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Incomplete Circle of Willis and cerebrovascular reactivity in asymptomatic
patients before and after carotid endarterectomy

HexommiierHoct BuiincoBor npcrena u nepedpoBacKyjJapHa peaKTUBHOCT
KO/l ACHMIITOMATCKMX NAIHjeHaTa Mpe U Mocje KapoTHIHe
eH/IapTepeKTOMHUje

SUMMARY

Introduction/Objective Circle of Willis (CoW) provides
the most significant collateral flow in the presence of
significant stenosis or occlusion of internal carotid artery. In
terms of collateral flow ,,incomplete” type and ,,complete*
type of CoW can be recognized. Patients with carotid artery
disease with incomplete CoW have lower cerebrovascular
reactivity and higher risk for stroke. Cerebrovascular
reactivity refers to the residual capacity of dilatation of
cerebral blood vessels in the condition of insufficient blood
flow. In this study we analyzed changes in cerebrovascular
reactivity after carotid endarterectomy in asymptomatic
patients with respect to complete and incomplete CoW
morphology.

Methods In this study in 97 patients with asymptomatic
carotid artery disease we measured cerebrovascular
reactivity before and after carotid endarterectomy by using
method of ,,apnea test“ and “ Breath Hold Index® (BHI).
Patients were divided into two following groups: patients
with ,,complete” CoW and ,,incomplete’ CoW based on non-
contrast magnetic resonance angio performed previously to
the operation. Descriptive statistics, univariate analysis, and
ANOVA for comparison of BHI values between groups
were used.

Results  Results . showed. " significant <increase in
cerebrovascular reactivity at the side of stenosis in both
groups of patients with complete CowW (BHI value increased
from 0,897 to 1.090; F(1.65) =30.788, p < 0.0005, parc. n2
= 0.321) and incomplete CoW (BHI value increased from
0.690 to 1.010; F (11.27 ) = 62.318 , p < 0.0005, parc. n2 =
0.698) and the more significant- increase in the group of
incomplete CoW compared to the group with complete CowW
(F(1.92)=4.557, p=0.035, parc. n2 =0.047)

Conclusion In most asymptomatic patients, cerebrovascular
reactivity —restores to normal following  carotid
endarterectomy. Parameters of cerebrovascular reactivity are
lower in patients with incomplete CoW and the increase
after carotid endarterectomy is more significant in such

patients.
Keywords: Breath holding index, extracranial -carotid
disease, internal cerebral artery, asymptomatic carotid

patients risk stratification.
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CAXKETAK

YBon/Llne Bunmicos npcreH npescrasiba Haj3HauYajHAJH
KOJIaTepaTHH YT KOjUM ce 00e30e/1jyje MpoToK Y XeMuche-
pama Mo3ra Ko/l eKCTpaKpaHHjalHe KapoTHAHE CTEHO3¢ Ml
okiTy3uje Y morieny npucycTBa KoJaTepaHOr IPOTOKa pa3-
JIMKYjeMO KOMIUIETHH U HEKOMILIETHH BuincoB mpereH. [1a-
LMjeHTH ca eKCTPaKPaHUjaTHOM KapOTHIHOM OOJIECTH KOji
“Majy HeKOMIUIeTaH BUmcoB npcTeH uMajy ciabujy mepe-
OpoJacKyapHy pEaKTHBHOMCT U MOBHIICH PA3HK MOXK/IAHOT
ynapa. llepebpoBackyiiapHa peakTHBHOCT OIUCYje pe3uya-
JIHHU KanamuTeT 3a JulaTalnjy HepeOpaiHuxX KPBHUX Cy10Ba
y ycnoBuMa Mo iale xunonepoysuje. Llub oe crynuje
6u0 je 1a ce yTBpau TIPOMEHe y 1iepedpoBacKyIapHOj peak-
THBHOCTH HAKOH KAPOTUJTHE CHIAPTEPEKTOMH]E KOJ| aCUM-
NITOMAaTCKUX HallijeHaTa ca KOMJICTHUM M HEKOMIUICTHUM
BunucoBum npereHoMm.

