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Abstract

Background: Decrease of arterial wall shear stress (WSS) is associated with higher
probability of atherosclerotic plaque development in many disease conditions. End-stage
renal diseases (ESRD) patients suffer from vascular disease frequently, but its nature
differs from general population. This study was aimed at proving an association between
common carotid wall shear stress and the presence of carotid bifurcation plaques in a
group of ESRD patients.

Methods: ESRD subjects, planned for the creation of a dialysis access and therapy
were included. Wall shear rate (WSR) was used as a surrogate of WSS and was
analyzed in the common carotid arteries by duplex ultrasonography. Intima media
thickness (IMT) was measured at the same site. The presence/absence of carotid
bifurcation plaques was recorded. The endothelial function was estimated by the levels
of vonWillebrand factor (VWf).

Results: 35 ESRD patients were included (19 females, 17 diabetics). Atherosclerotic
plaque was present in 53% of bifurcations. Wall shear rate was lower in arteries with
plaques (349 + 148 vs. 506 + 206 s ', p = 0.005) and was directly related to the height of
IMT and inversely to the activity of vWf (r = -0.65, p = 0.016).

Conclusion: Lower wall shear rate in the common carotid arteries is linked to the
endothelial dysfunction and to the presence of atherosclerotic plaques in carotid
bifurcations in ESRD subjects. Faster arterial dilatation may facilitate this process in

ESRD subijects.

Key words: atherosclerosis; dialysis; end-stage renal disease; wall shear stress



Introduction

More than 50% of end-stage renal disease (ESRD) patients die from
cardiovascular diseases (Collins 2003). Arteries of ESRD patients are affected by
atherosclerosis, but also by large artery (medial and intimal) calcifications (Coll et al.
201, Ballanti et al., 2011). Many risk factors of these diseases have been identified.
They include traditional risk factors known from the non-ESRD population (diabetes
mellitus, smoking, hypertension etc.), but also factors specific for renal failure, such as
increased phosphate concentrations, inflammation, oxidative stress, malnutrition and
increased levels of circulating ADMA (asymmetric di-methyl-arginine, endogenous
inhibitor of nitric-oxide synthase). Despite these findings, the use of traditional risk
scoring underestimates atherosclerosis burden (Coll et al. 2010). All these factors act in
the entire organism and, indeed, atherosclerosis is a systemic disease. However,
atherosclerotic plaques predominantly occur in some specific areas, such as along the
internal curve of aortic arch and bifurcation outer walls. It can be explained by the local
character of blood flow and by the inability of arterial wall to adapt to blood flow changes.
Hemodynamically, this interaction of blood flow and arterial wall is described by the wall
shear stress (WSS).

Wall shear stress is directly related to the blood velocity and viscosity and
indirectly to the arterial radius. More precisely, it is proportional to the velocity gradient
(wall shear rate, WSR) near the vessel wall and the dynamic viscosity of the blood
(Malek et al. 1999). lts physiological role is to dilate the artery in response to increased
tissue metabolic demands - higher blood flow volume. Local vascular resistance is
decreased by the arterial and arteriolar dilatation, which leads to increased blood flow

volume. When the metabolic demands decrease, slower blood velocity leads to arterial



constriction, which helps to direct cardiac output to metabolically more active organs and
to save energy. Straight segments of arteries keep the value of WSS within a narrow
limit (15-30 dyne/cm2) (Malek et al. 1999). Aforementioned sites of arteries prone to
atherosclerosis are not able to adapt to slower blood velocity and thus area of low or
even zero WSS develops there, as was documented by the study by Schirmer and
Malek (2007) using non-Newtonian flow model. It is associated with increased
endothelial permeability for molecules and white blood cells, which facilitates
development of atherosclerosis.

