a-d). When the I/M ratio of
the thickness was calculated, we found that the differences
at the S1 and S2 sites (p = 0.01), as well as at the S3 and
S4 sites, at 14 days (p<0.01), were statistically significant.
Additionally, a similar trend was detected for the S1-54 sites
at the 28-day time point (p<0.01; p<0.05) (Figs. 13a, 14a).

© 2015 Wichtig Publishing

Fig. 6 - a) Fibrin sheath formation can
be seenin the entry site in the internal
jugular vein after 14 days indwelling
time (arrow) (H&E staining; original
maghnification, x40). b) Fibrin sheath
formation can be seen in the entry
site in the internal jugular vein after
28 days indwelling time (arrow) (H&E
staining; original magnification, x40).

For I/M ratio of the area, we also observed a similar trend
both at the 14-day time point (S1 vs S2: p = 0.01 S3 vs S4:
p<0.05) and at the 28-day time point (S1 vs S2: p<0.01 S3
vs S4: p<0.01) (Figs. 13b, 14b). Furthermore, high maximum
WSS values were detected in the S1 and S3 sites. These find-
ings indicated that the greater differences in WSS between
the S1 and S3 sites could correlate with the intimal-media
thickening transition.
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Fig. 7 - a) There was no obvious thrombus at the tip of the catheter at 14 days. b) There was thrombus at the tip of the catheter at 28 days
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Fig. 8 - The maximum and minimum WSS values calculated during
extracorporeal circulation. The maximum and minimum WSS val-
ues were high in the Sland S3 sites, and low in the S2 and S4 sites.

Discussion

The primary interests of this study were the development
of the fibrin sheath and the histological changes of the adjacent
vein while the dogs underwent extracorporeal circulation three
times a week, which to our knowledge has not been previously
reported. One of the main causes of catheter dysfunction is

W

fibrin sheath formation, and it usually develops within 5-7 days
after catheter placement (14-17). In this study, fibrin sheath for-
mation was found in vascular wall at day 14, which is consistent
with the findings of a frequently cited research (18) performed
at autopsy in 55 patients with subclavian vein catheters.

Blood flow in the catheter results in WSS in the venous
wall adjacent to the catheter. By using computational fluid
dynamics (CFD), we found WSS differences in the S1-S4
sites and high maximum WSS values on the S1 and S3 sites,
whereas there was no fibrin sheath formation on the S1-S3
sites. After examining the H&E staining, we found less intimal
hyperplasia on the S2 and S4 sites, whereas intense intimal
hyperplasia was observed on the S1 and S3 sites. Based on
these findings, we hypothesized that WSS in the catheter dur-
ing blood extracorporeal circulation may play an important
role in regulating fibrin sheath formation and venous wall
intimal hyperplasia. High WSS values may induce intimal hy-
perplasia and prevent the process of fibrin sheath formation
during extracorporeal circulation.

Meanwhile, it has been suggested that catheter movement
is another factor that causes intimal thickening. Catheter move-
ment in the longitudinal direction has been demonstrated by
several investigators (19-21). In addition, it has been found that
respiratory movementsandthe heart beatin humans cause cath-
eter floating in the blood flow and a knocking contact between
the catheter and the vascular wall during radioscopy. Xiang et
al hypothesized that in the larger diameter vein, the repeated
microinjury caused by a catheter floating in the vessel lumen
and knocking against a small area of the wall might result in the
papillary form of intimal hyperplasia, while the repeated injury
caused by the rubbing of the catheter against a broader area of
the vein wall might result in plaque-like form of intimal hyper-
plasia (22). In this study, there was no morphological difference

© 2015 Wichtig Publishing
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Fig. 9 - WSS contours of the catheter configuration during extra-
corporeal circulation. In this case, a hemodialysis catheter was
inserted into a straight blood vessel at an angle of 20°. The length
of the part of the hemodialysis catheter inserted in the blood ves-
sel is 19 cm. The internal diameter and external diameter of the
catheter are about 3.8 mm and 5 mm, and the internal diameter
of the blood vessel is 1 cm. The three-dimensional computational
domain was represented using a mesh of 1,997,302 tetrahedrons
(ICEM CFD; version 14.5). In the hemodialysis catheter, the volume
flow rate of blood was set to 250 mL/min. The pressure values at
the inlet and the outlet boundaries of the blood vessel were set
to 58.8 pa and 0 pa, respectively. Nonslip boundaries were set at
both the blood vessel wall and the hemodialysis catheter wall. Ad-
dition of the flow data into this model, using finite volume method
(Fluent; version 14.5), resulted in the development of a complete
calculated WSS distribution of the blood vessel into which the he-
modialysis catheter was inserted. Since the blood velocity at the
hole of the venous end and the velocity gradient near the inner
vascular wall are both large, the shear action on the inner vascular
wallis larger near the catheter hole at the venous end. a) The WSS
contours in the S3 section. b) The WSS contours in the S1 section.

of the intimal hyperplasia. We theorized that the blood flow in
the catheter also causes WSS to the adjacent vein wall during
extracorporeal circulation, which is different from the condition
in the Xiang et al study (22). Furthermore, the side holes in the
S3 site may not be beneficial in extending catheter life when
the catheter tip becomes occluded and blood flows through the
side holes leading to vein intima damage and mural thrombus
(23). Thus, suctioning from the side holes in combination with
high WSS in this area may promote intimal thickening.

