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1. Introduction

Arteriovenous fistula (AVF) is a significance modification of the cardiovascular system
since it is an early connection between the arterial and venous circulations, thus the blood flows
directly from the artery to the vein bypassing the distal circulation.!™ The AVF is very
common in the clinical practice, since it could be congenital as arteriovenous malformation
(AVM) or acquired as hemodialysis fistula, iatrogenic fistula and traumatic fistula.>-

Congenital AVFs are rare and exist usually due to the failure of the differentiation of
embryonic vessels into arteries and veins.®>* Hemodialysis fistulas provide long-term, high-
flow, and easy access for hemodialysis patients without any real alternatives. Therefore, these
fistulas are the most common form of AVFs.>® The incidence of iatrogenic AVFs is increasing
exponentially due to increased percutaneous interventions and the femoral AVFs are the most
frequent form of these fistulas.>* Traumatic AVFs occur in the civilian and military vascular
trauma, and can be found in all vessels, especially in the neck and abdomen.® Spontaneous
AVFs should also be also mentioned, they occurred after the rupture of diseased artery into a
contiguous vein.>4’

Arteriovenous fistula has been and is still the focus of many studies due to the wide
spectrum of systemic effects. The systemic effects are not limited to the cardiovascular system,
as they involve other neurohormonal and pulmonary effects such as pulmonary hypertension
and the changes in natriuretic peptides.>®-1° Patients with arteriovenous fistula face in addition
to the systemic complications many other local ones as local venous hypertension and mass
effects of the fistula.!

On the other side, many challenges exist to maintain the patency of the arteriovenous
fistula as the only reasonable vascular access in hemodialysis patients. These challenges
include recurrent stenosis, thrombosis of the arteriovenous fistula, impaired maturation, access-

related complications and intimal hyperplasia.*
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The fistula-related hypoperfusion or ischemia is one of the important complications.
The arteriovenous fistula impairs the distal circulation,!! and this impairment could lead in 1-
9% of cases to critical access-related ischemia.!?*® It is challenging to manage this kind of
ischemia. Although it could actually be managed by the surgical closure or banding of the
fistula, but in the case of hemodialysis fistulas, the main challenge is to manage these
complications without sacrificing this important hemodialysis access.

Numerous medical studies have been conducted to figure out new aspects that can be
used for the management of this hypoperfusion, we intended by this study to approach the
fistula-related hypoperfusion from a microcirculatory point of view and to identify the factors
affecting the microcirculation. Many animal models were used to study the pathophysiological
effects of the AVFs. There is no complete model simulating AVFs in humans, and each model
has many disadvantages and advantages. According to our Knowledge, a model to study the
microcirculation and rheology has not yet been evaluated. A carotid-jugular fistula (CJF) model

will be tested in this study as a feasible model for such studies.



2. Literature review
2.1. The impact of arteriovenous fistulas on distal microcirculation

A combination of systemic and local factors plays an important role in fistula-related
hypoperfusion, however the full pathophysiology is not fully clear, and it is unknown why
these ischemic symptoms occur in some patients and do not occur in others.'4

The systemic cardiovascular changes are undoubtedly an important cause of this
ischemia, especially mean pressure drop in the case of AVF. There are also several other
mechanisms by which the fistula affects the microcirculation distal to the fistula, such as the
tendency of blood to flow into a low-resistance vein rather than a high-resistance artery, or the
so-called steal syndrome. Other vascular mechanisms may also contribute such as the presence
of concomitant atherosclerosis.*> Other mechanisms are known in patients with chronic kidney
disease, such as the high level of urea, and some studies have shown the negative effect of the
chronic kidney disease on microcirculation.® The change of local vascular resistance and tone
due to the imbalance between vasodilators and vasoconstrictors also leads to important changes
in the microcirculation.

The proposed mechanism in our study is that the impairment of the rheological
properties of erythrocytes due to high shear stress could worsen the microcirculation (see
Figure 1).

The microcirculation is a peripheral vascular network with diameters less than 100
um.” Malpighi in 1660 was the first to see the microcirculation and microscopically proved
the existence of a connection between the arterial and venous sides of the circulation through
a network of microcirculations.!® Since that time, the microcirculation and its vital role in the
functions of individual organs and the life of the whole organism have become clearer. Many
biological mechanisms take place in the microcirculation, such as gas and nutrients exchange,
regulation of vascular tone, transport of all blood-borne hormones and mediating the functional
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activity of the immune system and hemostasis.}’1®* Many new treatments are also based on
improving the microcirculation, and the microvascular dysfunction is considered as one of the
important pathophysiological mechanisms for many diseases and a risk factor for many

disease.l’19-2

Figure 1. A proposed mechanism for microvascular dysfunction in the presence of an arteriovenous fistula

2.2. Potential effects of arteriovenous fistulas on microcirculation at the rheological level

As we mentioned, the main idea of our study was to evaluate another mechanism of
fistula-related hypoperfusion at the microcirculatory level. This idea has come through several
studies conducted in our department about the effect of systemic diseases in general and
vascular diseases in particular on the rheological properties of erythrocytes and the further
consequences of these changes on the microcirculation. A brief review of the theoretical basis
of this idea is presented below, by talking about the proposed effects of AVFs on the
erythrocytes and subsequently the impacts of the erythrocytes properties on the

microcirculation.

2.2.1. The effect of arteriovenous fistulas on erythrocytes properties

AVF affects markedly red blood cell (RBC). Some of these effects are mechanical
effects, others are mediated by molecular mechanisms.?? Blood flows through the AVF at high
velocities due to the large pressure gradient between the artery and the vein, this high-velocity
flow leads to high shear stress and turbulent flow. Other mechanical effects in human include
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the effect of the extracorporeal circulation and the peripheral dialysis needles.?® All these
stresses could cause intravascular hemolysis, and if they weren’t high enough to disrupt the
RBC membrane, they could result in alteration in the rheological properties and the metabolism
of RBCs.?* The fistula has also effects on RBCs through other pathways such as inflammation
and hypoxia.l??

According to our knowledge, several studies focus on the effects of RBC properties on
the AVF,%2% or on the effects of AVF on gene expression,?’:? but there is a lack of studies

about the effects of AVF on erythrocytes properties.?®

2.2.2. The effects of erythrocytes properties on blood circulation

Blood circulation could be imagined as an electrical or fluid circuit consisting of three
main components: heart as a pump, the conducting vessels as pipes and the blood as a fluid.
None of the three components of this circuit can operate independently without affecting or
being affected by the other two factors.®® The rheology is the branch of science concerned with
the study of the flow of the fluid. In hemorheology the fluid is blood, and it is classically
summarized by studying the blood viscosity.3%3! The micro-rheologic properties of RBCs are
the properties that influence the microcirculation.tt32-34

Blood viscosity is the resistance of blood to flow, represents the thickness and stickiness
of blood and is directly related to the microcirculation, as shown in Figure 2.33 On the other
hand, blood viscosity is a dynamic property of blood, not like osmolality, glucose, creatinine
and plasma proteins are static properties,® and many factors influence its value, some related
to the erythrocytes such as erythrocyte aggregation and deformability and hematocrit, and some

not related as plasma viscosity and shear rates.



Hematocrit Erythrocyte

Aggregation
Temperature
Plasma
viscosity
Whole Blood
Erythroc.y*fe ViSCOSity
deformability
Leukocyte and
platelet count Microcirculation
and aggregation
Shear-rate
Hemodynamics

Figure 2. A summary of the most important factors affecting whole blood viscosity and the

interactions with microcirculation (Based on Bogar, 1999).%7

There are many reasons making red blood cells the most important component in
determining blood viscosity: First, the big fraction volume in comparison with other blood
components such as WBCs and platelets which form about 1% of the total blood volume.
Secondly, the unusual shape of RBCs as biconcave discs so they could align with the direction
of flow. Thirdly, their ability to change their shapes and to adhere together. Fourthly, their
content of high concentrations of hemoglobin which influence on the speed of shape changing
under shear forces.*

Therefore, the role of RBCs is not limited to transferring the oxygen, but RBCs have
also effects both on microcirculation level due to their deformability and aggregability and on
large vessels’ level mainly by the mass of RBCs.2%%3 The ability of RBC to change its shape

IS very important to enter micro vessels with diameter equal or less to the diameter of RBCs,
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while the mechanism of the effect of the RBCs aggregation on the microcirculation is not well
understood yet.3® Impaired rheological properties also contribute in thrombosis formation.254°

RBC mass also affects markedly the blood viscosity thus blood flow. Therefore, one of
the open question is the appropriate hematocrit level for fistula patient, since low hematocrit
prevents microcirculatory stasis but reduces tissue oxygenation, while high hematocrit
enhances oxygen transport but lead to an increased blood viscosity with a concomitant increase
in tissue hypoxia. 244144

This relationship between hemorheological alterations and blood flow is not unilateral
but could be considered as a “vicious circle”, as shown in Figure 3. The impaired rheological
properties affect the blood flow, and the low blood flow leads to local hypoxia, local acidosis,
accumulation of metabolic wastes, acute phase reaction and/or leukocyte activation, which in

turn impairs the rheological properties.?

\.