Others (Irace et al. 1999) and we (Chytilova et al. 2009) have observed that some
diseases, such as type 2 diabetes mellitus or carotid atherosclerosis are associated with
lower WSS also in straight arterial segments, such as in the common carotid arteries.
Irace et al.(1999) demonstrated that subjects suffering from carotid atherosclerosis, but
with low calculated cardiovascular risk have lower WSS of the common carotid artery
than controls. Investigation on patients affected by unilateral carotid atherosclerosis
demonstrated, that shear stress is lower in the carotid arteries with plaques than in
contralateral plaque-free arteries (Gnasso et al. 1997). In a study of patients affected by
single large-artery atheroembolic stroke, the hemodynamic conditions were worse (lower
wall shear stress, higher wall tension and Peterson’s elastic modulus) at the affected side
than in the other side even in the absence of significant stenosis (Carallo et al. 2006). In
a recent study (lrace, et al. 2011), it has been shown that common carotid WSS
decreases with age, which is accompanied by the increase of intima-media thickness.
Less is known about the carotid WSS in ESRD patients, who have very high prevalence
of cardiovascular complications. However, the nature of these complications and of the

atherosclerotic plaques differs from the general population (Kono K, 2011). Therefore,



we performed this study, which was aimed at proving an association between common
carotid WSS and the extent of carotid atherosclerosis in a group of ESRD subjects just

before the initiation of a chronic hemodialysis therapy.

Methods
Thirty-five subjects with ESRD, planned for the surgical creation of a vascular access
within 1 month and for the hemodialysis therapy within 3 months were asked to
participate in this study. Selection criteria were the following: clinically stable condition
(no overt inflammatory or other acute disease), left ventricle ejection fraction assessed
by echocardiography more than 50%, absence of significant valvular disease and
absence of any clinical manifestation of vascular disease. Basic history was recorded,
blood samples for basic biochemistry, blood count and von Willebrand factor (blood
glycoprotein involved in hemostasis, which higher levels or activity correspond to
endothelial dysfunction and activation) (Malik et al. 2002) were drawn and carotid
ultrasonography performed. All subjects gave their informed consent. The study was
approved by the local Ethical committee and conforms to the Declaration of Helsinki.
Ultrasound examination was performed by the use of a linear-array 3-11 MHz
probe of SONOS 5500 (Philips, Andover, Massachusetts, USA). The examinations were
performed during morning hours after 10 minutes rest at the examination bed and after
overnight fast. The subjects were kept in supine position with their heads slightly
extended. We scanned common carotid arteries (CCA), carotid bifurcations and the
origins of the internal carotid arteries in longitudinal and transverse planes. Subjects with
>50% stenosis of the carotid tree were excluded. Plaque was defined as a focal structure

encroaching into the arterial lumen by at least 0.5 mm or 50% of the surrounding carotid
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intima-media thickness (CIMT), or as CIMT >1.5 mm, which corresponds to the
Mannheim intima-media consensus (Touboul et al. 2004).

Ultrasound measurements were performed in the common carotid arteries within
10 mm proximal to the bifurcation. The distal segments of CCA were recorded digitally for
further analysis. Blood flow velocity was detected with the sample volume placed in the
center of CCA. Peak systolic (Vmax) , end-diastolic ( Vimin), and mean velocity ( Vmean )
were recorded using the outer envelope of the spectral Doppler curve got by pulse wave
Doppler (mean of 3 heart cycles).
Both internal diameter (ID) and CIMT were analyzed off-line by the specialized software
Image Pro-Plus version 4.0 (Media Cybernetics, Silver Spring, Maryland, USA) using the
B-mode records with ECG gating and automatic border detection function. The reader
was the same throughout the study and was blinded with regard to the subject
investigated. CIMT, defined as the distance between two parallel lines: the lumen-intima
and media-adventitia boundaries, was measured on the far wall of CCA. Internal
diameter, defined as the distance between the leading edge of the echo produced by the
intima-lumen interface of the near arterial wall and to the leading edge of the echo
produced by the lumen-intima interface of the far wall, was measured during end- diastole
(ECG gating). Three measurements of CIMT and of ID were performed and their mean
value was used for further analysis.

Wall shear rate (WSR) was used as a measure of WSS and was calculated using
the Poiseuillian parabolic model of velocity distribution across the arterial lumen based on
the assumption of laminar blood flow, according to the following formula (Jiang et al.

2000):



WSRmaX = 4 X Vmax/ ID

WSRmean = 4 X Vmean / ID

where WSR is wall shear rate (s™"), Vinax and Vimean represent the maximum (systolic) and
mean velocity (time-averaded velocity of the spectral Doppler outer wall)(cm. s) and ID
is the arterial diameter (cm). WSR was calculated separately for maximal, mean blood

velocity.

Statistical analysis

Left and right carotid arteries were analyzed separately for the analysis of WSR
effect on atherosclerosis, which doubled the number of cases. The carotid arteries were
divided into 2 groups according to the presence/absence of atherosclerotic plaque. The
studied variables had normal distribution, so the differences between the carotids were

analyzed by the unpaired t-test; p-value <0.05 was considered significant.