Studies have found the pericatheter thrombus infiltrated by
numerous a-actin-positive cells which had migrated from the
vein wall along adherent areas or connecting bridges in 7 days.
This process transformed the thrombus into a pericatheter fi-
brin sleeve which mainly consisted of a-actin-positive cells and
collagen (24, 25). Recently, Kohler and Kirkman reported that
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Fig. 10 - Velocity vectors for both the cross section and longitudinal
level. Under the influence of the blood pressure drop, the blood
flows away from the proximal end. The blood flows out of the cath-
eter from the venous end and into the catheter from the arterial
end. Because of the shear action of the blood, the flow is chaotic at
the peripheral anterior of catheter. In addition, the blood velocity
in this area is lower than that in the hole. a) The tangential compo-
nent of the velocity vectors on the S3 cross section. b) The velocity
vectors around the catheter. c¢) The tangential component of the
velocity vectors on the S1-S4 cross section.

the thrombus at the catheter tip formed by infiltration of mac-
rophages and smooth muscle cells (SMCs), resulting in a lesion
similar to intimal hyperplasia (26). In our study, SMCs could be
found under the intimal layer on the S1-54 sites. But we did
not find pericatheter fibrin around the catheter tip. This result
again suggests that the process of fibrin sheath formation and
intimal thickening may be influenced by the WSS of blood flow,
the resulting dynamics and the subsequent response of the
components of the venous wall to the catheter (27).

In this study, we found, by using MDCTYV, that there was
no thrombus at the catheter tip after 14 days, whereas there
was thrombus at the catheter tip after 28 days. Thus, based
on these results, we hypothesized that a pathologic process
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Fig. 11 - Intimal thickness of the S1-S4
site. a) Intimal thickness of the S1 site.
b) Intimal thickness of the S2 site. c) In-
timal thickness of the S3 site. d) Intimal
thickness of the S4 site. 14-day speci-
men (H&E staining; original magnifica-
tion, x100).

Fig. 12 - Intimal thickness of the S1-S4
site. a) Intimal thickness of the S1 site.
b) Intimal thickness of the S2 site. c) In-
timal thickness of the S3 site. d) Intimal
thickness of the S4 site. 28-day speci-
men (H&E staining; original magnifica-
tion, x100).

may happen when thrombus forms adjacent to an indwell- generated after the catheter is inserted into the venous cav-

ing catheter. This process is different from the common ity may reduce thrombus formation during extracorporeal
thrombus formation in vascular lumen, because the WSS circulation (14, 28).

W © 2015 Wichtig Publishing
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The subsequent process of sheath formation is similar
among animals and humans, but it is difficult to equate the
results in a dog model with those found in humans (29, 30).
Trauma due to catheter insertion, inherent properties of the
catheter material or chronic rubbing of the catheter against
the vein walls may be present singularly or in concert with one
another. The response of the jugular and femoral vein wall to
endothelial injury induced by trypsinization or air-drying has
been studied in rabbit and rat models (31). In this dog model,
the time course of the events cannot be extrapolated to human
patients, but the common sequence of the response remains
relatively constant and is consistent with previous studies in
patients with short- and long-term indwelling catheters (18).

Our study has some limitations. Firstly, the number of dogs
in each group was small. As reported in detail in another his-
tological study (15) mainly about the catheter-related fibrin
sheath, working with rodent models is easier to include a larg-
er number of animals in the study, which is more difficult to do
with canine models. But from our findings we have shown that
there was difference of intimal thickening in different section
of the vessel which was comparable with the difference of the
WSS in the different sections developed from the CFD. Sec-
ondly, we did not measure the actual WSS inside the venous
wall, which typically makes it difficult to apply these results to
human studies. However, by using extracorporeal circulation,
we simulate the hemodynamic condition during hemodialysis
and consequently the sequence of events should be similar in
terms of dynamics of the process and the ongoing response of
the fibrin formation and intimal hyperplasia.

© 2015 Wichtig Publishing
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Fig. 13 - Intima to media ratio of
both thickness and area in the S1-S4
site of 14 days. a) Thickness of in-
tima to media ratio in the S1-S4
site after 14 days indwelling time.
b) Area of intima to media ratio in
the S1-S4 site afterl4 days indwell-
ing time.

Pl 0%

Fig. 14 - Intima to media ratio of
both thickness and area in the S1-54
site of 28 days. a) Thickness of intima
to media ratio in the S1-54 site after
28 days indwelling time. b) Area of
intima to media ratio in the S1-54 site
after 28 days indwelling time.

In conclusion, the fibrin sheath that forms around indwell-
ing catheters in the dog model did not cover the whole cath-
eter; meanwhile, focal areas of intimal thickening were also
seen in the vein wall adjacent to the site of high maximum
WSS values. The development is a dynamic process which
involves WSS and not just the histological changes of non-
cellular material and thrombus. We therefore believe that
our findings could have clinical relevance, leading us to fur-
ther study the relationship between hemodynamic profiles,
molecular signaling and histological patterns.
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