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Background: Among patients with ICA stenosis, there are some cases with elevated, undisrupted, and diminished cerebral
blood flow (CBF). The aim of this study was to assess the influence of ICA stenosis treatment on postoperative
CBF changes in relation to preoperative CBF values.

Material/Methods: We qualified 58 patients >65 years old (28 males, 30 females, mean age 71.02+6.34 years) for surgical inter-
vention due to symptomatic >70% ICA stenosis. In all patients, a flow volume in all extracranial arteries (inter-
nal carotid [ICA], external carotid [ECA], and vertebral arteries [VA]) was measured preoperatively and 2-3 days
following the surgery. The CBF values were compared with the ones established for a healthy population of
the same age.

Results: Preoperatively, there were 3 subgroups of patients, comparing to healthy population: with elevated CBF — “sig-
nificant compensation,” with undisrupted CBF — “mild compensation,” and with diminished CBF —“no compen-
sation.” Postoperatively, a significant CBF increase was observed in patients with preoperative “no” and “mild
compensation” — 277.18+154.26 ml/min (P=0.0000001) and 221.56+98.8 ml/min (P=0.0000001). In a “signif-
icant compensation” group, there was no flow increase observed (CBF change of 2.57+58.5 ml/min, P=0.954)
- a redistribution of flow was observed.

Conclusions: In patients with lower preoperative CBF values, surgical treatment caused a significant increase in global cere-
bral inflow, which was more prominent in patients with the lowest preoperative CBF. In patients with high pre-
operative CBF, surgical treatment resulted in a flow redistribution, but did not cause a CBF increase. Volumetric
flow assessment in DUS can predict hemodynamic benefit from surgery in terms of CBF increase.
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Background

Atherosclerotic lesions of carotid arteries are one of the lead-
ing causes of ischemic stroke and transient ischemic attack
(TIA), accounting for up to 20% of cases [1,2].

Surgical treatment reduces the risk of ipsilateral stroke and
is recommended for patients with 70-99% symptomatic ICA
stenosis and is suggested for symptomatic patients with 50-
69% ICA stenosis, as well as for patients with 60-99% asymp-
tomatic carotid stenosis who are at increased risk of stroke
on best medical treatment (BMT) alone [1].

Diagnostic modalities including magnetic resonance imaging
(MRI), computed tomography (CT), or Doppler ultrasonography
(DUS) allow us to identify features associated with increased
risk of neurological symptoms in asymptomatic patients [2].

Cerebral blood flow (CBF) correlates with cerebrovascular re-
serve (CVR) and with the risk of forthcoming ischemic events
regardless of other risk factors or testing method [3]. The risk
of occurrence of ischemic symptoms (including stroke), their
severity, and clinical outcomes depend on the collateral cir-
culation [4-7].

Cerebral hemodynamic is related to neurocognitive function-
ing in patients with ICA lesions and with its improvement fol-
lowing carotid revascularization [8,9].

Recently, a series of studies evaluating flow volume in extra-
cranial arteries in healthy population and patients with ca-
rotid lesions have been published [10-15]. The reference CBF
values for healthy population >65 years old were proposed.
Among patients with significant ICA stenosis and occlusion, 3
subgroups with significant flow differences were identified, de-
pending on the development of collateral circulation and flow
increase in other extracranial arteries: patients with significant
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flow volume increase in other extracranial arteries resulting in
CBF higher than in healthy equally aged population — “signif-
icant compensation,” patients with mild increase of the flow
in other extracranial arteries resulting in CBF similar to healthy
population — “mild compensation,” and patients without flow
increase in other extracranial arteries, with diminished CBF —
“no compensation” [10-15].

CBF values are correlated with the risk of occurrence of isch-
emic symptoms. CBF may be altered by the presence of the
ICA stenosis and increases after revascularization [10-15].

In this study we present a novel approach to carotid stenosis
diagnostics with DUS — a global cerebral inflow assessment. It
combines the measurements of ICA stenosis degree and flow
volume in extracranial arteries, which allows for evaluation
of the compensatory mechanisms and collateral circulation.

The aim of this study was to examine the association between
postoperative CBF increase in relation to preoperative CBF val-
ues in patients who underwent carotid endarterectomy due to
>70% symptomatic ICA stenosis.