Results

A total of 35 ESRD patients were included (19 females, 17 diabetics), see Table 1
for more details. Atherosclerotic plaque was present in 53% of bifurcations (in 36 of 68,
which were adequately visible by ultrasonography). All but 2 plaques were echogenic.
Laboratory data (Table 1) correspond to the usual findings in the ESRD population —
note higher triglycerides, uric acid, fibrinogen and von Willebrand factor. All included
subjects had compensated hypertension with the use of angiotensin converting enzyme

inhibitors and calcium channel blockers.



Wall shear rate was lower and CIMT higher in arteries with plaques (see Table 2).
There was no statistical difference in the potential risk factors presented in Table 1
among patient with and without atherosclerotic plaque at any side. This was also the
case of hemoglobin and fibrinogen levels — two main determinants of blood viscosity.
Diabetics did not have significantly lower WSR than non-diabetics (p-value reached 0.5).

CIMT was inversely correlated to WSRmean (r = -0.3, p = 0.04). WSRmax was

inversely related to the activity of vWf ( r = -0.65, p = 0.016).

Discussion

This study has shown that lower common carotid WSR is associated with the
presence of carotid bifurcation plaques in ESRD patients. This pro-atherogenic local
hemodynamic profile could not be explained by traditional risk factors of atherosclerosis.
Common carotid WSR is inversely related to CIMT and to the activity of von Willebrand
factor, a marker of endothelial function.

Carotid arteries with bifurcation plaques were significantly larger and had slower
blood flow than plaque-free arteries. This relation between diameter and velocity keeps
maintaining the brain perfusion unchanged. However, the opposing changes of these
two WSR determinants lead to its deeper decrease. Arterial dilatation is believed to be
the primary change. Samijo et al.(2002) documented that ESRD patients have larger
arteries than healthy subjects. Earlier, London et al. (1990) observed larger aortic roots
and aortic bifurcations, probably due to higher pulse pressure in ESRD patients. The
increase of pulse pressure occurs in subjects with faster pulse wave velocity due to
stiffed aortas and arteries — the reflected pulse wave reach the aortic valve still open

(Malik et al. 2009). Repetitive volume retention between hemodialyses and increased



collagen turnover probably also plays a role (Dellegrottaglie et al. 2011). One would
expect that the WSS changes with the fluid status (and thus blood viscosity) between
hemodialyses and with the hemoconcentration after the procedure. However, Samijo et
al.(2002) found that the increased viscosity due to hemoconcentration after hemodialysis
is “compensated” by the decrease of blood velocity due to decreased cardiac output and
WSS remains practically unchanged.

Carotid intima-media thickness has been accepted as a surrogate of premature
atherosclerosis and has been used as it in various studies with coronary artery disease
(Holaj et al. 2003), hypertension (Bots et al. 1993), dyslipidemia (Fisicaro et al. 1994)
etc. However, some authors (Bots et al. 1997) concluded that at lower degrees of CIMT
(below 1.1 mm) , the intima/media thickening appeared to reflect an equilibrium state in
which the effects of pressure and flow on the arteries are in balance, given a
characteristic relation between shear stress and local transmural pressure. The latter
could represent the effect of Laplace law at arteries, similarly to the left ventricular
hypertrophy in hypertensive subjects. A synthetic approach was presented in the study
by Vaudo et al.(2000): in a group of subjects with untreated newly diagnosed essential
hypertension, CIMT was related to both left ventricular mass, but also to age and
triglycerides and inversely to HDL-cholesterol, factors associated with atherosclerosis. In
our study, CIMT was significantly related to the WSR, but not to the carotid internal
diameter, suggesting that it was rather linked to atherosclerosis.

Von Willebrand factor is produced by both endothelium and platelets. The use of
vWf as a marker of endothelial function is therefore not advocated by all researchers.
Asberg et al.(2001), for example, tested vWf before and after atorvastatin therapy in

renal transplant recipient — while the vasomotor endothelial function improved, the vWf



levels did not change. On the contrary, we observed significant decrease of vWf after
lipid-lowering therapy as well as improvement in vasomotor function (Malik et al. 2002).
The release of vVWT from endothelium and its activation is increased in subjects with
endothelial dysfunction and low WSS (as in this study), but also in states with very high
WSS (Malek et al. 1999). A recent study by Pequeriaux et al. (2011) measured vWfin a
large group of 671 hemodialysis patients. Higher vWf levels (upper quartile) were
significantly associated with higher mortality with a hazard ratio of 1.8 after adjustment
for traditional risk factors. Our data could explain the effect of higher vVWT levels by the
lower WSS and thus atherogenic profile. Suprisingly, there was no association of vWf
and mortality in peritoneal dialysis patients in the study by Pequeriaux.

