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Abstract: Background: Cerebral blood flow (CBF) can be related to the risk of occurrence of neuro-
logical symptoms. Well-developed collateral circulation is a good prognostic factor in patients with
cerebrovascular disease. Understanding the mechanisms of collateral circulation may be important
in the diagnosis, treatment, and monitoring in this group of patients. The aim of this study covered
the assessment of CBF in patients with 70–99% Internal carotid artery (ICA) stenosis, focusing on the
circulation pathways and flow volume in extracranial arteries. Materials and methods: 53 patients
with 70–99% ICA stenosis (mean age 73.4 ± 7 years old; 17 female, mean age 73.9 ± 7.5 years
old; 36 male, mean age 73.2 ± 6.8 years old) were included in the study. In all patients a Doppler
ultrasound (DUS) examination, measuring blood flow volume in the internal carotid artery (ICA),
external carotid artery (ECA), and vertebral artery (VA), was performed. The cerebral blood flow
(CBF) was compared to the previously reported CBF values in the healthy population > 65 years old.
Results: Among the study groups three subgroups with flow differences were identified: patients
with elevated CBF (significant volumetric flow compensation—26/53, 49%), patients with CBF similar
to (mild compensation—17/53, 32%), and patients with CBF lower than (no compensation—10/53,
19%) the healthy, equally aged population. The percentage of patients with significant volumetric
flow compensation was the highest in age groups 65–69 years old (62.5%) and >80 years old (60%).
In the oldest age group (>80 years old) no patients without flow compensation (0%) were observed.
The level of compensation depends on the number of the arteries with compensatory increased
flow. In patients with significant volumetric flow compensation, the compensatory increased flow
was observed, on average, in 3.31 arteries, in the mild compensation group—in 2.18 arteries, and in
the no compensation group only in 1 artery. ICA plays the most important role in the volumetric
flow compensation—the increase in the flow volume, in comparison to the reference values, was
between 116.7 mL/min and 251.9 mL/min (in the ECA 57.6 mL/min–110.4 mL/min; in the VA
73.9 mL/min–104.9 mL/min). The relative flow increase was highest in the VA: 215–246%, then in
the ECA: 163–206%, and finally in the ICA: 148.6–192%. The increased flow was most commonly
observed in the VA—57 arteries, in second place in the ECA—42 arteries, and ICA—31 arteries. In
patients with unilateral ICA stenosis, the volumetric flow increase was stated more frequently in
the ipsilateral ECAs then in the contralateral ones (23 vs. 14). In the VA the opposite tendency was
observed (29 contralateral vs. 23 ipsilateral). The ability of volumetric flow compensation decreased
significantly with increasing age. Conclusions: Understanding the mechanisms of collateral circula-
tion and their assessment in Doppler ultrasonography may provide a novel and easily accessible tool
of identifying and monitoring patients with cerebrovascular disease.

Keywords: Doppler ultrasonography; carotid stenosis; carotid artery disease; TIA; stroke; cerebral
blood flow; cerebrovascular reserve
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1. Introduction

Atherosclerosis affects about 20% of population above 60 years old and more than
50% aged over 85 years old, and it is becoming a global health burden due to the aging of
the population [1,2].

Stroke, together with myocardial infraction are the leading causes of deaths due
to cardiovascular diseases. In 2019 the global prevalence of stroke was 101.5 million
people, out of whom over 6.6 million died [3]. Ischaemic stroke accounts for about 85% all
strokes, while up to 20% of these events may be secondary to carotid artery atherosclerotic
disease [4].

Cerebral blood flow (CBF) correlating with cerebrovascular reserve (CVR) is associated
with and may be useful in predicting both: the risk of occurrence of ischaemic symptoms and
their clinical outcome. It has been proved that well developed collateral circulation is linked
to smaller stroke size and better reperfusion treatment and rehabilitation outcomes [5–8].

Recently a series of works concerning volumetric flow assessment in extracranial
arteries in Doppler Ultrasonography in patients with carotid artery disease were published.
It was shown that among patients with carotid artery stenosis and occlusion, there are
subgroups with CBF changes. In patients with severe ICA stenosis or occlusion there are
individuals in whom the CBF, despite the presence of significant stenosis of one of the
extracranial vessels, is elevated compared to healthy equally aged population, due to a
significant increase in the flow in other extracranial arteries. There are also patients in whom
the CBF is similar to healthy population—due to the mild increase in the flow in other
extracranial vessels, and the patients in whom there is no flow increase in other arteries—
those patients have lower CBF values than the healthy population. It was reported that
higher CBF values are correlated with a lower risk of occurrence of ischaemic symptoms,
while in patients with lower CBF values the risk of occurrence of ischaemic symptoms is
twice as large [9–14].

The aim of this study was to assess the compensatory mechanisms with Doppler ultra-
sonography, examining the circulation pathways and flow volume in patent extracranial
arteries, in a group of patients over 65 with internal carotid artery stenosis of 70–99%.