Material and Methods

Bioethics Committee Approval

All procedures were approved by the Medical University of
Warsaw Bioethics Committee (approval no. AKBE/1239/2018).

Reference CBF and Flow Volume Values in Extracranial
Arteries

Reference values established by our team on the group of
healthy volunteers over 65 years old and published in 2020 are
presented in Table 1 (adapted from a previous publication [11]).

Table 1. Reference values of the CBF and the flow volume in extracranial arteries.

Group/Age 65-69 years 70-74 years 75-80 years >80 years
Proposed reference value (mL/min) 898.5+119.1 838.5+148.9 805.1+99.3 685.7+112.3
CRICA(mUmin  2711x636 23608661 23481623 20231384
CRECA(mUmin) 1061350  1037#332 040:2414 8314363
CRVA(@Umi) 5874200 6021267 6231284 ss74241
CUCA(mUming 27644575 2308£424 24554323 20448470
CLECA(mUmin) 10144309 1047s325 89.0£219 7908337
WA @Umin 849330 8041208 008215 5884130

Adapted from: Kaszczewski P, Elwertowski M, Leszczynski J, Ostrowski T, Galazka, Z. Volumetric Carotid Flow Characteristics in Doppler
Ultrasonography in Healthy Population Over 65 Years Old. J. Clin. Med. 2020;9: 1375.
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Study Design

The prospective study was conducted in 2022. Study partici-
pants were symptomatic patients referred to the Department
of General, Vascular, Endocrine, and Transplant Surgery with
the diagnosis of significant ICA stenosis, with the narrowing
exceeding 70%. After confirming the initial diagnosis with a
second ultrasound examination conducted by an experienced
sonographer from our department, the patients were qualified
for surgical treatment.

Since we describe and propose a new method of carotid ultra-
sound examination in the assessment of the ICA stenosis based
on volumetry, a maximally homogenous study group was en-
rolled. Strict inclusion and exclusion criteria were created to
eliminate the potential influence of concomitant disorders on
the cerebral perfusion and obtained results.

Inclusion criteria:

¢ symptomatic, >70% ICA stenosis, confirmed by 2 indepen-
dent sonographers,

e age >65 years,

 BP (blood pressure) <140/90 mmHg and HR (heart rate) <90/
min during pre and postoperative examination,

¢ informed consent.

Exclusion criteria:

¢ postoperative ICA occlusion/stenosis,

¢ uncontrolled hypertension,

e ischemic heart disease and its complications: heart insuf-
ficiency, positive history of myocardial infraction, positive
history of stent implantation to coronary arteries, EF (ejec-
tion fraction) <50%,

e cardiac arrhythmia, tachycardia, bradycardia,

¢ congenital vascular or heart failure,

¢ presence of endocrine diseases: thyroid goiter, positive his-
tory of thyroid surgery, uncontrolled hyper- or hypothyroid-
ism, uncontrolled diabetes,

e adrenal diseases.

CBF Measurement

In patients qualified for surgical treatment, meeting the inclu-
sion and exclusion criteria, ultrasound examination with volu-
metric flow assessment in extracranial arteries was performed
before the surgery and 2-3 days following surgical treatment.
They were conducted according to the protocol, which is de-
scribed in detail (eg, patient position and preparation) in the
previous study published by our team [11].

CBF was assessed as a grand total of the flow volumes bilat-
erally in ICAs, external carotid arteries (ECA), and vertebral ar-
teries (VA). Flow volume was measured in the ECA distally to
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the origin of the superior thyroid artery (STA). Flow volume in
the common carotid artery (CCA) was measured as a control
of measurement accuracy — when CCA flow volume slightly
exceeded sum of flow volumes in the ICA and ECA, the mea-
surement was considered accurate.

The diameter of each vessel (inner-to-inner) was measured
3 times with 3 different imaging modalities: B-mode, Superb
Microvascular Imaging (SMI), and combined B-mode/SMI. The
average of 3 measurements was considered the vessel diame-
ter. The flow volume in the vessel was calculated from vessel
diameter and spectral Doppler using the ultrasound scanner’s
semiautomatic program. Volumetric calculation was repeated
2-3 times for each artery and their average was considered
the flow volume in the artery.