The outer walls of carotid bifurcations represent a typical site of atherosclerotic
plaques development due to the local WSS decrease. However, it is technically
complicated to measure the local WSS at bifurcations. It is far easier to estimate WSR in
a straight segment, where the flow is more laminar. Furthermore, the common carotid
flow characteristics influence the flow pattern in the bifurcation. The relation between
common carotid WSR and bifurcation plaques can be explained by fluid dynamics in
bifurcations (Asberg et al. 2001). Internal carotid artery is wider at the site of its origin in
the majority of patients — internal carotid sinus or bulb. This site is responsible for the
flow separation from the arterial wall. Recirculation and stagnation area develops and
narrows the axial flow. When the flow velocity decreases, the recirculation area
becomes larger. Recirculation areas are characterized by low WSS with changing vector
during the cardiac cycle, i.e. pro-atherogenic hemodynamic profile (Grus et al. 2007).

Furthermore, carotid bifurcations change during the life — they become wider and the
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angle between common and internal carotid arteries is more perpendicular (Thomas et
al. 2005). This is another reason, why the recirculation areas grow with ageing.

The limitation of this study is in its size and in the use of WSR as the surrogate of
WSS. The former is surmounted by the statistically significant differences in WSR in
plaque and plaque-free bifurcations. Larger studies can bring a more detailed
understanding of WSS relation to various laboratory data. Technical limitations of real
dynamic viscosity measurements could bring more impreciseness than using only WSR.
Another problem is that poiseuillean flow was assumed, while unsteady pulsatile flow is
present in the carotid arteries — the latter is, however, much more complicated not only
in terms of data calculation, but also in data acquisition.

We think that this study helps us to better understand some aspects of ESRD
vascular complications development. It seems that the accelerated arterial dilatation is
responsible for the decrease of WSS, which, in turn, leads to endothelial dysfunction and
to both CIMT and atherosclerotic plaque growth. Adequate blood pressure and water
overload control could theoretically slower this process in concert with other traditional

risk factors management.
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Table 1: Group characteristics

Mean SD
Age (years) 61.3 13.1
Females 55% -
Diabetes mellitus 49% -
Height (cm) 169.7 9.6
Weight (kg) 75.3 13.7
Systolic blood pressure (mmHg) 143.7 18.4
Diastolic blood pressure (mmHg) 84.7 11.2
Calcium (mmol/l) 2.3 0.2
Phosphorus (mmol/l) 1.56 0.37
Osmolarity mmol/kg 311.5 13.03
Ferritine (ug/l) 447 471
Uric acid (umol/l) 358 140
Total cholesterol (mmol/l) 4.68 0.98
HDL-cholesterol (mmol/l) 1.14 0.32
LDL-cholesterol (mmol/l) 2.66 0.84
Triglycerides (mmol/l) 2.03 1.12
Total protein (g/l) 68.2 7.18
Albumin (g/1) 39.6 4.5
Hemoglobin (g/l) 110.0 20.4
Fibrinogen (g/l) 5.12 1.25
Von Willebrand factor (%) 153.0 47.2
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Table 2: Carotid plaques - the effect of hemodynamic and structural variables

Bifurcation plaque p-value
Yes No
n =236 n=232
Internal diameter (mm) 6.98 +1.23 6.10 £ 0.75 0.01
CIMTmean (mm) 0.86 + 0.27 0.69 £ 0.14 0.02
CIMTmax (mm) 1.05+0.40 0.87£0.25 0.09
Vmax (cm/sec) 58.3+16.3 73.4 +22.8 0.01
Vmean (cm/sec) 29.2+9.8 379119 0.01
WSRmax (s™) 349 + 148 506 + 206 0.005
WSRmean (s™) 175 £ 85 259 + 108 0.006

CIMT = carotid intima-media thickness; V = velocity (maximal and minimal — end-

diastolic); WSR = wall shear rate
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