2. Materials and Methods

The study group included 53 patients with ICA stenosis 70–99% (mean age of group
73.4 ± 7 years old; 17 female, mean age 73.9± 7.5 years old; 36 male, mean age 73.2 ± 6.8 years
old). Detailed data are presented in Table 1.

Table 1. Study group characteristics.

Female Male Total
Number of patients 17 36 53
Mean age ± std. dev. 73.9 ± 7.5 years old 73.2 ± 6.8 years old 73.4 ± 7 years old
Number of patients with
LICA stenosis 5 11 16

Number of patients with
RICA stenosis 10 21 31

Number of patients with
bilateral ICA stenosis 2 4 6

Age: 65–69 5 11 16
Age: 70–74 5 12 17
Age: 75–79 3 7 10
Age: 80+ 4 6 10

The flow volume values, which in this study are hereafter called “reference” values
or the “proposed reference standard,” were established by our team based on a group
of 123 healthy volunteers (without concomitant disorders, which could influence CBF
values) and published in 2020. The reference range is presented as the average flow volume
(mL/min) ± standard deviation (mL/min); see Table 2 [10].
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Table 2. Reference flow volume in extracranial arteries RICA, LICA—right and left internal carotid
artery. RECA, LECA—right and left external carotid artery. RVA, LVA—right and left vertebral artery.
Values are presented as the average ± standard deviation.

Age Group 65–69 70–74 75–80 >80
CBF Proposed reference

value [mL/min] 898.5 ± 119.1 838.5 ± 148.9 805.1 ± 99.3 685.7 ± 112.3

RICA [mL/min] 271.1 ± 63.6 236.0 ± 66.1 234.8 ± 62.3 202.3 ± 38.4
RECA [mL/min] 106.1 ± 35.0 103.7 ± 33.2 94.0 ± 24.14 83.1 ± 36.3
RVA [mL/min] 58.7 ± 29.1 60.2 ± 26.7 62.3 ± 28.4 55.7 ± 24.1
LICA [mL/min] 276.4 ± 57.5 239.8 ± 42.4 245.5 ± 32.3 204.4 ± 47.0
LECA [mL/min] 101.4 ± 30.9 104.7 ± 32.5 89.0 ± 21.9 79.0 ± 33.7
LVA [mL/min] 84.9 ± 33.0 80.4 ± 29.8 70.0 ± 21.5 58.8 ± 13.0

Adapted from Ref. [10]: Copyright Year 2020, Kaszczewski P; Elwertowski, M.; Leszczynski, J.; Ostrowski, T.;
Galazka, Z.

In this study, the flow volumes in extracranial arteries (CCA, ECA, ICA, and VA) in
patients with ICA occlusion were compared with those obtained for a group of healthy
volunteers in order to determine the pathways and the degree of compensatory circulation.

In this study, values exceeding the proposed reference values (see Table 2) for
average + standard deviation are referred as to having “compensatory increased flow” or
“significant compensation.”

The values within the proposed reference are referred to as “Flow volume within
reference value” or “mild compensation”—in the presence of a major reduction in flow in
one of the carotid arteries, an increase in the other vessels allows it to maintain the CBF
within the proposed standards.

A blood flow volume lower than the proposed reference value for average and stan-
dard deviation is referred as to “no compensation” or “decreased flow volume.”

Recruitment of patients to both groups in terms of concomitant disorders was con-
ducted according to the previously described protocol, in order to eliminate its influence
on cerebral blood flow volume, except for ICA stenosis/occlusion [10].

In all patients, a DUS examination measuring blood flow volume in the common
carotid arteries (CCAs), patent internal carotid artery (ICA), external carotid arteries (ECAs),
and vertebral arteries (VAs) was performed. The flow volume in the CCA was measured as
a control; the measurements were considered accurate when the sum of the flow volumes
in the ipsilateral ICA and ECA (measured distally to the superior thyroid artery), or ECA
only (in the case of ipsilateral ICA obstruction), was slightly lower than the flow volume in
the CCA (due to flow volume loss in the superior thyroid artery).

The cerebral blood flow (CBF) was calculated as the grand total of the flow volumes in
all the aforementioned patent extracranial arteries: ICA, ECAs—distal to the origin of the
superior thyroid artery, and VAs.

Examinations were conducted following a previously described protocol [5], by the same
experienced sonographer, using a Canon Aplio i800 ultrasound scanner with Linear i11LX3
transducer (Canon Medical Systems Corporation, Otawara, Tochigi, Japan). The blood flow
volumes were calculated using the ultrasound scanner’s semiautomatic program.

The diameter of each vessel was measured using three different techniques: B-mode,
SMI (superb microvascular imaging) mode, and B-mode combined with SMI image. All
measurements (both diameter measurement and volumetric assessment) were carried out
three times and their average was considered the final result.