‘ Reduced blood |

flow |
Increased | Local hypoxia |
viscosity | and acidosis |
Impaired \‘

micro-rheological
properties J

Figure 3. Hemorheological Vicious Cycle?*

2.3. Methods for evaluating distal microcirculation
The microcirculation of the patients with chronic kidney disease and hemodialysis was
evaluated in several studies using different methods such as in-vivo microscopy, side-stream

dark field imaging Laser, Laser Doppler fluximetry and Laser Doppler Line Scanner, 1164546
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2.3.1. Laser Doppler

The laser Doppler is a good instrument for evaluating the microcirculation and for
studying fistula-related hypoperfusion. It was developed in the late 1970s and uses the same
principle as Doppler ultrasound, it measures the frequency shift of light when it is reflected
back from moving particles such as red blood cells, so we can calculate the velocity and
concentration of these globules.*"

The values of the waves were expressed in Blood Flux Units (BFU [au]), which is
determined by the velocity and number of the moving red blood cells (RBCs) in the examined
tissue. There are some technical matters that must be taken into account when using laser
Doppler, such as the distance of the probe from the tissue, the pressure of the probe on the
tissue, artificial motion, and the calibration of the instrument.*®>® Many of the surrounding
conditions must be adjusted during the measurement process to obtain accurate measurements,
such as room temperature, moisture at the measurement points and performing the
measurements always at the same anatomical site.>*

The microcirculation in studies was evaluated in different locations such as the
microcirculation proximal and distal to the fistula and sublingual microcirculation. These
studies have generally shown heterogenous results but tend to show a decrease in both the
general microcirculation and the microcirculation distal to the fistula in patients with chronic

kidney disease and/or AVFs.454652

2.3.2. The consequences of the acute arteriovenous occlusion

We assumed that more information about the microcirculatory status will be available
from studying the microcirculatory changes after the acute occlusion of the arterial limb of the
fistula since the occurrence of such acute changes will provide clear evidence of the significant

role of these fistula on the microcirculation.>®
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The acute occlusion of the AVF provokes significant hemodynamic changes
immediately after one or two heart beats. These changes include change both the heart rate and
the blood pressure. Many Studies were conducted to explain these changes.>® However, The
physiological mechanism of these changes remains unclear.®* The acute occlusion releases
complex processes mainly the sudden increase of the afterload, other processes should be
mentioned such as stimulating the baroreceptors mediated through the vagal nerve, releasing
chemical substances (acetylcholine, 5-hydroxytryptamine) and sudden decreases in NO

production.>®

2.4. Other important aspects about arteriovenous fistulas
We aimed in this study also to prove the significant effects of our model on both the
microcirculation and the structure of the remote organs thus to present this model as a feasible

model for such studies.

2.4.1. The structural vascular changes

The AVFs lead to a complex remodeling of the vascular system, where the initial
changes include a redirection of the blood flow towards the low resistance circulation in the
vein. These changes are followed by structural and functional changes of the vein and artery,
or the so-called maturation of the fistula, including increasing the diameter of the artery and
vein as well increasing the blood flow though the fistula. The blood flow increases usually by
10 to 20 times to reach 500-200 milliliters per minute in Cimino fistula, and 500-3000 ml per

minute in upper arm fistula.*®tt*°

2.4.2. The systemic effects of arteriovenous fistula
Arteriovenous fistula (AVF) is known of its immediate and late systemic effects which
contribute to morbidity and mortality especially in the presence of high-flow fistula, prosthetic

grafts or other comorbidities.1*>® These effects are mediated by significant pathophysiology

13



changes in the cardiovascular system altering systemic hemodynamic status, altering the
cardiac load by increasing the preload and decreasing the afterload and altering the level of
some vasodilators and vasoconstrictors such as nitric oxide.®® Some studies showed that AVF
could reduce also the coronary perfusion especially in the subendocardial region.®

The effects of AVF involve also pulmonary effects such as pulmonary hypertension
and the changes in natriuretic peptides. The pulmonary hypertension could be related to the
fluid overload, hemodynamic changes, decreased nitric oxide production and endothelial
dysfunction.!

The arteriovenous fistula has other effects by bypassing the distal vascular beds
inducing fistula-related hypoperfusion.t?!® Steal syndrome is the main mechanism to explain
this hypoperfusion and may lead to ischemic changes and impairment in the

microcirculation.}1?

2.5. Arteriovenous models
2.5.1. General models

Many models have been developed for AVFs studies. Although these models in large
animals are technically easier and closer to the human AVF, but they cost more and require
higher technical expertise and equipment. In addition, it is difficult to establish a mixed
diseases models in large animals. All these reasons limited the use of these models and
increased the popularity of models of AVF in small animals.®°¢>7

A lot of models are described in rats such as the aortocaval model (ACF), the tail model
and models in the carotid or femoral regions. The advantages and disadvantages of each model
should be taken into consideration by designing the study. Although the recent technique to

construct ACF is more simpler and faster,>®%8 this AVF represents a fistula in centrally located

vessels as opposed to AVF in humans.® Furthermore, it requires a laparotomy,*® and the
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construction of ACF by puncturing technique could cause higher rate of failure not related to
the fistula dysfunction itself but to the higher technical failure.>®

Regarding to the tail-vein model in addition to the technically challenging,®®®° Beatty
et al. described some technical problems limit the usefulness of this model, including
thrombosis, desiccation and the development of dense scar tissue that could compress the
vessel %0

Femoral AVF is one of the most used model, but it may lead to arterial ischemia or to
venous hypertension.®®! The anastomosis can also be more challenging due to the thin and
collapsible wall of the femoral vein in comparison with human veins or with external jugular

vein (EJV) in rats.5

2.5.2. Why carotid-jugular fistula?

We chose this type of fistula for many reasons. First, the unilateral carotid ligation in
rats is almost innocuous.®® Second, the neck is a clean area with good perfusion, which permits
a rapid and uncomplicated wound healing, in addition to the avoidance of unnecessary
laparotomy. Third, the external jugular vein could be easily isolated because it is not
accompanied by artery or nerve, and its thick wall and large diameter make the anastomosis
easier and its structure resembles the superficial veins in human.%? Fourth, although the CJF is
considered as a large AVF as ACF, its anatomical location is closer to Cimino fistula in human

since both of them located on the aortic arch branches.

2.5.3. Literature review of carotid-jugular fistula
The carotid-jugular fistula is a known model in the literature decades ago, and the
applications of this model differ according to the method of conducting the anastomosis. The

oldest and most common application is as a model for arteriovenous malformation,® and there
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are other applications, for examples to study cerebral venous hypertension, chronic cerebral
hypoperfusion, arterial dilatation and AVF.%°>-¢8

A search for related articles was performed in PubMed up to 12th July 2017 and the
following search term was used (carotid AND jugular AND Rat AND fistula). The search result
was 39 items, but one is excluded because it is about intestinal transplantation. The table (1)
summarizes these studies. A further study was added to this table about the application of this
fistula as a model of chronic heart failure.

There are many studies which have used carotid jugular fistula as a model, but the
applications of this model differ according to the direction of the blood flow. The applications
of this model could be divided into two groups a) model of arteriovenous malformation or
cerebral venous hypertension where the direction of blood is towards the distal end of the
jugular vein i.e. towards the brain veins. This model was the most common used application of
this fistula b) model of AVF or heart failure where the direction of blood is towards the
proximal segment of the jugular vein i.e. towards the right atrium. The carotid jugular fistula

in the current study was added to the table as a model of AVF.
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Table 1. Summary of some studies about carotid jugular fistula.

Model direction of Anastomosis Articles
blood flowto | CCAto EJV | Side Technique (Model) (artery to vein) (technique)
AVM The brain / End to End Right | Ascending (AVM) (P to D) (ascending aorta graft):
CVH Distal end of aorta graft Lawton MT.870
CCH EJV - Suturing (AVM) (P to D) (suturing): Shin Y,".72
Zhu Y,”® Yamada M, Herman JM,”
Bederson JB.™
(CCH) (D to D): Sekhon LH,%® Irikura
K,”” Morgan MK 6478-80
Side to End Left Suturing (AVM) (S to D) (Left): Raoufi Rad N,
or Yassari R,% Kashba SR,®® Terada T,%
Right Ng K, Tu J,8 Karunanyaka A,%
Storer K.%
(AVM) (S to D) (Right) Hai J.9-%8
End to side Right | Suturing (CVH) (P to S + ligating P of EJV):
Yang ST.%
Side to side Left suturing (CVH) (S to S + ligating P of EJV)
Kojima T,% Sahara Y.
AVF The heart / End to end Right | Cuff (AVF) (P to P) (cuff technique): Zheng
AD Proximal end of technique - | Cs.%’
CHF EJV Suturing (AVF) (P to P) (suturing): current
study.
Side to End N Suturing (AVF) (S to P + ligating D of CCA):
Geenen IL.%
End to side Right | Suturing/ (AVF) (P to S + ligating D of EJV)
introducing | (suturing): Chien CT.%
(CHF) (P to S) (Introducing the artery
into the vein): Chou TF.%
Side to side Left Suturing (AD) Tohda K,% Sageshima M.

AVM, arteriovenous malformation, CVH, cerebral venous hypertension, CCH, Chronic Cerebral

Hypoperfusion, AVF, arteriovenous fistula, AD, arterial dilatation, CHF, chronic heart failure,

CCA, Common carotid artery, EJV, External jugular vein, N, not identified, P, proximal end, D, Distal End,

S, side. Note: Proximal: The end situated nearer to the center of the body or caudally

17
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https://www.ncbi.nlm.nih.gov/pubmed/?term=Tohda%20K%5BAuthor%5D&cauthor=true&cauthor_uid=1558839
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sageshima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=2096667

Objectives

1. The main aim of this study was to evaluate another mechanism of fistula-related
ischemia at the microcirculatory level. Our hypothesis was that the high turbulent flow
through the arteriovenous fistula worsens the micro-rheologic properties of RBCs as a
suggested mechanism of impaired tissue perfusion.

2. This study was also conducted to check the feasibility of carotid-jugular fistula (CJF)
as a model to study fistula-related microcirculatory and systemic changes, thus a
feasible model to test our hypothesis.

3. Another purpose was to show the effect of arteriovenous fistula on the hemodynamic
and morphology of remote organ as well as to compare our results with other fistula

models in rats.
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3. Materials and methods
3.1. Experimental animals

The experiments were done at the Department of Operative Techniques and Surgical
Research and registered by Committee of Animal Welfare at the University of Debrecen,
(Registration Nr.:25/2016/DEMAB) according to the Hungarian Animal Protection Act Law
XXVI111/1998, EU Directive 2010/63/EU and the Ordinance 40/2013.