To maintain high accuracy and eliminate interobserver variabil-
ity, volumetric measurements were conducted by the same so-
nographer (authors initials: PK), using a Canon Aplio i800 ultra-
sound scanner with Linear i11LX3 transducer (Canon Medical
Systems Corporation, Otawara, Tochigi, Japan).

Study Group

There were 58 patients (28 male, 30 female) aged >65 years
old (mean age 71.02+6.34 years) qualified to surgical inter-
vention: carotid endarterectomy (CEA) or carotid artery stent-
ing (CAS) due to symptomatic >70% ICA stenosis. All patients
were carefully assessed to exclude pathologies that could po-
tentially influence cerebral perfusion.

In this study, patients with preoperative CBF values exceeding
the proposed reference values (Table 1) are referred to as hav-
ing “significant compensation.” Patients with CBF within ref-
erence range are referred to as having “mild compensation,”
and patients with CBF lower than the proposed reference range
are referred as having “no compensation.”

Statistical Analysis

Statistical analysis was performed with Statistica 13 (StatSoft
Polska Sp. z 0.0., Cracow, Poland). For the comparison of the
2 groups, the t test and the Mann-Whitney U test were used.
The Shapiro-Wilk test was performed as a test of normality.
Levene’s test was used to assess the equality of variances. The
normal distribution of data with equal variances was a pre-
requisite to use the t test. With no equality of variances, the
t test with Cochran-Cox correction was performed. When one
of the variables was not normally distributed, the non-para-
metric Mann-Whitney U test was performed.

For multiple groups, the sets of data in which all variables were
normally distributed were analyzed with one-way analysis of
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variance. When the data did not follow a Gaussian distribution,
the non-parametric Kruskal-Wallis one-way analysis of variance
test was performed. The statistical significance was established
with post hoc tests. The significance level in all tests was <0.05.

Results

Preoperative CBF Values

In the study group there were:

¢ 19 patients (5 males, 14 females, mean age 72.05+6.83 years)
with preoperative CBF values lower than in the healthy pop-
ulation of the same age - “no compensation”.

¢ 25 patients (15 male, 10 female, mean age 70.36+6.45 years)
with preoperative CBF similar to healthy, equally aged pop-
ulation — “mild compensation”.

¢ 14 patients (8 male, 6 female, mean age 70.79+5.69 years)
with preoperatively increased CBF comparing to healthy,
equally aged population — “significant compensation”.

Postoperative CBF Changes in Comparison to Preoperative
CBF and Compensatory Status

In 2 out of 3 subgroups (“no compensation” and “mild compen-

sation”) the statistically significant flow increase was observed:

* In patients with low preoperative CBF values “no com-
pensation” the most prominent, statistically signifi-
cant, increase in CBF of 277.18+154.26 ml/min was ob-
served: from 619.42491.57 ml/min - preoperatively to
896.6+167.92 ml/min postoperatively, P=0.0000001.

¢ In patients with preoperative CBF values, similar to healthy,
equally aged population — “mild compensation” the statis-
tically significant, but less prominent postoperative CBF
increase of 221.56+98.80 ml/min was observed: from
824.08+91.89 ml/min preoperatively to 1045.60+114.31
ml/min postoperatively, P=0.0000001.

In patients with preoperative significant compensation the
surgery did not cause significant CBF changes (preoperatively
1115.50+112.89 ml/min, postoperatively 1118.10+121.01 ml/
min, CBF change of 2.57+58.5 ml/min), P=0.954.

The differences in the CBF increase were statistically signifi-

cant between:

e “significant compensation” and “no compensation”
- P=0.000002,

 “significant compensation” and “mild compensation”
- P=0.0000001.

The difference in the CBF increase between “mild compensa-
tion” and “no compensation” group (277.18+154.26 ml/min
vs 221.56+98.80 ml/min) did not reach statistical significance,
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p=0.303. The postoperative CBF changes are presented in the
Figure 1A-1C.

Comparison of the Flow Pathways Before and After the
Surgery

The flow pathways, and postoperative flow changes in extra-
cranial arteries are shown in the Figure 2 (2A - “no compen-
sation group”, 2B — “mild compensation group”, 2C - “signif-
icant compensation” group) and in Table 2.