The stenosis degree assessment was based on the Results of Society of Radiologists
in Ultrasound Consensus Conference on the diagnosis of Internal Carotid Artery Stenosis
and DEGUM criteria—using the peak systolic velocity (PSV), end-diastolic velocity (EDV)
changes as well as ICA PSV/CCA PSV ratio, post-stenotic flow disturbances (severity and
length), and reduction. Additional criteria were used for ICA stenoses that exceeded 80%:
prolongation of acceleration time >0.4 s and flow velocity reduction in the upper portion of
the vessel and the PSV ratio between the stenosis and the upper part over 8.0 [9,12,15–17].
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Statistical Analysis

Statistical analysis was performed with Statistica 13 (StatSoft Polska Sp. z o.o.,
Krakow, Poland).

For the comparison of the two 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 prerequisite to use the t-test. With no equality of variances, the t-test with Cochran–Cox
correction was performed. When one of the variables had an abnormal distribution, a
nonparametric Mann–Whitney U test was performed. The results were considered statisti-
cally significant when the p-value was below 0.05. Additionally, a Bonferroni correction
for multiple comparisons was performed in order to reduce the risk of type I errors; the
significance level was set to 0.005.

Additionally, a linear regression analysis was performed. The correlation was consid-
ered statistically significant when the p-value was below 0.05.

3. Results
3.1. Cerebral Blood Flow Volume in the Whole Study Group (53 Patients)

Among the study group (53 patients) the three subgroups with CBF differences
were identified:

• 26/53, 49%—patients with significant volumetric flow compensation (CBF values
exceeding the proposed reference values: average + standard deviation);

• 17/53, 32%—patients with mild compensation (in the presence of major reduction in
the flow in one of carotid arteries, the increase in the other vessels allows the CBF to
be maintained within the proposed standards);

• 10/53, 19%—patients with no compensation (CBF lower than the proposed reference
value: average—standard deviation).

The percentage of patients with “significant compensation” was the highest in the
age group 65–69—62.5%. It decreased to 29.4% in the age group 70–74 years old, and was
continuously raised from 50% in the age group 75–79 years old to 60% in the oldest age
group ≥ 80 years old.

The percentage of patients with mild compensation showed slight fluctuations from
20% (age group 75–79 years old) to 41.2% (age group 70–74 years old). In the youngest age
group, 65–69 years old, there were 25% of patients with “mild compensation” while in the
oldest age group, ≥80 years old, they constituted 40% of the group.

Patients with “no compensation” tended to be the least prevalent group (except age
group 75–79). This group accounted for 12.5% of patients aged 65–69 years old, 29.4% of
the group aged 70–74 years old, and 30% of patients aged 75–79 years old. In the oldest age
group (≥80 years old) no patients “without compensation” were observed.

Detailed data concerning the flow compensation in the whole study group are pre-
sented in Table 3 and Figure 1.

Table 3. Detailed data concerning the flow compensation in different age groups.

Age/Flow
Compensation

Significant
Compensation

Mild Compensation—
Flow Volume within
Reference Value

No Compensation—
Decreased Flow
Volume

Whole study group 26/53 (49%) 17/53 (32%) 10/53 (19%)
65–69 10/16 (62.5%) 4/16 (25%) 2/16 (12.5%)
70–74 5/17 (29.4%) 7/17 (41.2%) 5/17 (29.4%)
75–79 5/10 (50%) 2/10 (20%) 3/10 (30%)
≥80 6/10 (60%) 4/10 (40%) 0/10 (0%)
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Figure 1. Tendencies in CBF changes in different age group. The percentage of patients with
significant flow compensation tended to rise with increasing age. The percentage of patients with
mild compensation did not change significantly, showing only slight fluctuations from 20% to 41.2%.
The percentage of patients without compensation tended to be least prevalent group. These patients
were not observed in the oldest age group.

3.2. Cerebral Blood Flow Volume in the Whole Study Group (53 Patients)

ICA plays the most important role in the volumetric flow compensation—the increase
in the flow volume, in comparison to the reference values, was between 116.7 mL/min
and 251.9 mL/min (in the ECA 57.6 mL/min–110.4 mL/min; in the VA 73.9 mL/min–
104.9 mL/min).

The relative flow increase was highest in the VA: 215–246%, then in the ECA: 163–206%:
and finally in the ICA: 148.6–192%.

The data concerning the level of compensation in all extracranial arteries with in-
creased flow volume are presented in Table 4 and Figure 2.

Table 4. The level of compensation in all extracranial arteries.