Wistar (Crl:W1) rats were used in this study, the rats were healthy female at 10-12
weeks of age. The total number of experimental animals was sixteen, ten rats in the fistula
group with an average weight of 272+22 g (FG, n=10) and six rats in the sham-operated group
with an average weight of 267+11 g (SG, n=6). The rats were acclimated for two weeks with
natural day/night cycle. Standard cages were used for housing with free access to water and
commercially food.

The anesthesia protocol included the administration of sodium thiopental (60 mg/kg,
intraperitoneal, Thiobarbital 0.5 g, B. Braun Medical S.A., Spain) and Atropine (0.05 mg/kg
subcutaneous). The goal of Atropine is to prevent bradycardia and airway secretion. All stages

of follow-up were done by the same anesthesia protocol.

3.2. Operative techniques

The surgery was done in sterile conditions and gauzes were used as operation towels.
The right side of the neck and upper chest was shaved and disinfected with Betadine®. An
oblique surgical incision, about 1.5 cm in length, was made at the lower part of the neck just
above the right clavicula and the sternal notch. The subcutaneous tissue was cut in the medial
part of the incision up to the level of sternocleidomastoid muscle (SCM), the remaining lateral
part of the subcutaneous tissue was then lifted using anatomical forceps and cut at the same

level. The right EJV appears usually in this plane lateral to SCM. The vessels should be gently
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isolated with a lot of attention, the vein was isolated carefully to its large tributaries i.e. for
about 7 mm above the clavicle. After enough preparation of the vein, the right common carotid
artery (CCA) was isolated medial to the SCM for about 10-12 mm above the clavicle. The
distal ends of both artery and vein should be ligated, since we intend to make anastomosis
between the proximal ends of the artery and vein. The CCA ligation was located as distal as
possible, and the EJV was ligated just under the tributaries. The proximal parts of both the
artery and vein should be controlled using fine clamps. Two temporary clips were used for the
artery and one clip for the vein. The artery was cut a 45-degree angle medially and obliquely
(see Figure 4) so that the artery diameter matched to the diameter of the vein. The EJV was cut
perpendicular under the ligation. Any traces of blood in the lumens of both artery and vein
were removed and irrigated with sodium-heparin solution (10 U/ml). An end-to-end
anastomosis was constructed in front of SCM between the proximal ends of artery and vein
with continuous suture using 10-0 polyamide suture material (Silon, Chirmax, Prague, Czech
Republic). The clips were released after the construction of the anastomosis to check any
bleeding from the anastomosis. The fistula should be observed for few minutes to check the
patency or any further bleeding. The skin was closed with continuous suture using a 4-0
Glycolide-g-Caprolactone (Monolac, Chirmax, Prague, Czech Republic). Figure 4 shows the
construction of the fistula step by step using operating microscope. Figure 5 shows
demonstrative representation of CJF.

The blood loss was replenished using normal saline solution subcutaneously to, and
Flunixin (2.5 mg/kg, s.c.) was administered after the surgery for pain management. The rats
were returned after recovery to individual cages. They were then subjected to regular

monitoring as well as wound care.
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G H

Figure 4. Photos for the operative steps taken under microscope from A to H as following: (A) a single
supraclavicular incision (B) First cut the subcutaneous medial (C) Isolated and prepared external jugular vein
(D) Isolated and prepared common carotid artery and its bifurcation (E) Cut the end of the artery at an angle of

45-degree (F) Approximation of the artery and vein (G) Two holding stitches (H) Carotid-jugular fistula

The rats in the SG were subjected to the same surgical protocol in terms of preparation,
surgical incision and vessels isolation, but without any further other vascular interventions such

as ligation, clamping, or anastomosis.
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This experiment was done under an operating microscope (Leica Wild M650, LEICA
Ltd., Germany), with documentation be photos and video. The diameter of CCA and EJV was

measured by a scaled clip, the diameters were in average 1 and 1.5 mm respectively.

Distal SCM
Lateral —-I— Medial

Proximal

Figure 5. (A): Intraoperative photo of carotid-jugular fistula directly after the construction of the fistula. (B):
Schematic representation of the previous photo. Black arrow: the anastomosis. SCM, sternocleidomastoid
muscle. CCA, common carotid artery. EJV, external jugular vein. H, holding stitch. *, Cut the end of the artery

at an angle of 45-degree (dashed line shows the perpendicular level).

3.3. Follow-up protocol

The follow-up period was 6 weeks and was determined after reviewing the literature to
achieve the goal of the study by evaluating the isolated effects of arteriovenous fistula, in other
words before the developing of heart failure, approximately 8 weeks.'® The measurements
were carried out before the construction of the fistula as baseline measurement (FG-base and
SG-base) and one week after the surgery (FG-1W and SG-1W) and six weeks after the surgery
(FG-6W and SG-6W).

The measurements included the following: neurobehavioral assessment, evaluation of
the patency of the fistula, evaluation of the microcirculation by laser Doppler, hemodynamic
measurements, weight measurements, hematological and hemorheological measurements. The
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rats were sacrificed by exsanguination at the end of the measurements, i.e. at the 6 week

follow-up, then we have taken tissue samples for histologic studies.

3.4. Neurobehavioral assessment

Garcia scale was used for the neurological examination of these rats, which has been

used in many studies on neurological diseases in rats.

101-104

Table 2. The neurobehavioral study for right transient ischemic attack.%

Test

Score

0

1

2

3

Spontaneous activity (in

cage for S min)

No movement

Barely moves

Moves but does not
approach at least

three sides of cage

Moves and
approaches at least

three sides of cage

held by tail)

outreaching

outreach

than right side

Symmetry of Left side: no Left side: slight Left side: moves Both sides: move
movements (four limbs) movement movement slowly symmetrically
Symmetry of forelimbs Left side: no Left side: slight Left side: moves Symmetrical
(outstretching while | movement, no movement to and outreaches less outreach

Climbing wall of wire

Fails to climb

Left side is weak

Normal climbing

cage
Reaction to touch on No response on | Weak response on Symmetrical
either side of trunk left side left side response
Response to vibrissae No response on | Weak response on Symmetrical
touch left side left side response

This scale includes six components: spontaneous activity, symmetry in the movement
of limbs, forepaw extension, climbing, body proprioception and response to vibrissae touch.
The maximum score for each component is 3 and the minimum score is zero or one, and the

minimum overall score is 3 and the maximum is 18.101:102
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3.5. Evaluation the patency of the fistula

After the operation, the fistula was checked by milking test (clamping the vein after the
anastomosis with first forceps then emptying the vein of blood by squeezing the vein with
second forceps for a few millimeters from the first forceps. The fistula is patent when the vein
refills quickly after the releasing of the first forceps). This test is also called empty and refill
test.

The patency of AVFs was confirmed at the first week follow-up by the physical
examination and handheld Doppler. At the sixth week follow-up, the fistula was isolated

through a small incision to check the patency by the pulsatile appearance and milking test.

3.6. Laser Doppler measurements

This microcirculation was evaluated by the laser Doppler, and this evaluation was
carried out by the recording of laser Doppler waves from the organs distal to the fistula, in
other words the microcirculation of the liver and kidney. We have chosen these organs since
they are the first suitable and measurable organs distal to the origin of the fistula. In addition
to the availability of the required expertise and tools for these measurements at our department.

The microcirculation was evaluated only at the end of the experiment in both groups,
since it needs an invasive procedure, a laparotomy. The fistula was approached at the beginning
through an incision about 1 cm above the right clavicle, and total isolated from the surrounding
tissues. After that, the abdominal cavity was opened through midline incision, and the
microcirculation was measured using the laser Doppler on the anterior surfaces of the right
kidney and liver at the 6™ week follow-up. These measurements were once again repeated after
the occlusion of the arterial limb of the fistula and the CCA using temporary clip in FG and
SG, respectively. The laser Doppler (LD) tissue flowmetry (LD-01, Experimetria Ltd.,

Hungary) was used (see Figure 6) with a standard pencil probe (Oxford Optronix Ltd., UK).
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S.P.E.L. Advanced Kymograph software (Experimetria Ltd., Hungary) was used to record the

measurements and analyze the values of the waves.

1 SPEL Advanced Rimograph v3.24  [Epementile. ClveriDeIL T g
: Cuot T DUASE  Eoloe DN | Aecloe 0G5 | fedloe 5 | SspigRee. 20R

o . o A _sngee. .
= 00 =7 [ [ e ) LTI

Figure 6. A: The laser Doppler tissue flowmetry. B: S.P.E.L. Advanced Kymograph software.

After the stability of the laser Doppler waves, a period of 10-second was recorded, and
the mean values of this period was used as laser Doppler value for each measurement. The

values of the waves were expressed in Blood Flux Units (BFU [au]).
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3.7. Hemodynamic measurements

Hemodynamic measurements in our study included measurement of systolic and
diastolic pressure and heart rate. Two systems were used in these measurements, non-invasive
and invasive system. The non-invasive system was used for the baseline measurement and 1%
week follow-up, the measured parameters were systolic blood pressure (SBP) and heart rate
(HR). These measurements should be done under ambient temperature of 30 °C. The method
of measurement was a non-invasive tail cuff method by using a non-invasive Blood Pressure
Amplifier (Apollo, IITC Inc., CA, USA). This device involves an artifact filter, which
minimizes the artificial movements.