Metone Crynuja je ykipydmia 97 manujeHara ca aCHMIITO-
MaTCKOM KapOTHIHOM EKCTPaKpaHHjaTHOM OOJIECTH KO
KOjUX CMO oJipeljuBaiiu iepeOpOBacCKyIapHy PEaKTUBHOCT
METOJIOM ,,ATIHea TecTa™ Ipe U Mocje KapOTH/IHE eHaapTe-
pexromuje. [lanujenTn Cy Ha OCHOBY Hanla3za O€3KOHTPACTHE
MarHeTHE pe30HAHTHE aHTHOoTrpaduje OWIM MOIeJHeHHU Y IBE
rpyne: ITaiujeHTH ca KOMIUIETHUM BHIMCOBUM NIPCTEHOM 1
MalHjeHTH ca HeKOMIUIeTHHM BumcoBum npereHom. Cra-
THCTHYKA aHAJIM3a NOpasyMeBaia je JeCKPUITHBHY CTaTH-
CTUKy, yHuBapHjaTHy aHamu3y 1 ANOVA 3a nopeleme napa-
MeTapa IiepeOpoBacKyIapHe peaKTHBHOCTH Ipe U Mocie
KapoTH/IHE CHIAPTEPEKTOMH]E.

PesyaraTtu Pesynraru cy nokasanu 3Ha4ajHo roBeharme
napameTapa 1epedpoBacKysIapHe peaKTHBHOCTH Ha CTPaHH
CTEeHO3€e y 00e TpyIie MarujeHara ca KOMIUIETHIM Brico-
BuM npcreroM (mopact BHI ca 0,897 wa 1,090; F(1.65) =
30,788, p < 0,0005, parc. n* = 0,321) u HekoMmIeTHIM Bi-
ncoBuM nipcreroM (mopact BHI ca 0,690 wa 1,010; F (1,27
) = 62,318, p < 0,0005, parc. 7* = 0,698) npu uemy je 1o-
pacT y IpyIH ca HEeKOMIUICTHUM BHIIHCOBHM mpcTeHOM OHO
3nauajuuju 3a p =0.035 (F (1,92 ) = 4,557 , parc. n* =0,047).
3axsbyuyak Kox BelinHe acuMnToMaTcKkux mamyjeHara ca
KapOTHAHOM 0OJIECTH, KapOTHAHA €HIAPTEPEKTOMH]a
JIOBOJIH /10 HOpMaJIn3alije mapamerapa 1epedpoBackyiapHe
peakTuBHOCTH. [{epeOpoBacKyIapHa PeakTHBHOCT je HUXa
KOJI TTallMjeHaTa KOju MMajy HeKOMIUIeTaH BUiMcoB npcreH,
a mopact 1epedpoBacKyIapHe PEaKTHBHOCTH HAKOH
orepanyje H3paKeHUjH je KOJ OBUX MallyjeHaTa.

Kibyune peun: Breath Hold Index, Yuyrpamma kapotuaaa
apTepHja, eKCTpaKpaHHjalHa KapoTHIHA O0JeCT,
crpatuduKalmja pu3uKa KoJi aCHMITOMATCKUX KapOTHAHHUX
0oJtlecHHKA

Copyright © Serbian Medical Society
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INTRODUCTION

Circle of Willis (CoW) provides the most significant collateral flow in the presence of
significant stenosis or occlusion of internal carotid artery (ICA). Anterior collateral segment
of CoW (ACAL, AcomA) is a connection between opposite carotid arteries and posterior
collateral segment (ACP1, AcomP) provides collateral from posterior cerebral circulation [1].

Morphology of CoW can be evaluated by non-contrast enhanced magnetic resonance
angiography (nCEMRA) and it depicts the functional status of collateral flow [2]. Although
there is a number of CoW morphology types, in terms of collateral flow ,,incomplete* type
and ,,complete* type of CoW can be recognized. Contrary to the ,,complete” CoW that
depicts normal CoW morphology, ,,incomplete’“CoW refers to the hypoplasia or occlusion of
anterior and posterior collateral segment and consequent absents of collateral flow provided
by CoW.