Age
Group Artery

Compensation
Average ± std.
dev. [mL/min]

Reference
[mL/min] p < 0.005

Flow
Difference
[mL/min]

Relative
Flow

Increase
65–69 ICA 525.7 ± 81.4 273.8 ± 60.5 yes 251.9 192%

ECA 176.8 ± 50.3 103.6 ± 32.9 yes 73.8 170%
VA 176.7 ± 68.1 71.8 ± 32.3 yes 104.9 246%

70–74 ICA 370.9 ± 67.7 237.9 ± 54.3 yes 133 156%
ECA 214.6 ± 70.6 104.2 ± 32.7 yes 110.4 206%
VA 151.3 ± 45.9 70.3 ± 28.8 yes 81 215%

75–79 ICA 356.8 ± 25.5 240.1 ± 47.3 yes 116.7 148.60%
ECA 149.1 ± 27.1 91.5 ± 23 yes 57.6 163%
VA 134.4 ± 37.6 60.5 ± 25 yes 73.9 222%

>80 ICA 350.4 ± 85.2 203.2 ± 42.7 yes 147.2 172.00%
ECA 150.6 ± 23.8 81 ± 35 yes 69.6 186%
VA 136.0 ± 63.7 57.3 ± 18.5 yes 78.7 237.30%
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Figure 2. Changes in the relative level of compensation in extracranial arteries in patients with ICA
occlusion. No significant increasing or decreasing tendencies or correlations concerning the level of
compensation were observed in the ICA, ECA, and VA.

3.3. The Pathways of Volumetric Flow Compensation in the Extracranial Arteries

The data concerning the pathways of collateral circulation in patients with unilateral
ICA occlusion are presented in Table 5, and with bilateral ICA occlusion in Table 6.

Table 5. Pathways of collateral circulation in patients with unilateral ICA occlusion.

Age Group Number of
Patients Stenosis Contralateral

ICA
Contralateral

ECA
Contralateral

VA
Ipsilateral

ECA
Ipsilateral

VA
65–69 6 RICA 5/6 (83%) 0/6 (0%) 6/6 (100%) 2/6 (33%) 2/6 (33%)

7 LICA 6/7 (86%) 1/7 (14%) 3/7 (43%) 4/7 (57%) 6/7 (86%)
70–74 14 RICA 8/14 (57%) 4/14 (29%) 5/14 (36%) 5/14 (36%) 2/14 (14%)

2 LICA 1/2 (50%) 1/2 (50%) 1/2 (50%) 2/2 (100%) 2/2 (100%)
75–79 5 RICA 2/5 (40%) 2/5 (40%) 4/5 (80%) 1/5 (20%) 2/5 (40%)

5 LICA 3/5 (60%) 3/5 (60%) 3/5 (60%) 4/5 (80%) 5/5 (100%)
>80 6 RICA 5/6 (83%) 2/6 (33%) 6/6 (100%) 3/6 (50%) 3/6 (50%)

2 LICA 1/2 (50%) 1/2 (50%) 1/2 (50%) 2/2 (100%) 1/2 (50%)

Table 6. Pathways of collateral circulation in patients with bilateral ICA stenosis.

Age Group Number of Patients Stenosis LECA LVA RECA RVA
65–69 3 Bliateral 2 1 1 2
70–74 1 Bilateral 1 0 1 0
75–79 0 Bilateral - - - -
>80 2 Bilateral 0 0 0 2

Volumetric flow compensation in patients with unilateral ICA occlusion was most
frequently observed in:

• 31 contralateral ICA;
• 29 contralateral VA;
• 23 ipsilateral ECA;
• 23 ipsilateral VA;
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• 14 contralateral ECA.

Altogether in the whole study group the compensatory increased flow volume was
observed in the 31.13% of all ICAs, 39.62% of all ECAs, and 51.89% of all VAs. The detailed
percentages of the ICA and ECA, and data concerning the percentage of arteries with flow
compensation are presented in Figure 3.
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Figure 3. The percentage of the arteries with and without flow compensation in the whole study
group. The compensatory increased flow volume was observed in 51.89% of VAs, 39.62% of ECAs,
and 31.13% of ICAs.

In patients with unilateral carotid stenosis, the compensatory increased flow volume
was more frequently observed in ECAs in the ipsilateral side (23 vs. 14), and in the
contralateral side in VAs (29 vs. 23)—see Figure 4.

3.4. The Multivessel Character of Volumetric Flow Compensation

The character of volumetric flow compensation is multivessel. In the group with
“significant volumetric flow compensation”, compensatory elevated blood flow volume
was observed in 2–5 arteries—on average in 3.31 vessels. The median value was 3.

In the group with “mild compensation”, compensatory elevated blood flow volume
was observed in 1–4 arteries—on average in 2.18 vessels. The median value was 2.

In the group with “no compensation”, compensatory elevated blood flow volume was
observed in 0–3 arteries—on average in 1 vessel. The median value was 1.

The data are presented in the Figure 5.