The invasive System was used at the 6™ week follow-up by placing the catheter in the
abdominal aorta. The used device was (LD-01, Experimetria Ltd., Hungary), and G20 cannula
was used as catheter. The following parameters were measured through the invasive system:
systolic (SBP) and diastolic blood pressure (DBP) and HR, the same measurements were
repeated once again after the acute occlusion of the arterial limb of the fistula in FG or the CCA
in the SG. The results for 10 seconds were analyzed for each case in the invasive measurements,
the average of the maximum pressure values was considered as SBP value, the average of the
minimum pressure values for the same period was considered as DBP value, and the average

of seven measured HR values was considered as HR value.
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Figure 7. A: The non-invasive system for hemodynamics measurements. 1: the cuff. 2: the manometer. 3:
Inflation bulb. 4: the machine. B: the printed results show the detected pulse waves.

3.8. Blood sampling

The blood samples were venous at all stages and were taken without using of
tourniquets. Blood samples for the baseline measurements were drawn from the lateral tail
veins or directly from the isolated vein during the surgery. The blood samples were drawn on
the 1% week postoperative week from the lateral tail veins (about 0.3 ml, as non-terminal
sampling), and on the 6" week postoperative from caudal vena cava (about 2-3 ml, as terminal
sampling). BD Vacutainer® tubes were used (K3-EDTA 5.4 mg / 3 ml). The laboratory

measurements were begun within 30 minutes after blood sampling.
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3.9. Hematological measurements

Hematological parameters were tested using (Sysmex F-800 automate, Sysmex Co.,
Ltd. Japan, see Figure 8). The measurement requires about 70 ul of blood. The studied
parameters were: white blood cell count (WBC [10%/ ul]), red blood cell count (RBC [10°/
ul]), hemoglobin (Hgb [g / dlI]), hematocrit (Hct [%]), mean corpuscular hemoglobin (MCH
[pgl), mean corpuscular volume (MCV [fl, Femtoliter]), mean corpuscular hemoglobin
concentration (MCHC [g / dI]), red blood cell size distribution (RDW-CV%), platelet count

(PIt [103/ pl]) and mean platelet volume (MPV [fl]).

& L

=

=] -

Figure 8. The used device to measure the hematological parameters
(Sysmex F-800 automate, Sysmex Co., Ltd. Japan)

3.10. Hemorheological measurements

The RBC deformability was evaluated using laser diffraction ektacytometry technique.
This technique allows us to measure the elongation of the RBCs shape at a specific shear stress
using a laser diffraction pattern.1%

LoRRca MaxSis Osmoscan (Lorrca®) is used in our department, manufactured by
Mechatronics BV in the Netherlands (Lorrca is the acronym for Laser Optical Rotational Red
Cell Analyzer). The test requires a highly diluted blood sample, 10 pl of blood mixed in 2 ml

of polyvinylpyrrolidone (PVP) - phosphate buffered saline (PBS) (viscosity: 27 mPas,
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osmolarity: 300 mOsm / kg, pH: ~ 7.3). The RBCs are exposed to increased shear stress (SS),
the elongation of the RBCs is measured at different shear stresses in the range from 0.3 to 30
Pa. The data are presented as EI-SS curves.*’

Each case is represented by a curve, and the cases would be compared by comparing
these curves. We compare these curves with some parameters, the maximum elongation index
(Elmax), the shear stress corresponding the half of the maximum elongation index (SS12 [Pa])
and the ratio between Elmax and SS1/2. These parameters are calculated using Lineweaver-

Burke analysis: 1/El = (SSw2/ Elmax) X (1/SS) + (1/Elmax). 10617
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Figure 9. Typical curve of Elongation index - Shear stress [Pa] (Based on Baskurt 2009).2%6

The mechanical stability of the membrane was evaluated by subjecting the RBCs to a
high mechanical pressure (100 Pa, 300 s) and comparing the deformation of the RBCs before
and after.® The above-mentioned parameters (El values, Elmax and SS1/2) were compared and

the ratio between before and after was calculated.
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Figure 10. Laser-Assisted Optical Rotational Cell Analyzer (LORCA)

to measure the RBC deformability and membrane stability

3.11. Density separation of RBC subpopulations

We assumed that more information will be available from studying the hemorheological
differences between RBCs subpopulations, since the AVF could influence on the old RBCs
populations through some mechanisms such as intravascular hemolysis.

The measurements of density separated RBCs require 2-3 ml of blood. This amount of
blood is quite large relatively to rats, so these measurements were performed on other six
healthy female rats as a negative control group (CG, n=6, bodyweight: 271.33+11 g) and on 5
rats of FG-6W. About 2-3 ml of blood was drawn from the caudal vena cava, and hematological
and hemorheological measurements were done. The rest of the sample was centrifuged at 4000
rpm (1800 g) for 60 min using centrifuge (Hettich Universal 32R, Germany), the layer of clear
fluid (plasma) was aspirated and kept aside, and the *buffy-coat” was removed. Since rat blood
cells are known to be sensitive for physical effects, we did not wish to use centrifugation at
higher force.

Ten percent of RBCs was calculated depending on the base values of Hct and sample
size. This percent was aspirated from about the top 10% and bottom 10% of the RBC column.

Top RBCs were considered as dominantly ‘young’ RBCs and bottom RBCs were considered
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as dominantly ‘old” RBCs.*” Top and bottom samples were diluted in autologous plasma

adjusting the Hct to 40%.

3.12. Hematocrit standardization

The effect of hematocrit on rheological parameters has been the focus of several studies.
Here we intended to conduct a more in-depth study of the results of the previous step to find
out the effect of hematocrit on the RBCs deformability.

The samples of the young and old RBCs were considered a representative of
standardized Hct in both groups, where the hematocrit value is 40%, and the RBCs
deformability was measured in these samples. The RBCs deformability was measured in the
native samples before hematocrit standardization as well. The RBCs deformability was then

compared between before and after Hematocrit standardization.

3.13. Weight measurements

Body weight was measured at each stage of the study (Base line, 1% and 6™ week
postoperative). The weights of the organs (heart, lungs and liver) were measured only at the 6"
week follow-up at the end of the experiments. The relative weight of the organs was calculated
by dividing the absolute weight of organs by the body weight and used to compare the groups.

Organs weight was measured by using Analytic scale (LMIM, LB-1050, Hungary).

3.14. Histological examinations

Tissue samples were taken at the end of the experiment and fixed in 4% buffered
formaldehyde solution. These samples included the excision of the hearts and the vessels
mentioned later. Histology slides were scanned using the following device (Pannoramic MIDI
I, 3DHISTECH Ltd, Hungary) and this software (Pannoramic Viewer, 3DHISTECH Ltd,

Hungary) was used to for the measurements.
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The sections of the Hearts were stained using Hematoxylin and Eosin (H&E). The
thickness of the left ventricular wall was measured in 4 different points and the thickness of
the right ventricular wall was measured in 3 different points.

Vessels samples were also taken to compare the intima thickness of the venous limb of
the fistula with the contralateral vein (non-operated EJV in FG) and with the vein in SG (right
EJV). Elastic Van Gieson (EVG) was used to stain these sections. The thickness of the intima
was measured in ten points and the mean of highest three measurements for each sample was

considered as intima thickness.

3.15. Documentation sheet
All the data obtained from the experiments was documented in one application, such as
vital parameters, operation notes, neurological assessments and the medications, see Figure 11.

All stages of the experiment were documented in the same form.

3.16. Statistical analysis

The results were expressed as means * standard deviation (SD). For normally
distributed data, the paired samples T test was used to compare two paired samples and the
one-way ANOVA test was used to compare two independent samples. For non-normally
distributed data, the Wilcoxon signed-rank test was used to compare two paired samples and
the Mann-Whitney U test was used to compare two independent samples. P<0.05 was
considered statistically significant. IBM SPSS Statistics version 22 was used for the statistical

analysis and Microsoft Excel 2016 was used for designing the graphs.
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4. Results
4.1. General observations

Fifteen rats survived the period of follow-up (94%), one rat in FG died during the
surgery because of uncontrolled bleeding after an accidental release of the temporary clip on
the CCA. The vessels length was short in one rat, and it was necessary to cut the SCM to gain
enough length for the anastomosis. Extensive sharp adventitial dissection of the EJV in another
rat leaded to some difficulties in the construction of the anastomosis, and we had to cut the
anastomosis and SCM to construct a new anastomosis. All the wounds were healed after less
than one week without wound complications. No other surgical complications were noticed

after the surgery as bleeding, aneurysm or infection.

4.2. Neurobehavioral assessment

Based on Garcia scale, the mean base neurological score was 17.33+0.82 for sham rats
and 17.66x0.5 for fistula rats. The rats in both groups were revaluated after 6 weeks of the
surgery by the same scale, and the mean neurological score was 17+0.89 for sham rats and
17.44+0.88 for fistula group. No significant differences were observed neither between the
groups nor within the same group. However, this assessment showed some individual
differences between the rats. The most important clinical sign in the neurological examination
was the drop of the right upper eyelid in about half of the cases, 4 cases in FG and in 3 cases

in SG.

4.3. Evaluation the patency of the fistula

The patency of all AVFs direct after surgery was checked by the physical examination
using milking test which mentioned in the methods above. After one week of surgery, the
fistula appeared as a subcutaneous small blue pulsatile mass in eight cases, 89% of the cases,

and this sign was considered a sign of fistula patency. The patency of AVFs was also confirmed

34



using handheld Doppler in the form of high-frequency Murmurs. In the last stage of the study,
the patency of the fistula was confirmed in all cases with the physical examination after the

isolation of the fistula through a new surgical incision (see Figure 12).

Figure 12. Surgical isolation of the carotid-jugular fistula at 6™ week follow-up. Black arrow, anastomosis line.

White arrow, 5 mm scale. CCA, common carotid artery. EJV, external jugular vein.