Side to Side Flow Comparison Before and After the Surgery

In the ipsilateral side, to postoperative flow increase was ob-

served in:

¢ “no compensation” — from 252.42 ml/min to 464.34 ml/min,
P=0.000006 — Figure 3A,

¢ “mild compensation” group — from 329.6 ml/min to 491.00
ml/min, P=0.000007 - Figure 3C).

The flow increase in the ipsilateral side was mainly caused by
the significant flow increase in the revascularized ICA.

Carotid revascularization slightly improved the flow on the

contralateral side in:

¢ “no compensation” group — from 367.00 ml/min to 432.26
ml/min, P=0, 11 — Figure 3B),

¢ “mild compensation” group — from 494.48 ml/min to 554.64
ml/min, P=0.09 — Figure 3D).

Postoperative flow increase was not statistically significant,
however in both groups it was close to statistical significance.

In “significant compensation” group no significant differences
were noticed on both sides pre- and postoperatively. On the
ipsilateral side a non-significant flow increase was observed
(from 506.14 ml/min to 563.28 ml/min, P=0.16 — Figure 3E)
while a simultaneous decline was noticed on the contralateral
side (from 609.36 ml/min to 576.14 ml/min, P=0.42 — Figure 3F).

Number of Arteries with Compensatory Increased Flow
Volume Before and After the Surgery

“No compensation” group and “mild compensation” groups.

Similar tendencies were observed in “no” and “mild compen-
sation” groups.

In both groups the number of arteries with elevated flow in-
creased significantly after the surgery, while a simultaneous
decrease in the number of arteries with decreased flow was
observed. The number of arteries with flow within reference
range remained relatively unchanged.
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Figure 1. A — pre- and postoperative CBF comparison in each patient in the study group. B — average pre- and postoperative CBF
comparison in “no compensation,” “mild compensation” and “significant compensation” groups. C — comparison of the
postoperative CBF increase in “no compensation,” “mild compensation” and “significant compensation” groups.
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Figure 2. Pre- and postoperative flow volume comparison in the ipsi- and contralateral extracranial arteries. A — “no compensation
group,” B — “mild compensation group,” C - “significant compensation” group.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
€941958-6 [ISI Journals Master List] - [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




Kaszczewski P. et al:
The influence of ICA stenosis treatment on CBF
© Med Sci Monit, 2023; 29: 941958

CLINICAL RESEARCH

Table 2. Pre- and postoperative flow volume comparison in the ipsi- and contralateral extracranial arteries in the groups with different
preoperative compensatory status.

Contralateral

Ipsilateral

Pre- Pre- 619.42+ 92.58+ 90.79+ 69.05+ 225.63+ 7453+ 66.84+
operative “no operative 91.57 51.15 60.58 43.75 81.53 39.70 46.34
c‘:ﬂpensat'on Post- 896.6+ 26847+ 12247+ 73.39+ 24247+  114.58+ 7521+
group operative 167.92 104.74 59.40 41.95 56.74 69.48 48.14
Flow 277.18% 175.89+ 31.68+ 434+ 16.84+ 40.05+ 8.37+
difference 154.26 98.67 72.85 27.70 73.28 56.55 29.29

Pre-operative
“mild
compensation”

o Post- 1045.60+ 28156+  120.20+ 89.24+ 30152+  158.88+ 94.24+
group operative 114.31 107.73 56.49 48.42 97.22 77.42 39.31
Flow 221.56+ 19492+  -35.96% 2.44+ 37.04+ 14.52+ 8.60+
difference 98.80 118.27 83.52 24.66 102.26 73.19 31.05
p value p=0.0000001 p=0.0000001  p=0.12 p=0.78 p=0.06 p=0.27 p=0.81
Pre-operative  Pre- 1115.5+ 156.14+ 21586+ 13414+ 33893+ 16564+  104.79+
“significant operative 112.89 74.05 54.04 73.06 102.47 75.38 55.76
tion o 0T
c‘:g;pensa S 1118.10+ 31114+ 13814+ 11400+ 31671+  164.36% 95.07+
group operative 121.01 75.43 96.88 63.58 56.96 59.51 32.17
Flow 257+ 15500+  -77.71% -20.14+ 22221+ -1.29+ -9.71+
difference 58.50 82.75 105.37 4730 108.42 68.22 34.54
p value p=0.954 p=0.0012 p=0.017 p=0.56 p=0.96 p=0.87 p=0.64