In the presence of significant ICA stenosis, incomplete CoW can be associated with
impaired cerebral blood flow, reduction of cerebral autoregulation decreased circulatory
reserve and low cerebrovascular reactivity leading to increased risk of stroke [3].
Cerebrovascular reactivity describes the capacity of adaptation of cerebral blood flow as a
reaction to different stimuli. If insufficient cerebral blood flow is present, blood vessels are
maximally dilated, and the residual capacity to increase blood flow is limited.

In this study we analyzed changes in cerebrovascular reactivity after carotid
endarterectomy in asymptomatic patients with respect to complete and incomplete CoW

morphology.

METHODS
Research included 97 patients, out of 171, who were operated from asymptomatic

extracranial carotid stenosis in the period January 2017.-June 2019. Prior to the operation, all
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patients underwent Duplex Ultrasound Examination (DUS) od carotid arteries and at least
one of the following imaging: Magnetic Resonance Imaging and Angiography (MRI and
MRA) (Siemens 1.5T) or Computed Tomography Imaging and Angiography (CT and CTA)
(64 or 128 lines) of head and neck. MRI and MRA with three-dimensional time of flight (3D
TOF) sequence for examination of extracranial portion of carotid and vertebral arteries and
CoW and intracranial arteries was mandatory for patients who were included into the study.

Based on aforementioned diagnostic procedures, inclusion and exclusion criteriafor
this study were defined: patients with unilateral carotid disease (contralateral carotid stenosis
was less than 50%) were included, with no significant lesions on intracranial portion of
carotid arteries, vertebral and basilar arteries and cerebral arteries and no evidence of ,,silent
brain infarctions® larger than 1cm. Patients who were presented with insufficient data, poor
insonation window for measurement of cerebrovascular reactivity or low compliance with the
procedure, patients whose written consent was not p were also excluded from the study.

We collected preoperative data on patients’ general characteristics, risk factors and
comorbidity: age and gender, presence of hypertension, diabetes, smoking,
hyperlipoproteinemia, history of ischemic heart disease or heart failure, left ventricle
hypertrophy, significant heart valve diseases, atrial fibrillation, chronic kidney disease,
chronic obstructive pulmonary disease and peripheral artery disease (PAD). Assessment of
clinical cardiologist has been provided.

Morphology of CoW was determined based on 3D TOF sequence of MRA. By
morphology, patients were classified into two groups:
1. Group of patients with ,,complete CoW* in which all arteries of CoW were shown on

3D TOF sequence MRA (67 patients — 69%)

DOI: https://doi.org/10.2298/SARH200203068M Copyright © Serbian Medical Society
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2. Group of patients with incomplete CoW: underdeveloped or occluded anterior
(ACA1, AcomA) and posterior (ACP1, AcomP) collateral segment of CoW (30
patients - 31%)

Degree of ICA stenosis was estimated by DUS based on ECST criteria and two goups of
patients were recognized: group of patients with 75%-84% ICA stenosis and group of
patients with 85%-99% ICA stenosis.

All patients underwent operation under general anesthesia; one of the following
techniques was used: Carotid Endarterectomy (CEA) with patch-plasty and intraluminal shunt
protection or Eversion endarterectomy (EEA). Standardized perioperative protocol included
administration of clopidogrel 75mg at least five-days prior to the operation with no
discontinuation for the operation day, administration of statins starting at least 30 days before
the operation. In the postoperative period, strict blood pressure control was indicated, with
the aim to maintain systolic blood pressure below 160mmHg.

For estimation of cerebrovascular reactivity we used ,,Apnea test” method, previously
described by M. Silvestrini et al. [4]. In Apnea test patients are asked to hold breath for 30
seconds, and consequent increase in blood CO; is used as a stimulus for dilatation of cerebral
blood vessels. The increase in blood flow during apnea test is registered with Transcranial
Doppler ultrasound (TCD) (Multidop X4, DWL Elektronische Systeme GmbH with 2 MHz
probe and Sonara Viasis version 04 with 2MHz probe) on proximal portion of Middle
Cerebral Artery (MCA). As a result of the test the Breath Hold Index (BHI) is calculated as
ratio between stimulated (CBF30 sec) and basal cerebral blood flow (CBF basal):

BHI=((CBF3 sec-CBFbasal)/CBFbasal)/(sec/100).