4.4. Laser Doppler measurements

The microcirculation of the liver and the right kidney was assessed six weeks after the
surgery in both groups, this assessment was repeated after the acute occlusion of either the
arterial limb of the fistula in FG or the CCA in SG. The liver BFU values were significantly
lower (p=0.01) in FG (8.78+3.16) in comparison with SG (14.44%3.76), see Figure 13.
However, these values increased significantly once again after the acute occlusion of the fistula
(P<0.01) to reach this value 18.37+6.46, as shown in Figure 14.

As opposed to the liver, no significant difference of the kidney BFU values was
observed between FG (21.73%4.49) and SG (17.52+4.56), and the kidney BFU values increased
after the acute occlusion of the fistula to this value 26.08+3.71 but without reaching the

significant level.
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Table 3. Microcirculatory blood flux units (BFU) values of the liver and right kidney before and after the

occlusion of the carotid artery and fistula in SG and FG, respectively.

Sham group — 6 weeks after surgery Fistula group - 6 weeks after AVF
Location Before occlusion? After occlusion? Before occlusion® After occlusion®
Liver 14.44+3.76 15.08+4.45 8.78+3.16* 18.37+6.46#
Kidney 17.52+4.56 15.11+2.57 21.73+4.49 26.08+3.71

meanstSD; FG: fistula group. SG: sham group. * p<0.05 vs. SG. # p<0.01 vs. FG before AVF occlusion. a:

acute occlusion of the carotid artery. b: acute occlusion of the arterial limb of the fistula.
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Figure 13. Significant decrease of liver BFU (Blood flux Units) in fistula group versus sham group.

meanst S.D. * p<0.05 vs. Sham Group
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Figure 14. Significant increase of liver BFU (Blood flux Units) after the occlusion of the fistula.

meanst S.D. * p<0.01 vs. FG before AVF occlusion
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The BFU units of both kidney and liver didn’t change significantly after the occlusion
of the CCA in SG. Table 3 shows the results of the microcirculation assessment of the liver
and right kidney using the laser Doppler, before and after the acute occlusion of the fistula and

CCA in FG and SG, respectively.

4.5. Hemodynamic measurements

The results of hemodynamic measurements are summarized in Table 4. In non-invasive
measurements, the baseline value of SBP in FG was 107.83+£33.25 mmHg and significantly
decreased (p=0.041) to 76.83+8.64 mmHg one week after the construction of the fistula. The
invasive measurements showed also significant decrease (p<0.01) in SBP in FG (107.02+27.52
mmHg) in comparison with SG (145.17+13.09 mm Hg); The DBP is also significantly
decreased (p<0.01) in FG (70.39+24.06 mmHg) in comparison with SG (117.59+13.72

mmHg).

Table 4. The hemodynamic measurements in the current study.

Sham Group Fistula Group
Non-invasive
Baseline 1 week after Baseline 1 week after
measurements
(before surgery) surgery (before AVF) AVF
HR (min-1) 395.17414.20 409.17+28.39 402.5+29.12 345.67+20.91*
SBP (mmHg) 108.33+£11.69 106.67+17.80 107.83+33.25 76.83+8.64*
Invasive Sham Group - 6 weeks after surgery Fistula Group - 6 weeks after AVF
measurements Before occlusion? After occlusion? Before occlusion® | After occlusion®
HR (min-1) 362.11+52.78 363.17450.83 297.05+54.99 291.86+55.1
SBP (mmHg) 145.17+13.09 146.32+17.50 107.02+27.52# 118.65+26.62+
DBP (mmHg) 117.59+13.72 117.96+17.98 70.39+24.06# 94.58+23.06+

meansSD; AVF: arteriovenous fistula. SG: sham group. FG: fistula group. a: acute occlusion of the carotid

artery. b: acute occlusion of the arterial limb of the fistula. * p<0.05 vs. FG baseline and p<0.01 vs. SG 1 week

after surgery. # p<0.01 vs SG before occlusion. + p<0.01 vs. FG before occlusion.
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The non-invasive measurements showed that HR in FG was 345.67+20.91 min* one
week after the construction of the fistula and this value was significantly lower (p=0.026) in
comparison with the baseline value 402.5+29.12 min'. The invasive measurement showed also
marked decrease of the HR in FG in comparison with SG without reaching the significant level.

As a conclusion, we could appreciate significant decrease in SBP and HR by using both

invasive and non-invasive measurements.
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Figure 15. Significant decrease of systolic blood pressure and heart rate in fistula group versus sham group.
meanst S.D. * p<0.05 vs. FG — base, # p<0.01 vs. SG - 1st W, + p<0.01 vs. Sham Group — 6th W

The hemodynamic status changed significantly after the acute occlusion of the AVF.
The invasive measurements showed immediate and significant increase in SBP (p<0.01) after
the acute occlusion of the fistula, since the value of SBP before the occlusion was 107.02+27.52

mmHg and then value significantly increased after the occlusion to reach 118.65+26.62 mmHg.
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The DBP increased also significantly (p<0.01) from 70.39+24.06 mmHg before the occlusion
to 94.58+23.06 mmHg after the occlusion. Figure 16 shows the recordings of blood pressure

and laser Doppler for the right kidney and liver in FG rats before and after the occlusion.
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Figure 16. Continues recording of blood pressure during the acute occlusion of the AVF (arrow) shows a
sudden increase of blood pressure (A). Laser Doppler recordings of the right kidney (B and C) and the liver (D

and E) (before and after the acute occlusion of the fistula). BFU, blood flux units.
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Figure 17. Significant hemodynamic changes after the occlusion of the fistula.
meansz S.D. * p<0.01 vs. before occlusion

SBP: systolic blood pressure. DBP: diastolic blood pressure. PP: pulse pressure
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No difference was observed in the HR after the occlusion in both groups. Pulse pressure
(the difference between SBP and DBP) decreased significantly (p<0.01) from 36.36+15.06
mmHg to 24.07+£10.63 mmHg after the acute occlusion of the fistula. The measured values in

the SG did not differ significantly after the acute occlusion of the CCA.

4.6. Hematological measurements
Selected hematological results are shown in Figure 18. First, the groups were compared
at each stage. No significant differences were observed in the baseline measurements between

the groups except in the value of Hct and PIt count.
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Figure 18. Selected hematological parameters in the sham-operated (n=6) and the fistula group (n=8) before
surgery (base) and on the 1%tand 6™ postoperative weeks. A: white blood cell count (WBC),
B: red blood cell count (RBC), C: hematocrit (Hct) and D: platelet count (PlIt).
meanstS.D.; * p<0.01 SG at the same stage, # p<0.01 vs. FG-base.

In FG, a gradual increase was observed during the follow-up period in RBC count, Hct
and PIt count, and these increases became highly significant (p<0.01) in FG-6W in comparison

with SG-6W. WBC count increased temporarily in both groups 1 week after the surgery, but
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the values of WBC counts were significantly (p<0.01) lower in FG-1W and FG-6W in
comparison with SG-1W and SG-6W, respectively.

Second, in comparison with baseline measurements (FG-base), the parameters of RBC
mass, RBC count (p<0.001) and Hct (p<0.001), were increased significantly in FG-6W
measurements. RBC indices showed also hypochromic RBCs and wider distribution in RBC
size in FG-6W in comparison with FG-base, as MCH decreased significantly (p=0.002) from
15.8+0.7 in FG-base to 13+2.2 in FG-6W and RDW-CV increased significantly (p=0.007) from

13.09+0.54 in FG-base to 13.76+0.7 in FG-6W.

Table 5. Hematological profile of sham and fistula groups.

SG-base | FG-base SG-1W FG-1W SG-6W FG-6W CG

WBC (10%/pl) | 5.0£1.7 4.5+0.1 8.5+3.3 5.6+1.8 6.4+1.3 2.9+0.6 4.3+2.7

RBC (10%pul) | 7.4+0.4 7.5+0.5 5.9+0.6 8.0+0.9 6.9£0.5 9.8+1.7 7.9£1.2

Hgb (g/dl) | 139209 | 11.0+1.1 | 115+28 | 11.6x0.7 | 13.2#1.2 | 125%¢12 | 11.8+15

Hct (%) 42429 | 47.0+4.8 | 34.2+2.8 49.3+6.4 39.5+3.8 | 59.0+11.6 | 47.1+6.2

MCV (fl) 57.2+1.3 | 62.2#3.9 | 57.9+2.5 61.6+2.7 56.9+1.4 60.2+1.8 59.7+2.3

MCH (p g) 18.8+0.6 | 15.8+0.7 | 19.5+0.8 14.6x1.4 19.1+0.6 13.0£2.2 14.9+1.0

MCHC (g/dl) | 32.9+0.7 | 25.5+1.4 | 33.6%0.7 23.8+£2.8 33.5+0.7 21.7%£3.9 25.0£1.3

PIt (10%/pl) 795176 | 601+190 | 821+155 735+317 662+72 1058+286 | 846x171

means+SD. CG: control group, n=6. FG: fistula group, n=8
1W and 6W: first and sixth week after the construction of the fistula

4.7. Red blood cell deformability

The following two parameters, SS1/> and Elmax/SS1/2, were used to compare the EI-SS
patterns inter- and intragroup. These two parameters were calculated from the EI-SS curves,
and figure 19 shows a comparison of the values of these two parameters. No significant
difference in baseline values of these two parameters was observed between the two study

groups, but they changed significantly in FG during the follow-up period.
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The Elmax/SS1/2 was significantly lower in FG at 1 week (FG-1W, p=0.025) and 6 weeks
(FG-6W, p=0.039) after establishment of the fistula compared to parallel values from the SG
(SG-1W and SG-6W). While the SS1/> value was significantly higher in FG at 1 week (FG-1W,
p=0.003) and 6 weeks (FG-6W, p=0.043) after establishment of the fistula compared to parallel

values from the SG (SG-1W and SG-6W).
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Figure 19. Red blood cell deformability describing parameters in the sham-operated (n=6) and the fistula group
(n=7) before surgery (base) and on the 1%t and 6™ postoperative weeks. A: shear stress at half-maximal
elongation index (SSi5), B: ratio of maximal elongation index (Elmax) and SSu,.
means+SD; * p<0.05 vs. SG.