3.5. The Correlation between Volumetric Flow Compensation, Cerebral Blood Flow Volume,
and Age

Analysing all the arteries from the whole study group, a non-significant, slightly
decreasing correlation between blood flow volume in the ICA, ECA, and VA was observed
—see Figure 6A–C.
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There was a significant decreasing correlation between the CBF and increasing age
(p = 0.0002)—see Figure 6D.

When analysing only vessels with compensatory increased flow, a statistically signifi-
cant, decreasing corelation was observed between flow volume in the ICA, ECA, and VA
and age—see Figure 7A–C, respectively. This explains the decreasing correlation between
CBF and increasing age—see Figure 6D or Figure 7D.
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4. Discussion

The brain is a highly active and energy-consuming organ. While its mass is esti-
mated to be only 2% of human body weight, its metabolism requires one fifth of the
body’s oxygen, comprising almost 18% of cardiac output to generate a perfusion of
50 mL/100 g/min, with higher flow in grey matter of 80 mL/100 g/min and lower in
white matter of 20 mL/100 g/min [18–20].

In the physiological aging process the brain mass gradually declines. The process
begins after exceeding the age of forty, initially at the rate of 5% per year, increasing over
70 years old [19–21].

This process is accompanied by corresponding changes in brain perfusion and CBF. The
annual cerebral perfusion decline rate is reported for 3 mL/min/year to 4, 8 mL/min/year [22–24].
Recently, based on the CBF assessment in Doppler ultrasonography in the group of
179 healthy volunteers aged 18–96 years old, the annual decline in the CBF was reported to
be 7.6 mL/year. In the group aged below 65 years old, the annual decline in cerebral blood
flow (CBF) was lower and estimated to be 6.2 mL/year. It became more prominent with
age, reaching 11.4 mL/year in people aged 65–75 years old, increasing to 14.35 mL/year
above 75 years old [10]. The greater values of the CBF decline may result from the different
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CBF quantification method—the authors quantified CBF as a grand total of the flow in
all extracranial arteries ICAs, VAs, and ECAs, which was included in the measurement
because of its vital role in collateral circulation in patients with severe ICA stenoses.

In this study, patients with an ICA stenosis of 70–99% were included. Within this group,
three subgroups with flow differences were identified patients with “significant volumetric
flow compensation” (with CBF higher than the healthy, equally aged population), patients
with “mild compensations” (CBF equal to healthy equally aged people) and patients with
“no compensation” with CBF lower than comparable healthy peers. Despite the differences
in the haemodynamics caused by severe ICA stenosis, a statistically significant flow decline
in the CBF of 10.1 mL/min/year was observed in the whole study group. There was also a
discrete, non-significant decline in the flow volumes in the ICA, ECA, and VA, which in
consequence resulted in a significant CBF decrease.

In the study group, there were however arteries in which the flow volume increased
significantly—arteries with volumetric flow compensation. When analyzing only arteries
with flow compensation, a statistically significant flow volume decline was observed
in every extracranial artery: ICA, ECA, and VA. The fact that the ability of volumetric
flow compensation decreased with age is in accordance with contemporary knowledge
concerning brain aging process. The mass of brain declines and CBF decreases; therefore,
the ability of the brain to increase the flow may be worse with age.

Interesting observations can be made when comparing to the group of patients with
ICA occlusion [13]. In patients with ICA occlusion there was no physiological decrease
in the CBF—only non-significant decreased tendency. The ability of compensation in ICA
seemed to increase non-significantly with age, while a small declining, still not significant
tendency was observed in the ECA and VA. What is common in these studies is the fact
that in the eldest age group, ≥80 years old, there were no patients without compensation,
while the “significant compensation” group was most prevalent [13]. This may suggest
that proper blood supply to the brain—CBF, facilitated by compensatory increase in the
flow volume in one or more extracranial arteries promotes and facilitates patient survival.

Cerebral blood flow is closely associated with cerebrovascular reserve CVR, and there-
fore with the risk of forthcoming ischemic events, regardless of the presence of neurological
symptoms, stenosis, or occlusion of the supplying artery, or the cerebrovascular reactivity
testing method [25].

It has recently become apparent that collateral circulation plays an important role as a
reliable and sensitive predictor of the occurrence of ischaemic symptoms (including stroke),
their severity, and clinical outcomes of the treatment or rehabilitation [5–8].

The significant compensatory elevation of CBF is more frequently observed in asymp-
tomatic patients suffering from severe ICA stenosis, which suggests its protective influence
on developing ischaemic symptoms. The relative risk of observing the compensatory
increased flow in extracranial arteries in asymptomatic patients is almost two times higher
than in symptomatic ones [9,12].

In our study we observed indirectly the mechanisms of the recruitment of the collateral
circulation. It was achieved by increasing the flow volume in one or more extracranial
arteries. The number of the arteries with compensatory increased flow varied between the
groups with different compensatory status. In the group with “significant volumetric flow
compensation” compensatory elevated blood flow volume was observed in 2–5 arteries—on
average in 3.31 vessels and in the “mild compensation” group in 1–4 arteries—on average
in 2.18 vessels. In the group with “no compensation” group compensatory elevated blood
flow volume was observed in 0–3 arteries—on average in 1 vessel.