,»,Cut-off* point for normal finding was set on 0.69. In this research apnea test was

done to all patients one day before and one month after surgery.

DOI: https://doi.org/10.2298/SARH200203068M Copyright © Serbian Medical Society
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We compared BHI values before and after surgery in groups of patients with complete
and incomplete CoW for both sides: ipsilateral and contralateral to stenosis.

Statistical analysis included descriptive statistics: mean value, frequency (count) and
relative frequency (percentage) for categorical data; comparative statistics included univariate
analysis of variables with odd’s ratio calculation; differences between BHI values before‘and
after surgery in groups of patients with complete and incomplete CoW for both sides:
ipsilateral and contralateral to stenosis has been analyzed by ANOVA .. SPSS Statistics ver.
25 IBM Inc. Chicago, IL, USA was used.

Subjects’ written consents have been obtained. All studies have been approved by the
ethics committee of the Clinical centre of VVojvodina and the Medical faculty of the
University in Novi Sad, and conforms to the legal standards. In most of the patients, MR
examinations were done as a part of the project “Registration of New Ischemic Lesions with
Magnetic Resonance Imaging Before and After Carotid Endarterectomy and Carotid
Stenting”, financed by the Provincial Secretariat for Higher Education and Scientific
Research of Vojvodina. Subject’s written consent has been approved by ethics Committee of
Clinical center of Vojvodina and Medical Faculty University in Novi Sad and conforms to the

legal standards.

RESULTS

A total group of 97 asymptomatic patients with ICA stenosis, 75 males, and 24
females, aged 54 to 79 years old, median value 66.33, underwent carotid endarterectomy due
to extracanial carotid disease. Both techniques of carotid endarterectomy with patch
angioplasty and intraluminal protection (44%) and eversion endarterectomy (54%) were used
depending on preferences of surgeon performing the operation, all under general anesthesia.

We did not register any major perioperative adverse event (stroke or death) and we registered

DOI: https://doi.org/10.2298/SARH200203068M Copyright © Serbian Medical Society
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one postoperative case of acute coronary syndrome that was successfully treated by
percutaneous coronary angioplasty. Patients’ general characteristics and comorbidities with
respect to complete and incomplete CoW morphology are shown on Table 1.

In both groups of patients with complete CoW and incomplete CoW degree of ICA stenosis
(patients were classified into groups 75-84% and 85-99% stenosis) was equaly distributed as
it is shown on Table 2.

Preoperative values of BHI at the side of stenosis were 0.897 for-the group of patients
with complete CoW and 0.617 in the group of patients with incomplete CoW. In 34% of
patients with complete CoW and 70% of patients with incomplete CoW preoperative BHI
value were lower than previously defined ,,cut-off* value of 0.69. After the operation BHI
values were 1,09 for group of patients with complete CoW and 1.01 in group of patients with
incomplete CoW. Only 5.8% of ‘patients with complete CoW and 6.7 % with incomplete
CoW had postoperative' BHI value less than 0.69.

Observing BHI values lower than 0.69 as pathological , we registered significant
reduction of number of pathological findings of BHI level after the operation in the group of
patients with incomplete CoW (63.3%) compared to the group of patients with complete
CoW (28,2%) and the difference was statistically significant (p=0.0016, OR=4.36 CI 1.75-
10.78 ) Figures. 1a and 1b.

By using ANOVA we tested primary effects of two following variables: morphology
of CoW (complete and incomplete CoW) and operation status (,,before and after surgery*) on
BHI values. It was determined that there was a significant difference in BHI values before the
surgery between groups of patients with complete and incomplete CoW, F (1.94) = 16.208 , p
<0.001 , parc. n2 = 0.150 and significant difference in BHI values between same groups after
the surgery , F (1.94) = 4.134 , p < 0.05, parc. n2 = 0.043. We found significant influence of