4.8. Red blood cells membrane stability
Figure 20 shows lower RBC deformability profile in FG-6W both before and after
membrane stability test and Table 6 shows the changes of the parameters of RBC deformability

before and after the membrane stability test.
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After applying membrane stability test (100 Pa shear stress for 300 s) on RBCs, the
deformability of RBCs was decreased significantly (p<0.01) in SG-6W for shear stress range
(0.95-30 Pa) and in FG-6W for shear stress range (3-30 Pa). The ratio of RBC deformability
values after/before applying the stress was calculated at each shear stress and compared
between FG-6W and SG-6W. This ratio was smaller in FG-6W, however, without significant

differences.

Table 6. Changes of Elma/SS12and SSi/2 values before and after applying mechanical stress on the samples (100

Pa for 300 s) sixth week (6W) after the surgery.

FG-6W SG-6W

before after before after

Elmax/SSu2 [Pa] 0.27+0.11 0.13+0.05* 0.32+0.05 0.22+0.04#

SSu2 [Pa] 2.75+1.66 4.66+1.94* 1.90+0.29 2.69+0.45#

means+SD; SG: sham group, n=6. FG: fistula group, n=8

* p value <0.01 vs. before. # p value <0.05 vs. before.

—=—SG 6W before —a—SG 6W after ---m-- FG 6W before ---A-+ FG 6W after
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Figure 20. Elongation index — shear stress curves of RBC deformability before and after applying mechanical
shear stress (100 Pa for 300 s). MeanszS.D.; SG: sham group, n=6. FG: fistula group, n=8
6W: sixth week after the surgery

43



4.9. Comparing young and old RBCs deformability

After the separation of the subpopulations of RBCs, no significant differences were
observed in hematological parameters except significant increase (p=0.014) of RDW-CV in
the bottom 10% of FG-6W in comparison with the top 10% of FG-6W. Figure 21 shows EI-SS
curves to compare the deformability of two RBC subpopulations, top 10% RBCs showed
slightly higher deformability than bottom 10% RBCs without significant differences between

the subpopulations.
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Figure 21. Elongation index — shear stress curves of the ‘young’ (top 10%) and ‘old” (bottom 10%) RBCs in
fistula group (A) and in control group (B). MeanszS.D.; CG: control group, FG: fistula group.
Bottom 10% and top 10% of the RBC column in centrifuged samples, considered as dominantly

‘old’ or ‘young’ RBCs, respectively.

4.10. The effects of hematocrit standardization

There was a significant difference in hematocrit values between the CG and the FG,
where the Hct in the CG was 47.1% and in the FG in the sixth week measurements 59.0% (see
Table 5).

The two calculated parameters (Elmax/SS12 and SSi2) did not show statistically

significant changes in the CG after hematocrit standardization, while these two parameters
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changed significantly after hematocrit standardization in the FG, as the Elmax/SS1/2 increased

and the SSy/» decreased significantly after the decrease of Hematocrit (see Table 7).

Table 7. Selected variables comparing properties of RBC subpopulations after adjusting the sample hematocrit.

Sample with adjusted Hct for 40%
Group Variable Native sample
‘Bottom’ ‘Top’

CG Elmax/SS12 [Pa!] 0.3+0.04 0.28+0.04 0.28+0.06

SS12[Pa] 1.93+0.19 1.84+0.28 1.99+0.39

RDW-CV% 13.6+0.36 13.2+0.45" 13.49+0.51

FG-6W Elmax/SS12 [Pa!] 0.17+0.1 0.19+0.11" 0.22+0.11"
SSu2 [Pa] 4.11+2.36 3.7+1.97 3.19+1.46
RDW-CV% 13.76+0.51 14.29+0.74"# 13.34+0.61"

meanstS.D.; CG: control group, n=6. FG-6W: fistula group, n=5. 6W: sixth week after the construction of the
fistula. Bottom and top: bottom 10% and top 10% of the RBC column in centrifuged samples, considered as

dominantly ‘old’ or “young’ RBCs, respectively. * p<0.05 vs. native Hct sample, # p<0.05 vs. FG-6W - Top.

4.11. The weight of body and organs

The mean body weight of SG rats was 267.17+11.18 g and they gained weight gradually
to 287.5+15.45 g six weeks after the surgery, while the body weight of FG rats decreased
slightly one week after the construction of the fistula and they regained the weight to
294.57+29.2 g at the end-point.

Table 8 shows the absolute and relative weights of the organs of FG and SG rats 6
weeks after the surgery. The mean absolute and relative weights of the hearts were increased
significantly in FG compared with SG.

The effect of an arteriovenous fistula on the weight of the organs varies according to
the size of the fistula, and the table (9) shows the relative heart and lung weight in different

studies including ours arranged according to the size of the fistula.
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Table 8. Absolute and relative weights of the organs of FG and SG rats 6 weeks after the surgery.

SG FG
Body weight 287.5+15.45 g 294.67+29.2 g
Heart Weight 0.9+0.05 g 1.3£0.1* g
HW/BW 3.15+0.24 mg/g 4.45+0.39* mg/g
Liver Weight 8.25+0.75 g 8.54+1.58 g
LW/BW 28.45+1.72 mg/g 28.99+4.44 mg/g
Lung Weight 1.34+0.11 g 1.440.1 g
Luw/BW 4.66+0.38 mg/g 4.42+0.22 mg/g

meanstSD; SG: sham group. FG: fistula group. *: p<0.001 vs. SG.

Table 9. The gradually increase of the relative weight of the heart and lung in proportion to the size of the fistula

4 weeks after the fistula construction.

The fistula diameter Control group?®110~ Imm** 1.2mm%® | 1,6mm% | 1.8mm®
Type of fistula No No" CJF ACF ACF ACF
Strain Wistar CD CD Wistar Wistar Wistar
outbred” outbred
Gender male Female” Female male male male

Heart weight / Body 3.9+0.1, | 3.97+0.61" | 4.38+0.39 4.9+0.1 6.6+0.2 6.6+0.3

weight (mg/g) 3.5+0.1
Lung weight / Body 3.8+0.2, - 4.42+0.22 | ~4.73%0.1 7.3+0.6 ~6.6+0.3
weight (mg/g) ~4.3+0.1

means + SD; CG, control group. * current study. ** current study (the artery diameter was considered as the
diameter of the fistula) (the measurements were after 6 weeks). # used needle was 16G (i.e. the outer diameter is
1.615mm). CJF, Carotid-Jugular Fistula. ACV, aortocaval Fistula. ~ Calculated from the study values. -, no

measurements.

4.12. Histological examinations

Figure 22 shows the histological examination of the vessels and hearts from the fistula

group and the sham group.
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Figure 23. Histological examination of the hearts and vessels from fistula group (FG) and sham group (SG), 6
weeks after the surgery. Heart sections from SG (A) and FG (B) showed a significant increase in left ventricular
wall thickness. LV: left ventricular. RV: right ventricular. These sections were stained with H&E. Scale bar:
2000 um. Original magnification: x200. (C, D and E) compare the histological findings of the vein in SG (C)
with non-operated vein in FG (D) and with venous limb of fistula in FG (E), these findings showed significant
intima hyperplasia in (E). Arrowhead: intima. Double headed arrow: the thickness of fistula intima. These

sections were stained with elastic Van Gieson. Scale bar: 50 um. Original magnification: x600.

The measurements showed significant left ventricular hypertrophy (LVH) in FG since
wall thickness values were increased significantly (p=0.008) in FG (3218+0.7 um) in
comparison with SG (2425+0.7 um), but no significant difference was observed in right
ventricular wall thickness between the groups. Intima proliferation was observed in the venous
limb of the fistula and highly significant increase (p<0.001) in the thickness of the intima of
the venous limb of the fistula (84.56£26.8 um) was observed in comparison with non-operated

EJV in FG (5.37+1.2 pm) and EJV in SG (3.820.69 um).
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5. Discussion

Arteriovenous fistula is the recommended vascular access for hemodialysis patients.t!
Many researches were conducted to evaluate the arteriovenous fistulas and their effects, but
their effects on the microcirculation and the mechanism of these effects are still not well
understood. Here we will discuss various factors affecting the microcirculation in cases of
arteriovenous fistulas: hemodynamic changes, hematological and hemorheological parameters.

An arteriovenous fistula in the neck region, carotid-jugular fistula, was used in our
study. There are several models in the medical literature of arteriovenous fistulas constructed
under the microscope, and each has advantages and disadvantages in terms of technical
difficulties, complications, and systemic effects. We will describe all these aspects according

to our model.

Surgical Procedure

Hemodialysis arteriovenous fistulas are performed in humans by creating an
anastomosis between a peripheral artery and a peripheral vein. It's mostly a side-to-end
anastomosis, but it can be end-to-end or end-to-side. The creation of the anastomosis in the
models is not limited to the suture technique or to the peripheral vessels, most models tend to
have central AVFs using other techniques. It is because of various anatomical and technical
reasons such as the small diameter of the peripheral vessels and the need for more time and
effort to sew the anastomosis under the microscope. One of these techniques is the puncture
technique, where two adjacent vessels (artery and vein) are punctured with a needle, creating
a channel between these two vessels, and this channel remains open due to the pressure
difference between the artery and vein.!'2 There are several other techniques described in the
medical literature to facilitate work with these small models, such as insertion of the artery into

the vein or cuff technique, and various forms of anastomosis.>”:6°6896.98
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We chose suturing technique to perform this anastomosis between two relatively large
peripheral vessels, as our goal was to follow the rats for a relatively long time so a safe
anastomosis with minimal complications was needed.