It is generally thought that the Circle of Willis (CoW) is most important anastomosis
in case of ICA or VA stenosis, connecting vascular beds of different extracranial arteries
and facilitating collateral circulation. Its role in the development of the TIA or stroke seems
obvious; however, there are contradictory opinions and data in the literature. Several
studies have demonstrated a significant correlation between abnormalities in the CoW and
ischaemic stroke [26–31].
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The meta-analysis of Oumer et al. on 2718 patients did not demonstrate a statistically
significant correlation between CoW morphology and stroke (just a non-significant positive
association) [32].

Jongen et al. in a group of patients with increasing ICA stenosis, observed a gradual
decrease in CBF, independent of the CoW morphology. Authors explained this fact with
other collateral pathways, including ophthalmic and leptomeningeal vessels, which may
compensate for the CoW collaterals [33].

Myrcha et al. suggested that the anatomy of the Circle of Willis itself is not a strong
predictive factor for the prognosis of cross-clamping intolerance [34].

Research concerning cerebral vasculature anatomy has reported that CoW is incom-
plete in a large percentage of the population—physiological configuration is identified in
14.2–72.2% of patients, depending on the study [35–37].

Some authors have doubted the compensatory function of the Circle of Willis, stressing
the small size of the arteries and the large percentage of anatomic abnormalities in the CoW,
suggesting that it may serve as a passive energy (pressure)-dissipating system, transferring
pressure without considerable blood flow from the high-pressure end to the low-pressure
end, where the pulse wave and blood flow arrive asynchronously [38].

Neurocognitive functioning is another important aspect strongly correlated to CVR
and therefore also with CBF. Lattanzi et al. observed the improvement of cognitive perfor-
mance after carotid endarterectomy (CEA) in patients with TIA and ipsilateral high-grade
ICA, who initially had decreased values of CVR. The improvement correlated inversely
with age and preoperative CVR values [39,40].

In this study the compensation had a multivessel character. ICA played the most
important role in the volumetric flow compensation—the increase in the flow volume, in
comparison to the reference values, was between 116.7 mL/min and 251.9 mL/min (in the
ECA 57.6 mL/min–110.4 mL/min; in the VA 73.9 mL/min–104.9 mL/min). The relative
flow increase was highest in the VA 215–246%, then in the ECA 163–206% and finally in
the ICA: 148.6–192%. Similar tendencies were observed with patients with ICA occlusion;
however, the relative flow increase was higher there, up to 199.8% in the ICA, 222.5% in the
ECA, and 389.6% in the VA [13].

The compensatory increased flow volume was observed in this study: 51.89% of
VAs, 39.62% of ECAs, and 31.13% of ICAs. In patients with ICA occlusion the flow
compensation was observed in about 50% of all patent ICAs (54.76%), ECAs (48.91%)
and VAs (51.09%) [13].

In patients with unilateral ICA stenosis, the volumetric flow increase was stated more
frequently in the ipsilateral ECAs then in the contralateral ones (23 vs. 14). In the VA
the opposite tendency was observed (29 contralateral vs. 23 ipsilateral). Comparing this
data to the patients with ICA occlusion, the compensatory increased flow was observed
more commonly in ipsilateral vessels both in the ECA and VA (23 vs. 16—ECA and 22 vs.
17—VA) [13].

Our study has limitations. Using only Doppler ultrasonography to examine extracra-
nial vessels, we were not able to determine the anatomy of intracranial vessels. We assessed
the hemodynamic processes in the central nervous system indirectly. The main advantage
of our method is its availability—it can be performed even in an outpatient clinic with a
medium class ultrasound scanner.

We would also like to refer to the “reference values” which in our studies were initially
defined within one standard deviation from the mean. During the preliminary research
our team identified a cut-off point in almost exactly one sigma from the mean. Not only
did it allow us to identify the differences between asymptomatic and symptomatic patients
but it also permitted a prediction of the postoperative increase in CBF in patients who
undergo surgical treatment due to ICA stenosis [12,41]. Narrowing the confidence interval
is acceptable when there are justified indications.



Diagnostics 2022, 12, 2216 13 of 15

5. Conclusions

Volumetric flow compensation has a multivessel character in which the ICA plays the
most important role. The ECA and VA are also key importance pathways, especially in
severe ICA stenosis or occlusion.

The compensatory status of the patients depends mainly on the number of the ex-
tracranial arteries with increased blood flow.