In “significant compensation group” a number of arteries with
decreased flow changed from 0.71 to 0.14 (P=0.016). There was
slight, but non-significant increase in the number of arteries
with the flow similar to reference values (from 1.86 to 2.36,
P=0.257), and with increased flow (from 3.43 to 3.5, P=0.875).
The data are presented in the Table 3 and Figure 4. This re-
sulted in the flow redistribution — there was no change in CBF,
while the flow in ipsilateral ICA, and ipsilateral side increased
and was accompanied with slight decrease on the contralat-
eral side (see results section: Side to side flow comparison be-
fore and after the surgery and Figure 3).

Discussion

Collateral circulation, which allows maintaining CBF and
CVR, is a key factor facilitating undisrupted brain function.
Improvement of cognitive performance was observed after
carotid endarterectomy (CEA) in patients with TIA and ipsilat-
eral high-grade ICA stenosis, who initially had decreased val-
ues of CVR. The improvement was correlated inversely with
age and preoperative CVR values [8,9].

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Yamane et al proved that CEA can increase CBF and improve
CVR in patients with low CBF or low CVR by restoring blood
flow through the ICA [16].

The efficiency of collateral circulation correlates with the risk
of forthcoming ischemic symptoms (including stroke), their se-
verity, and clinical outcomes of treatment and rehabilitation
[4-7]. In patients with well-developed collateral circulation re-
ceiving BMT (best medical therapy), the risk of ischemic stroke
was lower than in the group without collateralization (6.3%
versus 13.3% for disabling or fatal stroke; 11.3% versus 27.8%
for hemispheric stroke) [17].

The method presented in this article allows for indirect assess-
ment of collateral circulation. Patients with high preoperative
CBF, caused by significant flow increase in non-stenosed ex-
tracranial arteries have well-developed collateral circulation,
while patients with low CBF values have poor collateralization.

In our research, in the groups with preoperative “no compen-
sation” and “mild compensation,” the CEA resulted in both
ipsilateral and contralateral flow volume increases. Several

€941958-7

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



Kaszczewski P. et al:

C LI N I CA L R E S EA RC H The influence of ICA stenosis treatment on CBF

© Med Sci Monit, 2023; 29: €941958

A Ipsilateral flow volume [ml/min] —‘no compensation’ group B Ipsilateral flow volume [ml/min] —‘mild compensation’ group
550 560
N 540
500 520
500
o o
450 480
H £ 40
T 400 — E M0
g g 42
S 350 S 400
2 2 380
300 — 360
O Mean 340 o Mean -
250 o [ Mean=Std Err - 320 o 1 Mean=Std Err -
T Mean+1.96*Std Err 300 —T Meant1.96*Std Err | |
200 ‘ 280 ‘
Preoperative Postoperative Preoperative Postoperative
C Ipsilateral flow volume [ml/min] —significant compensation’ group D Contralateral flow volume [ml/min] —‘no compensation’ group
640 500
620 —= 480 —I=
600 460
580 440
= = o
E 500 — ° £ S
E E
g 540 g 400
E E
2 50 2 380 —
o =]
= o — = o
500 360
480 O Mean - 340 O Mean -
[ Mean=Std Err [ Mean=Std Err
460 i —T Mean+1.96*Std Err || 320 — T Mean+1.96*Std Err ||
440 ‘ 300 ‘
Preoperative Postoperative Preoperative Postoperative
E Contralateral flow volume [mI/min] —'mild compensation’ group F Contralateral flow volume [ml/min] —‘significant compensation’ group
620 700
1 \
600 680 2 Mean -
1 [ Mean=Std Err
el
580 660 T Mean+1.96*Std Err | |
= 560 = 640
E - £
£ 540 £ 620 —_—
g — g o
S S 600
g g
2 500 . - = 580 o
480 o Mean - 560
[ Mean=5td Err | 1
460 L T Mean=1.96*Std Err 540
440 \ 520
Preoperative Postoperative Preoperative Postoperative

Figure 3. Pre- and postoperative flow volume changes in the ipsi- and contralateral side. “No compensation” group: ipsilateral
side — A, contralateral side — B. “Mild compensation group: ipsilateral side — C, contralateral side — D. “Significant
compensation” group: ipsilateral side — E, contralateral side — F.
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Table 3. Changes in the average number of arteries with increased flow volume, flow volume within reference range and decreased

” o«

flow volume in patients with “no compensation,

Before the surgery

mild compensation: and “significant compensation.”