The two golden rules in creating the anastomosis under the microscope are to perform
an anastomosis without any tension on the anastomosis line and to work in a moist
environment.

Our technique is not complex and some technical tips and tricks should be mentioned.
First, it is important to perform the surgery quickly and without vascular injuries, so we
recommend cutting the subcutaneous tissue first medially until reaching the
sternocleidomastoid muscle and then continuing the isolation laterally, where it is easy to find
the external jugular vein under the salivary glands and cervical soft tissues. The Isolation of
the common carotid artery can also be easily performed medial to the SCM, i.e. by slight
retraction of the SCM laterally. Second, to reduce the risk of vascular injury, it should be
mentioned that isolation of 10-12 mm from the CCA is enough to perform this anastomosis,
and the isolation until the bifurcation is not necessary and may lead to uncontrolled bleeding
when the bifurcation of CCA is injured. Third, the resection of the sternocleidomastoid muscle
should not be done routinely, although it has been routinely performed in some studies.>” There
is enough place and length of both artery and vein to perform an anastomosis without the
resection of the SCM, so we could avoid potential muscle bleeding after such procedure. The
resection was performed for technical reasons in only two cases in this study. Fourth, it is
important to avoid the extensive dissection of the venous adventitia as it makes the edge of the
venous anastomosis difficult to distinguish and leads to a high rate of technical failure. Fifth,
it is recommended that the anastomosis be tested for leakage with a normal saline solution,
filling the surgical field with a transparent solution makes it easier to see the blood flow from

the leakage under the microscope. Finally, a new incision was made about 1 cm higher than
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the old incision at 6th week follow-up, in order to start the isolation from a non-scarred area
and not to damage the fistula at this stage.

The superficial location of the CJF allowed us to examine the patency of the fistula
without invasive interventions, in contrast to central arteriovenous fistulas, for which the
patency of the fistula is difficult to examine by physical examination. This fistula appeared as
a pulsating mass under the skin and it was easy to observe the pulse just by inspection. We also
examined the fistula using a hand-held Doppler, the murmurs produced from the turbulent flow
in the fistula were a sign of the patency of the fistula. However, it is not too simple to
distinguish these sounds from the arterial sounds due to the high frequency heart rate. The
location of a CJF simulates the superficial location of the hemodialysis arteriovenous fistulas
in humans and provides a model for studies about local treatments or local measurements such
as measuring local microcirculation, unlike the aortocaval fistula,!** one of the most common

types of fistula used in studies.

Complications and limitations

The number of animals used in the studies is limited according to animal protection
laws. Therefore, we cannot talk about the statistical significance of surgical complications
which occurred in individual cases. However, it is important to describe these complications to
improve the working methods in our laboratories. Despite all the preventive measures followed
in our study to reduce the risk of hemorrhage, one rat died of uncontrolled arterial hemorrhage.
We have changed the surgical protocol after this case by using two temporary clips to control
the artery instead of one.

Studies have reported different mortality rates ranging from 0 to 479%,100114-116 The
mortality rate is expected to be higher in central arteriovenous fistulas where surgical trauma

is greater and the risk of bleeding and concomitant infection is greater. Most of the deaths in
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these studies occurred within 24-48 hours postoperative, and the cause of death was congestive
heart failure or other unknown causes,>?100.114

No other surgical complications occurred in our study, as we did not observe any
postoperative death or wound healing disorder. Some studies reported other complications,
Langer et al. reported one case of septic thrombosis of the femoral fistula postoperatively.!®

We know that all animal models have advantages and disadvantages, and our model
here is not an exception. To create a fistula by puncture technique is a simple and fast procedure
compared to suturing technique, but it is not possible to do it in the neck region since the
internal carotid artery and the internal jugular vein are not adjacent as in the case of the aorta
and caudal vena cava. Other methods have been used to perform anastomoses in studies, which
may shorten the time of the surgical intervention and the surgical trauma, however we wanted
to perform a safe anastomosis and most of the surgical interventions in our study were done
within less than 45 minutes. The diameter of the CJF is smaller than the diameter of the ACF,1%
thus the expected hemodynamic effect is relatively less. However, the diameter of the jugular

carotid fistula is greater than that of other fistulas in the femoral or saphenous vessels.

Neurobehavioral Assessment

Neurological evaluation using the Garcia scale showed that no significant neurological
deficit occurred in both groups. This supports the medical literature that unilateral carotid artery
ligation in rats does not cause significant neurological deficit, unlike the case in humans with
carotid artery ligation.

The dropping of the right upper eyelid (the same side of the surgery) occurred in
approximately half of the rats in both study groups, and this drop (so-called ptosis) was
interpreted as part of Horner's syndrome especially it happened in both FG and SG rats.

Horner's syndrome is a well-known syndrome after carotid artery surgery in both humans and
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rats, and it consists of three components: ptosis, miosis (a constricted pupil) and enophthalmos
(posterior displacement of the eyeball within the orbit). This syndrome is caused by disruption
of the oculosympathetic system, and one of the pathways of this system (superior cervical

ganglion) is located dorsally to the carotid bifurcation.*’

Hemodynamic changes

From our point of view, it is important to prove the hemodynamic effect of an
arteriovenous fistula in each AVF model before performing other various measurements, since
this hemodynamic effect is an indirect evidence of the fistula patency, and it is also evidence
of the hemodynamic significance of the fistula.8

Most studies agree that a significant decrease in mean blood pressure (MAP) occurred
after the creation of the fistula,>®°®11%119 and that a significant cardiac hypertrophy developed
within 4 weeks with near-normal function %119

The CJF model in our study showed expected hemodynamic effects by both non-
invasive measurements at the beginning of the study and invasive measurements at the end of
the study. The non-invasive measurements showed a statistically significant decrease in SBP
at 1% week follow-up in comparison to baseline measurements, and the invasive measurements
showed a statistically significant decrease in both SBP and DBP in FG compared to SG (see
Table 4).

We noticed the heterogeneity of the data between the invasive and non-invasive
measurement methods in SG. Therefore, no data comparison was done between the two
methods, and we only compared the results within the same method. We only used the SBP
from the non-invasive methods data, as these methods are not so sensitive to measure DBP.

However, the invasive methods remain the most accurate methods and show the actual changes
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in the hemodynamic parameters, but we did not do it at the beginning of the study as they may
have affected the course of the study.

Arteriovenous fistula leads to an increase in cardiac output in humans by various
mechanisms, including an increase in the heat rate. On the contrary, rat experiments showed
that the increase in cardiac output does not depend on the increase in heart rate, as the pulse
decreased or remained unchanged after the creation of the fistula.!#120121 \We observed similar
results in our study as the heat rate decreased after the construction of the fistula, by both
invasive and non-invasive measurements.?’ The mechanisms of increasing cardiac output in
rats may be different from those in humans and depend on the decrease in the heart rate to
allow the heart to get sufficient venous return between the two heartbeats since the heart rate
in rats is very fast compared to humans and is normally 300-400 beats per minute. However,
the question remains open about the underlying physiological mechanisms behind it and needs
more detailed hemodynamic studies to answer it.

One of the methods to assess the hemodynamic significance of the arteriovenous fistula
is to evaluate the hemodynamic changes after acute occlusion of the fistula.*??> Therefore, we
decided to study these changes at the 6th week measurements using invasive methods since
they measure the hemodynamic parameters in real time. Hemodynamic changes after the acute
occlusion of the fistula in humans are known as Nicoladoni or Branham sign, which is a sudden
drop in the heart rate, a rise in blood pressure, and a decrease in pulse pressure.®?2 Our study
showed a sharp increase in both systolic and diastolic pressures after acute closure of the fistula,
due to several physiological mechanisms, including the sharp rise in peripheral vascular
resistance. The heart rate did not change significantly after the acute fistula occlusion, and this
may be due to the effect of atropine given preoperatively. However, the statistically significant
changes in both systolic and diastolic pressure after occlusion of the fistula confirm the

hemodynamic importance of this type of fistula.
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Liver and Kidney Microcirculation

According to our information, there is a lack of studies evaluating the microcirculation
in the tissues and organs distal to the fistula. In our study, we aimed to evaluate the effect of
arteriovenous fistulas on the microcirculation as well as to provide an animal model for
conducting such studies. The measurements were done in our study using the laser Doppler,
and the microcirculation of the liver and the kidney were evaluated as distal organs, since the
fistula in our model is located on one of the main aortic arch arteries proximal the origin of the
renal arteries and the hepatic artery. The hepatic microcirculation showed results comparable
to the hemodynamic results, where the values of liver BFU were statistically significantly lower
in the FG compared to the SG, and then these values increased significantly after the acute
occlusion of the fistula. The renal microcirculation did not show significant changes in the
values of these parameters, neither between the two study groups nor after the acute occlusion
of the fistula, despite the important hemodynamic changes. These results refer to the ability of
the kidney to self-regulate the local blood flow.

The increase in liver BFU after the acute fistula occlusion confirms the functional
significance of this fistula and emphasizes the role of fistula binding or ligation in the
management of fistula-related ischemia. These results also confirm that the hemodynamic
changes and steal syndrome play the most important role in microcirculation impairment since

the arteriovenous fistula steal flow from the distal organs.

Hematology

The effects of arteriovenous fistula on RBCs are not yet total understood, although the
structure and function of red blood cells play a significant role in the blood physiology, and
this study came in attempt to understand more about the changes of RBCs properties in the

presence of AVF.
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Our results showed a significant increase in the red blood cell count and hematocrit in
the first- and sixth-week measurements of the fistula group compared to the parallel
measurements in the sham group. There was no significant difference in the basal RBC count
between the two study groups, but there was a statistically significant difference in the basal
hematocrit between the two study groups, but we could notice from figure 18 that this
difference has steadily increased over time, which confirms the significant effect of fistula on
hematocrit.