The ability of volumetric flow compensation decreases gradually with age.
Volumetric flow assessment in Doppler ultrasonography may provide an easily acces-

sible tool for diagnosing and monitoring patients with cerebrovascular disorders.
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J.L., T.O., J.K., T.B., D.J., S.Ś.-F. and Z.G.; Methodology, P.K., M.E., J.L., T.O., J.K. and Z.G.; Project
administration, P.K., M.E. and J.L.; Software, P.K. and M.E.; Supervision, P.K., M.E., J.L. and Z.G.;
Validation, P.K., M.E., J.L. and J.K.; Visualization, P.K., M.E., J.L., T.O. and J.K.; Writing–original draft,
P.K. and J.K.; Writing–review & editing, P.K., M.E., J.L., T.O., J.K. and Z.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Ethics Committee of the Medical University of Warsaw
AKBE/170/2018.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sigvant, B.; Wiberg-Hedman, K.; Bergqvist, D.; Rolandsson, O.; Andersson, B.; Persson, E.; Wahlberg, E. A population-based

study of peripheral arterial disease prevalence with special focus on critical limb ischemia and sex differences. J. Vasc. Surg. 2007,
45, 1185–1191. [CrossRef] [PubMed]

2. Sigvant, B.; Lundin, F.; Wahlberg, E. The Risk of Disease Progression in Peripheral Arterial Disease is Higher than Expected: A
Meta-Analysis of Mortality and Disease Progression in Peripheral Arterial Disease. Eur. J. Vasc. Endovasc. Surg. 2016, 51, 395–403.
[CrossRef] [PubMed]

3. American Heart Association, Global Burden of Disease—2021 Statistical Fact Sheet. Available online: https://professional.
heart.org/-/media/PHD-Files-2/Science-News/2/2021-Heart-and-Stroke-Stat-Update/2021_Stat_Update_factsheet_Global_
Burden_of_Disease.pdf (accessed on 9 June 2022).

4. Aboyans, V.; Ricco, J.B.; Bartelink, M.L.; Björck, M.; Brodmann, M.; Cohnert, T.; Collet, J.P.; Czerny, M.; De Carlo, M.; Debus, S.
Editor’s Choice—2017 ESC Guidelines on the Diagnosis and Treatment of Peripheral Arterial Diseases, in collaboration with the
European Society for Vascular Surgery (ESVS). Eur. J. Vasc. Endovasc. Surg. 2018, 55, 305–368. [CrossRef]

5. Sobczyk, O.; Sam, K.; Mandell, D.M.; Crawley, A.P.; Venkatraghavan, L.; McKetton, L.; Poublanc, J.; Duffin, J.; Fisher, J.A.;
Mikulis, D.J. Cerebrovascular Reactivity Assays Collateral Function in Carotid Stenosis. Front. Physiol. 2020, 11, 1031. [CrossRef]
[PubMed]

6. Bang, O.Y.; Saver, J.L.; Buck, B.H.; Alger, J.R.; Starkman, S.; Ovbiagele, B.; Kim, D.; Jahan, R.; Duckwiler, G.R.; Yoon, S.R.; et al.
Impact of collateral flow on tissue fate in acute ischaemic stroke. J. Neurol. Neurosurg. Psychiatry 2008, 79, 625–629. [CrossRef]
[PubMed]

7. Sheth, S.A.; Sanossian, N.; Hao, Q.; Starkman, S.; Ali, L.K.; Kim, O.; Gonzalez, N.R.; Tateshima, S.; Jahan, R.; Duckwiler, G.R.;
et al. Collateral flow as causative of good outcomes in endovascular stroke therapy. J. NeuroInterv. Surg. 2014, 8, 2–7. [CrossRef]
[PubMed]

8. Tan, B.; Wan-Yee, K.; Paliwal, P.; Gopinathan, A.; Nadarajah, M.; Ting, E.; Venketasubramanian, N.; Seet, R.C.; Chan, B.P.;
Teoh, H.L.; et al. Good Intracranial Collaterals Trump Poor ASPECTS (Alberta Stroke Program Early CT Score) for Intravenous
Thrombolysis in Anterior Circulation Acute Ischemic Stroke. Stroke 2016, 47, 2292–2298. [CrossRef]
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in Patients with Internal Carotid Artery Occlusion. Diagnostics 2022, 12, 766. [CrossRef] [PubMed]
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Changes in Extracranial Arteries in a Symptomatic Patient with Significant Bilateral Carotid Artery Stenosis: A Case Study and
Literature Review. Am. J. Case Rep. 2020, 21, e927202. [CrossRef] [PubMed]

15. Grant, E.G.; Benson, C.B.; Moneta, G.L.; Alexandrov, A.V.; Baker, J.D.; Bluth, E.I.; Carroll, B.A.; Eliasziw, M.; Gocke, J.;
Hertzberg, B.S.; et al. Carotid Artery Stenosis: Gray-Scale and Doppler US Diagnosis—Society of Radiologists in Ultrasound
Consensus Conference. Radiology 2003, 229, 340–346. [CrossRef] [PubMed]