Pre operative “no compensation group

Increased flow 0.64
Similar to reference flow 2.71
Decreased flow 2.64

Increased flow 1.81
Similar to reference flow 2.57
Decreased flow 1.62

Increased flow 343
Similar to reference flow 1.86
Decreased flow 0.71

Increased flow 1.94
Similar to reference flow 241
Decreased flow 1.65

After the surgery p value
1.43 p=0.024
3.21 p=0.280
1.36 p=0.003
2.57 p=0.036
2.95 p=0.255
0.48 p=0.00001

3.5 p=0.875
2.36 p=0.257
0.14 p=0.016
2.51 p=0.016
2.86 p=0.056
0.63 p=0.0001

authors have also reported changes in cerebral circulation fol-
lowing carotid stenosis treatment.

A postoperative increase in CBF on the contralateral side after
CAS or CEA has been reported in patients with >50% contralat-
eral ICA stenosis and is presumed to be related with anterior
communicating artery increased flow [18-20]. Sadato et al re-
ported that following CAS there was an increase in hemispheric
CBF on both the operated and contralateral sides independent
of age, postoperative hyperperfusion, cerebral steal syndrome
after preoperative acetazolamide-challenge SPECT, and mor-
phology of the anterior communicating artery [21]. It may be
related to leptomeningeal anastomoses — the increase of the
flow on the previously stenotic side reduces the need for col-
lateralization increasing contralateral flow. Another explana-
tion may be transhemispheric diaschisis, which can cause CBF
reduction on the non-stenotic side. Recovery from the diaschi-
sis after revascularization may result in CBF increase [21,22].

Shimada et al reported reduction in hypoxic neu-
ral tissue in 1-(2-18F-fluoro-1-[hydroxymethyllethoxy)

methyl-2-nitroimidazole (18F-FRP170) positron emission to-
mography (PET), which is associated with cognitive improve-
ment in patients after carotid revascularization [23].

Yoshida et al examined changes in glucose metabolism in brain
tissues in PET with (18)F-fluorodeoxyglucose (FDG). Following
carotid revascularization, they observed improvement in cogni-
tive functions, correlated with increased glucose metabolism.
Such improvement was not observed in patients who experi-
enced cerebral hyperperfusion [24]. Oka et al reported a long-
term increase in CBF and CVR and its normalization in patients
following carotid artery stenting due to near occlusion [25].

In our study we were able to show that there was a different
hemodynamic response, in terms of CBF increase, after carotid
stenosis treatment in symptomatic patients, which was strong-
ly correlated with preoperative CBF values and compensatory
status. We found that in “no- compensation” patients with low-
est preoperative CBF, the postoperative flow volume increase
was most prominent — these patients benefit hemodynamical-
ly most from CEA. In patients with “mild compensation,” who
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Figure 4. Changes in the average number of arteries with increased flow volume, flow volume within reference range, and decreased

» o«

flow volume in patients with “no compensation,

had preoperatively CBF similar to the healthy population, the
postoperative flow increase was less prominent, but was still
significant, and there was hemodynamic benefit from surgery.
In these 2 groups the CEA results not only in ipsilateral flow
increase, but also in contralateral flow improvement. The flow
increase was statistically significant in “no compensation” both
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mild compensation, and “significant compensation.”

on the ipsilateral and contralateral sides. In the “mild compen-
sation group” the flow increase was close to statistical signif-
icance on both sides, but did not reach it; however, the total
CBF increase was statistically significant.
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In patients with “significant compensation,” who had the
highest CBF values before the surgery, meaning that the cen-
tral nervous system was well supplied with blood, there was
no flow volume increase after the surgery. This may indicate
that in patients with high CBF values, the collateral circula-
tion was well developed and provided adequate blood sup-
ply to the brain, despite the stenosis. After CEA there was no
need for collateralization and the blood supply could be pro-
vided with the physiological pathways, which is why redistri-
bution of flow was observed.