carotid endarterectomy on the BHI values in the group of patients with incomplete CoW, F (
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1.27)=62.318 , p <0.0005, parc. n2 = 0.698 and in the group of patients with complete
CoW, F(1.65) = 30.788, p < 0.0005, parc. 2 = 0.321. Figure 2a
By using ANOVA we tested interaction effect of following variables: morphology of Cow
(complete and incomplete CoW) and operation status (before and after surgery) on BHI
values. There was a significant interaction between the completeness of the CoW and
operation status and their impact on the level of BHI, F (1.92 ) =4.557 , p =0 .035 , parc. n2
=0.047 . More significant increase in BHI value was registered in group.of patients with
incomplete CoW after the operation compared to patients with.complete CoW. The
difference proved to be statistically significant for p = 0:035. Therefore carotid
endarterectomy more affected patients with incomplete CoW in terms of improvement of
cerebrovascular reactivity. Figure 2a

For the side opposite to stenosis ANOVA showed significant difference in BHI value
before and after operation in both groups (F =7.357 , p =0.008 , parc. n2 = 0.072) , but no

difference between the groups (F =0.831, p =0.34 , parc. n2 = 0.009). Figure 2b

DISCUSION

In asymptomatic significant ICA stenosis revascularization is indicated only in low
risk patients who feature increased risk of stroke [5]. In this respect, investigation of
cerebrovascular reactivity in asymptomatic patients has been recognized in up-to-date
guidelines in preoperative assessment and risk stratification of patients with carotid artery
stenosis [6]. Low cerebrovascular reactivity means that cerebral arteries are already dilated to
their’s maximum due to low cerebral perfusion and there is a limited reserve of adaptation of
cerebral flow. In asymptomatic patients with significant carotid artery stenosis reduced
cerebrovascular reactivity increases risk of stroke 13-25% per year [7-11]. Decreased

circulatory reserve and lack of collateralization may increase the risk of stroke by the
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mechanism of impaired hemodynamics and due to the fact that arterio-arterial embolization
from diseased carotid artery occurs more often in the zone of reduced circulatory reserve [12,
13].

Association of incomplete CoW finding on nEMRA and low cerebrovascular reserve
has been documented as well [14]. nCEMRA that was used in our research, represents
functional morphology of CoW as it displays only blood flow within the vessels [2].
Although numerous types of CoW morphology have been described, simplification to
,complete* and ,,incomplete” CoW has been accepted for easieruse in clinical practice [15].
It is evidenced that 25-30% asymptomatic patients and 45-60% of symptomatic patients with
carotid artery disease have incomplete CoW [16]. In symptomatic patients with significant
ICA stenosis increased annual risk of stroke up to. 13-17% is evidenced if the incomplete
CoW is present [17, 18]. For asymptomatic patients with ICA stenosis there is a lack of data
from controlled prospective studies [19]. Retrospective post-hoc analyzes of a SMART group
showed increased but not statistically significant risk of stroke in patients with ,,incomplete*
CoW [14].

Our study showed that in patients with incomplete CoW, circulatory reserve at the
side of ICA stenosis was significantly lower (median BHI = 0.62) compared to the patients
whose MRA findings showed the complete CoW (BHI median = 0.88). Ass well BHI at the
side of ICA stenosis was lower compared to the side opposite to the stenosis (BHI median =
1, 09). BHI in the group of patients with incomplete CoW tended to be lower than the
proposed cut-off value for normal findings which is 0.69 [4].

Operative treatment resulted in the significant increase in BHI at the side of the
stenosis both in groups of patients with complete and incomplete CoW. We registered both
significant improvement circulatory reserve and normalization of the findings in the majority

of patients in which BHI was below the threshold of 0.69. Such effect indicates that the

DOI: https://doi.org/10.2298/SARH200203068M Copyright © Serbian Medical Society



Srp Arh Celok Lek 2020 | Online First September 10, 2020 | DOI: https://doi.org/10.2298/SARH200203068M 10

revascularization of stenosed ICA removes the cause of impaired circulatory reserve and
reduced vasomotor reactivity. More beneficial effect of surgical treatment we found to be in
asymptomatic patients with incomplete CoW with more significant increase of BHI. For the
opposed side we found trend of greater postoperative increase in BHI value in the group'with
complete CoW, which can be explained by the phenomenon of "steal” from the healthy side
over active collaterals that was present before the operation.