We have interpreted the increased measured erythrocyte mass in fistula rats due to
secondary polycythemia induced by excess erythropoietin in the blood.*> As known,
Erythropoietin secretion is regulated as a reactive process to tissue hypoxia mediated by factors
called hypoxia-inducible factors (HIF). These are transcription factors of the erythropoietin
gene and have other effects, such as promoting angiogenesis.*>12124 Tissues hypoxia in the
case of the AVF occurs systemically due to accompanying heart failure, or in distal organs due
to steal syndrome,®12° or locally in the venous segment of the fistula due to the damage of the
vasa vasorum,2227:126

Studies have not shown conflicting results about the effect of arteriovenous fistula on
hematocrit values, as some studies showed a significant decrease in the hematocrit value using
an aortocaval model, %2 while another study showed no effect of a saphenous arteriovenous
fistula on the hematocrit value.>> However, our results have shown significant increase in
hematocrit in FG. The location of the arteriovenous fistula may play a role in interpreting these
results, as the liver and the kidney are the distal organs in our model, and they are both the most
important producers of erythropoietin in the body, while in the case of aortocaval model and
saphenous model, the distal organs are usually the lower extremities and the pelvic

organs 123,128
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Polycythemia is a reaction of hypoxia and shows individual differences between
organisms, as it occurs in some cases of hypoxia while it may be absent in others without an
apparent cause.*>12° Upon re-evaluating our results individually, we found that the hematocrit
increased in all rats in the fistula group, but the increase ranged from a slight increase in some
cases to a large increase in other cases.

Comparison of other measured blood parameters showed indirect signs of iron
deficiency, such as an increase in the red blood cell distribution width (RDW), a decrease in
mean corpuscular hemoglobin (MCH), and an increase in the platelet count (plt). We did not
determine the serum iron levels in our experiment because it was not included in the study
protocol at the beginning. The assumed iron deficiency is secondary finding that we would
mention, especially since polycythemia is associated in a third of cases with iron deficiency
due to depletion of iron stores to support erythropoiesis.*> Although the HIFs promote iron
intake in the intestine, iron deficiency in commercially used food and chronic intravascular
hemolysis by AVF leads to a further decrease in iron stores.

The platelet count increased gradually during follow-up in the fistula group, while the
mean platelet volume (MPV) decreased. These changes could be interpreted as an accompanied
iron deficiency, but there are other differential diagnoses for thrombocytopenia in this case
such as acute phase reactions and spurious increase related to fragmented RBCs, 130133

Several studies have focused on the red blood cell distribution width (RDW) as a risk
factor for arteriovenous fistula failure, heart failure, and cerebral vascular disease.?>34137
From a hemorheological point of view, studies showed an association between an RDW value
greater than 14% and a reduction in RBC deformability.1*-140 The RDW value increased in
fistula rats significantly after 6 weeks of creation of the fistula compared to the basal values in
our study, and the RDW value in the old RBCs was statistically significantly higher than the

RDW value in the young RBCs. Through further comparison of these results with the
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hemorological results, it can be noted that the increase in RDW was accompanied by a decrease

in RBC deformability as well.

Hemorheology

The RBC deformability is compared by comparing the (Elongation index / shear stress)
charts, and to simplify this comparison process we compare two parameters calculated from
these charts: SSi2 and the ratio between Elmax and SSi2. A higher SSy2 value indicates that
more force is required to reach the half-maximal elongation, i.e. the ability of the RBCs to alter
their shape (deformability) is impaired. A lower Elmax/SS1/2 ratio also refers to a reduced RBCs
deformability. The overall evaluation of the rheological parameters showed a statistically
significant decrease in the RBCs deformability in FG compared to the SG in both the first and
sixth week measurements.

The individual evaluation of the RBCs deformability parameters showed a significant
difference between the FG rats, as some rats did not show a significant change in the RBCs
deformability parameters, while others showed significant drop in these parameters. These
large individual differences occurred even though all of these rats were of the same gender,
strain, and age and had the same experimental environment. These individual differences

explain the high value of SD.

Density separation of RBC subpopulations

Rheological measurements for clinical applications are usually performed on the total
blood sample and give an impression of the rheological behavior of a large population of cells.
In research applications, separating red blood cells into sub-populations based on their density,
for example, increases the amount of information that can be obtained in these studies and

provides us with RBC deformability distribution histogram in the sample.*"4
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Our idea was that the arteriovenous fistula affects the lifespan of the red blood cells, as
it leads to the elimination of a large number of weak, old red blood cells through the high
mechanical stress inside the fistula, and thus the red blood cells in the fistula group are mostly
young and there is no wide difference in the rheological parameters between the
subpopulations. Whereas the red blood cells in the control group contain all the spectra of the
red blood cells, old and young, so we will see a wide difference in the rheological parameters.
In other words, we intended to study the RBC deformability distribution.

The subpopulations of RBCs were separated using centrifugation at 1800 x g for 1 hour.
Young RBCs showed better deformability than those measured in adult RBCs in both groups,
but the expected difference in subpopulations behavior did not appear between the two study
groups, CG and FG. Maybe we had to centrifuge using higher forces or longer time as in other

studies (10000 x g for 15 min).*

Hematocrit standardization

The measured parameters (SS12 and Elmax/SS12) in the CG did not show a significant
statistical difference between the results before and after the hematocrit standardization, but
these parameters showed a significant improvement in the RBCs deformability after the
hematocrit standardization. The same significant differences were not observed in CG, since
the change of Hct in CG was only 7% significantly less than the Hct change in FG

(approximately 19%).

The weights of the body and organs and the histological examinations
AVF models showed a steady increase in heart and lung weight in proportion to the
fistula diameter. 65109114.142143 Many evidences of severe congestive heart failure in the studies

are based on the organs weight, e.g. the ratio of heart weight to body weight more than 5 mg /
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g or lung weight more than 2.5 g.1%%1° Lung weight increase occurs due to fluid accumulation
in the lung or what is called lung congestion especially in the presence of a high flow AVF,1%°
but small AVFs did not show the same significant difference in lung weight.10%114

The heart weight to body weight ratio in our study was 4.45+0.39 mg/g, mean lung
weight was 1.4 g, and no significant difference was observed in lung weight to body weight
ratio between FG and SG.

Studies have shown varying results on the effect of arteriovenous fistulas on the body
weight. This effect actually differs according to the size of the arteriovenous fistula and the
follow-up period after surgery. However, rapid body weight gain after fistula surgery is
evidence of fluid retention, and some studies have considered an increase of 50 grams or more
within 7 days as evidence of severe heart failure.!*®

Our results showed a slight decrease in the body weight of the rat in the fistula group
one week after the creation of the fistula, this loss of weight may be due to the post-operative
stress, and the rats regained the weight after 6 weeks without a pathologic significant changes
(the weight gain was only 22.7 + 12.8 g during 6 weeks). The results of our study are consistent
with the results of other studies in terms of a temporary decrease after a week of surgery, then
a normal weight gain without a statistically significant difference compared to the control group
after a month of surgery.10114

The arteriovenous fistula in this model resulted in statistically significant left
ventricular hypertrophy compared to the control group due to overloading via the arteriovenous
fistula. All these data and the high survival rate refer to significant cardiac pathology induced
by CJF but without reaching a severe congestive heart failure at the end-point measurement.

As an additional finding, the histological examination showed an expected intimal

hyperplasia in venous limb of fistula in FG compared to the non-operated vein in FG and vein
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in SG. We would also recommend this model for studies on intimal hyperplasia in the venous

limb of the fistula and its management.

Main findings

The Carotid-jugular fistula resulted in a significant increase of RBC mass and a
significant impairment of RBC deformability. These changes could be one of the
pathways through which the fistula influences the microcirculation, which opens
the door for further studies on a novel proposal to prevent or reduce fistula-related
ischemia by using medications that improve the properties of erythrocytes.
Carotid-jugular fistula in rats is a feasible model of arteriovenous fistula, especially
for studies about fistula-related microcirculatory and systemic changes.
Carotid-jugular fistula has significant effects on the remote organs, since it results
in significant hemodynamic differences, left ventricular hypertrophy and significant
alteration of the liver microcirculation.

The ligation or banding of AVF lead to immediate hemodynamic changes, therefore

it should be considered especially in the critical cases.
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6. Summary

Avrterio-venous fistula (AVF) is the first option for hemodialysis. This study evaluated
the carotid-jugular-fistula (CJF) as a model to study fistula-related microcirculatory and
systemic changes and presented the hemorheological changes as a suggested mechanism of the
impaired tissue perfusion.

Sixteen female Wistar rats were used in this study, ten in fistula-group (FG) and six in
sham-operated-group (SG). Carotid-Jugular-Anastomosis was done in FG, while the same
vessels were just isolated in SG. The rats were followed-up for 6 weeks. Hematological and
hemorheological parameters were measured before the operation, and on 1st and 6th
postoperative weeks. Besides hemodynamic parameters, the liver and kidney microcirculation
were evaluated using laser Doppler device at the 6th week measurements, and the effects of
fistula occlusion on the microcirculation were evaluated as well.

The animals in FG group showed significant decrease in hemodynamic parameters after
the fistula. Liver microcirculatory blood flux units (BFU) were significantly lower in FG in
comparison with SG and increased significantly after the occlusion of the fistula. Kidney BFU
showed closer changes but without significant differences. Erythrocyte deformability
significantly impaired in FG after the fistula. Morphologically marked increase in absolute and
relative heart weight values was found with left ventricular hypertrophy.

The carotid-jugular fistula acted as a feasible model of AVF. Besides the well-known
hemodynamic effects, the presence of the CJF resulted in impaired Erythrocyte deformability
and mechanical stability. These changes could be one of the pathways through which the

arteriovenous fistula may influence the microcirculation.
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