RICADYST

CLINICAL RESEARCH

In the significant compensation group the flow redistribu-
tion was most prominent in the ipsilateral ICA and ipsilateral
ECA. Before surgery there was an elevated flow in the ipsilat-
eral ECA. The external carotid artery is an important collater-
al circulation pathway in case of ICA stenosis or occlusion —
the flow in the ECA can significantly change in this situation,
and the resistance may decrease and the flow velocity may in-
crease. In the DUS examination such flow changes in the ECA
are described as internalization of the ECA. Following the sur-
gery, when the physiological blood supply pathway is regained,
there is no need for further collateralization, which is why the
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Figure 5. A 65-year-old patient with severe left ICA stenosis. Preoperative measurements: A — RICA flow 366 ml/min, B — RECA -
flow 141 ml/min, C — RVA — flow 49 ml/min, D — RCCA flow 513 ml/min, E — LICA stenosis with flow velocity 5.42/2.92 m/s,
F — distal part of the LICA with flow reduction 18 ml/min, G — LECA flow 172 ml/min, H — LVA flow 103 ml/min, | — LCCA flow

231 ml/min. Total preoperative CBF of 849 ml/min.

increase of flow in the revascularized ICA was accompanied by
the simultaneous decrease of flow in the ipsilateral ECA. This
flow pattern has been previously reported by Russel et al [26].

Similar flow changes may be observed in the contralateral ECA,
which is also an important collateral pathway, and after revas-
cularization of the ICA the flow in this artery may decrease.
However, these flow changes seem to depend on the devel-
opment of collateral circulation, preoperative flow volume,
and compensatory status. In the “significant compensation”
and “mild compensation” groups a decrease in ipsilateral ECA
flow postoperatively was observed. In the “no compensation”
group the flow volume increased in ipsilateral ECA, contralat-
eral ECA, and both ICA following revascularization.

Examples of the flow changes are shown in Figures 5 and 6.

Our study has several limitations. It was a single-center study;
therefore, the sample size was relatively smaller than in mul-
ticenter randomized studies. This number of patients does
not allow for comparison of different age groups, sexes, or

revascularization methods (CAS versus CEA), especially be-
tween the groups of patients at 5-year intervals (as it is in the
reference values). The clarity of our results indicates for the
need for multicenter cooperation on this issue.

Our method has, however, several advantages. Almost all stud-
ies in the medical literature examining CBF changes are based
on expensive and invasive methods, with limited accessibili-
ty, reserved for large reference medical centers using PET and
SPECT. We used ultrasonography, which is cheap, easily acces-
sible, and non-invasive, and allows assessing preoperative CBF
values and measuring the postoperative flow increase. It also
facilitates predicting who will benefit from surgery in terms
of flow increase and who will not. This may help in deciding
which asymptomatic should be selected and which will ben-
efit from carotid revascularization.

Our exclusion and inclusion criteria were strict and it may seem
difficult for this study to be generalizable to a larger popula-
tion. We would like to stress that our criteria aimed to exclude
patients in whom results might be biased by concomitant
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Figure 6. A 65-year-old patient 3 days after successful endarterectomy of the left ICA. A — RICA flow 283 ml/min, B — RECA — flow 110
ml/min, C — RVA — flow 48 ml/min, D — RCCA flow 422 ml/min, E — LICA after EA flow 307 ml/min, F — LECA flow 170 ml/min,
G - LVA flow 108 ml/min, H — LCCA flow 539 ml/min. Total postoperative CBF of 1026 ml/min.
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disorders and that NASCET and ACST trials, on which current
guidelines are based, used much more severe patient and hos-
pital selection criteria [27].

The lower CBF values are 2 times more frequent among symp-
tomatic patients and significantly correlate with the risk of
forthcoming ischemic symptoms [10-15].

The patients with lower CBF may have higher risk of develop-
ing ischemic symptoms, and lower CBF may help provide ear-
lier surgical intervention in such patients.