The literature emphasizes the importance of the effect of carotid-endarterectomy on
patients with extremely low parameters of cerebral vasoreactivity [20, 21]. Silvestrini and
Soine founded beneficial effect of surgery only in symptomatic but not in-asymptomatic
patients [22]. In aforementioned research the asymptomatic patients were not stratified
according to CowW morphology. A significant improvement of cerebrovascular reactivity after
carotid endarterectomy in asymptomatic patients can be registered for both sides of brain
[23,24]. Surgical treatment of asymptomatic and symptomatic patients is followed by
normalization of cerebrovascular reactivity and collateral flow in the CoW [25].
Improvement of cognitive function after carotid endarterectomy along with the improvement
of cerebrovascular reactivity is emphasized [26]. Previously mentioned SMART study group
was one of the rare studies that followed operated and non-operated asymptomatic patients
with complete and incomplete CoW , still it was the retrospective study [14].

Apnea test and its modifications are easy available and can be done in most vascular
labs, it is also proved to be comparable to other methods of measurement of cerebrovascular
reactivity [27]. Still there is a problem of its reliability especially in patients who are of low
compliance with the procedure, which is recognized as a limitation of this study. Association
of incomplete CoW and low cerebrovascular reserve is evident, as well as effect of ICA
revascularizations on cerebrovascular reactivity, but should presence of incomplete CoW can

be observed as risk feature in asymptomatic ICA stenosis is still to be debated.
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CONCLUSIONS

In most asymptomatic patients cerebrovascular reactivity restores to normal following
carotid endarterectomy. Parameters of cerebrovascular reactivity are lower in patients with
incomplete CoW and the increase after carotid endarterectomy is more significant in such
patients. This suggests that carotid endarterectomy is more beneficial in asymptomatic
patients with incomplete CoW in terms of cerebrovascular reactivity, but does it indicate
clinical benefit in such patients (i.e. reduction of the risk of stroke) is yet.to be approved by

future prospective studies.
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Table 1. Distribution of patients’ general characteristics, risk factors, and comorbidity in the
groups with complete and incomplete Circle of Willis (CoW)

Variables Complete Incomplete total OR p value
CoW CoW

Circle of Willis (No) 70 27 97 - -

Age (median value) 67.9 65,9 66.33 - 0.465

Males (%) 78% 76% 76% 1.105 | 0.8734

Hypertension (%) 83% 87% 86% 0.792 0.811

Diabetes mellitus (%) 38% 36% 36.5% 1.131 0.819

Smoking (%) 50% 53% 51% 1.077 0.870

Hyperlipoproteinemia(%) 58% 73% 62% 0.882 0.759

Ishaemic heart disease or heart 27% 26% 27% 0.939 0.903

failure (%)

Left ventricle hypertrophy (%) 22% 23% 22% 1.047 0.932

Significant heart valve disease 0% 1% 1% 7.981 0.207

(%)

Atrial fibrillation or other 11% 15% 12% 1.291 0.697

arythmia (%)

Chronic kiddney disease (%) 4:2% 3.7% 4.1% 0.827 0.871

Chronic obstructive pulmonary 8.5% 11% 9% 1.333 0.700

disease (%)

Peripheral artery disease (%) 13% 7% 11% 0.629 0.562
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Table 2. Degree of Internal Carotid Artery (ICA) stenosis by ECST criteria estimated by
duplex ultrasound in the groups of patients with complete and incomplete Circle of Willis
(CoW, patients were classified into groups 75-84% and 85-99% stenosis)

15

CoW morphology Degree of stenosis Total p value
75-84% 85-99%
Incomplete CoW 21 9 30 0,78
Complete CoW 45 22 68
Total 66 31 97
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Figure 1. Breath Hold Index values before and after operation in asymptomatic patients with
a) incomplete Circle of Willis (CoW) b) and complete Cow
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Figure 2. Estemated marginal means of Breath Hold Index before and after operation
in asymptomatic patients with complete and incomplete Circle of Willis (CoW) at the

a) operated side; b) contralateral side.
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