We hope that our results will provide crucial information in
diagnostics and decision making in patients with ICA lesions
and doubtful indications for surgical treatment. This may also
play an important role in asymptomatic patients — lower val-
ues of CBF may become one of the factors (like hypoechoic
plaques, plaque ulceration, and microembolization in transcra-
nial Doppler) promoting surgical intervention, while increased
CBF may indicate the need of BMT.
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The biggest novelty of our method is the ability to predict with
high confidence who will benefit from carotid endarterectomy
and how large the CBF increase will be. It is the first study propos-
ing such a method, which has never been described previously.

Conclusions

ICA stenosis treatment improves cerebral hemodynamics, re-
sulting in CBF increase, especially in patients with lower preop-
erative values, while in patients with high preoperative CBF it
causes only flow redistribution, without flow volume increase.
Volumetric flow assessment in DUS can predict haemodynam-
ic benefit from the surgery in terms of flow increase.

Declaration of Figures’ Authenticity

All figures submitted have been created by the authors, who
confirm that the images are original with no duplication and
have not been previously published in whole or in part.

15. Kaszczewski P, Elwertowski M, Leszczyniski J, et al. Volumetric flow assess-
ment in extracranial arteries in patients with 70-99% internal carotid ar-
tery stenosis. Diagnostics. 2022;12:2216

16. Yamane K, Shima T, Nishida M, et al. Changes in cerebral blood flow after
carotid endarterectomy. Keio J Med. 2000;49(Suppl. 1):A80-A82

17. Henderson RD, Eliasziw M, Fox AJ, et al. Angiographically defined collateral
circulation and risk of stroke in patients with severe carotid artery steno-
sis. North American Symptomatic Carotid Endarterectomy Trial (NASCET)
Group. Stroke. 2000;31:128-32

18. Oka F, Ishihara H, Kato S, et al. Cerebral hemodynamic benefits after con-
tralateral carotid artery stenting in patients with internal carotid artery oc-
clusion. Am ) Neuroradiol. 2013;34:616-21

19. Baracchini C, Meneghetti G, Manara R, et al. Cerebral hemodynamics af-
ter contralateral carotid endarterectomy in patients with symptomatic and
asymptomatic carotid occlusion: A 10-year follow-up. J Cereb Blood Flow
Metab. 2006;26:899-905

20. Kataoka T, Hyogo T, Hayase K, Nakamura H. Cerebral blood flow change
before and after carotid angioplasty and stenting (CAS) in cases with con-
tralateral carotid artery occlusion. Interv Neuroradiol. 2006;12:201-4

21. Sadato A, Maeda S, Hayakawa M, et al. Carotid stenting for unilateral steno-
sis can increase contralateral hemispheric cerebral blood flow. J Neurointerv
Surg. 2018;10(4):351-54

22. Lagréze HL, Levine RL, Pedula KL, et al. Contralateral flow reduction in unilat-
eral stroke: Evidence for transhemispheric diaschisis. Stroke. 1987;18:882-26

23. Shimada Y, Kobayashi M, Yoshida K, et al. Reduced hypoxic tissue and cog-
nitive improvement after revascularization surgery for chronic cerebral isch-
emia. Cerebrovasc Dis. 2019;47(1-2):57-64

24. Yoshida K, Ogasawara K, Saura H, et al. Post-carotid endarterectomy chang-
es in cerebral glucose metabolism on (18)F-fluorodeoxyglucose positron
emission tomography associated with postoperative improvement or im-
pairment in cognitive function. ) Neurosurg. 2015;123(6):1546-54

25. Oka F, Ishihara H, Kato S, et al. Cerebral hemodynamic benefits af-
ter carotid artery stenting in patients with near occlusion. J Vasc Surg.
2013;58(6):1512-17

26. Russel D, Dybevold S, Kjartansson O, et al. Cerebral vasoreactivity and
blood flow before and 3 months after carotid endarterectomy. Stroke.
1990;21:1029-32

27. Wennberg DE, Lucas FL, Birkmeyer JD, et al. Variation in carotid endarter-
ectomy mortality in the Medicare population: trial hospitals, volume, and
patient characteristics. JAMA. 1998;279(16):1278-81

[Chemical Abstracts/CAS]

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]