16. Von Reutern, G.M.; Goertler, M.W.; Bornstein, N.M.; Sette, M.D.; Evans, D.H.; Goertler, M.W.; Hetzel, A.; Kaps, M.; Perren, F.;
Razumovky, A.; et al. Grading carotid stenosis using ultrasonic methods. Stroke 2012, 43, 916–921. [CrossRef]

17. Arning, C.; Widder, B.; von Reutern, G.M.; Stiegler, H.; Görtler, M. Revision of DEGUM ultrasound criteria for grading internal
carotid artery stenoses and transfer to NASCET measurement. Ultraschall Med. 2010, 31, 251–257. [CrossRef] [PubMed]

18. Mokhber, N.; Shariatzadeh, A.; Avan, A.; Saber, H.; Babaei, G.S.; Chaimowitz, G.; Azarpazhooh, M.R. Cerebral blood flow changes
during aging process and in cognitive disorders: A review. Neuroradiol. J. 2021, 34, 300–307. [CrossRef]

19. Udomphorn, Y.; Armstead, W.M.; Vavilala, M.S. Cerebral Blood Flow and Autoregulation After Pediatric Traumatic Brain Injury.
Pediatr. Neurol. 2008, 38, 225–234. [CrossRef]

20. Vavilala, M.S.; A Lee, L.; Lam, A.M. Cerebral blood flow and vascular physiology. Anesthesiol. Clin. N. Am. 2002, 20, 247–264.
[CrossRef]

21. Peters, R. Ageing and the brain. Postgrad. Med. J. 2006, 82, 84–88. [CrossRef]
22. Scheel, P.; Ruge, C.; Petruch, U.R.; Schoning, M. Color Duplex Measurement of Cerebral Blood Flow Volume in Healthy Adults.

Stroke 2000, 31, 147–150. [CrossRef]
23. Buijs, P.C.; Krabbe-Hartkamp, M.J.; Bakker, C.J.; De Lange, E.; Ramos, L.M.; Breteler, M.; Mali, W.P. Effect of age on cerebral blood

flow: Measurement with ungated two-dimensional phase-contrast MR angiography in 250 adults. Radiology 1998, 209, 667–674.
[CrossRef] [PubMed]

24. Kashimada, A.; Machida, K.; Honda, N.; Mamiya, T.; Takahashi, T.; Kamano, T.; Osada, H. Measurement of cerebral blood flow
with two-dimensional cine phase-contrast mR imaging: Evaluation of normal subjects and patients with vertigo. Radiat. Med.
1995, 13, 95–102. [PubMed]

25. Gupta, A.; Chazen, J.; Hartman, M. Cerebrovascular Reserve and Stroke Risk in Patients with Carotid Stenosis or Occlusion: A
Systematic Review and Meta-Analysis. J. Vasc. Surg. 2013, 57, 1720. [CrossRef]

26. Chuang, Y.M.; Liu, C.Y.; Pan, P.J.; Lin, C.P. Posterior communicating artery hypoplasia as a risk factor for acute ischemic stroke in
the absence of carotid artery occlusion. J. Clin. Neurosci. 2008, 15, 1376–1381. [CrossRef] [PubMed]

27. Shahan, C.P.; Gray, R.I.; Croce, M.A.; Fabian, T.C. Impact of circle of Willis anatomy in traumatic blunt cerebrovascular injury-
related stroke. Trauma Surg. Acute Care Open 2017, 2, e000086. [CrossRef]

28. Van Seeters, T.; Biessels, G.J.; Kappelle, L.J.; van der Graaf, Y.; Velthuis, B.K. Determinants of leptomeningeal collateral flow in
stroke patients with a middle cerebral artery occlusion. Neuroradiology 2016, 58, 969–977. [CrossRef]

29. Van Seeters, T.; Hendrikse, J.; Biessels, G.J.; Velthuis, B.K.; Mali, W.P.; Kappelle, L.J.; van der Graaf, Y. Completeness of the circle
of Willis and risk of ischemic stroke in patients without cerebrovascular disease. Neuroradiology 2015, 57, 1247–1251. [CrossRef]

30. Eldrea, H.; Arben, R.; Gabran, S. Anatomical variations of circle of Willis in adult human brains: A case control study in Albania.
Manag. Health 2014, 18, 33–35.

31. Badacz, R.; Przewłocki, T.; Karch, I.; Pieniazek, P.; Rosławiecka, A.; Mleczko, S.; Brzychczy, A.; Trystuła, M.; Zmudka, K.;
Kabłak-Ziembicka, A. Low prevalence of collateral cerebral circulation in the circle of Willis in patients with severe carotid artery
stenosis and recent ischemic stroke. Adv. Interv. Cardiol. 2015, 4, 312–317. [CrossRef]

32. Oumer, M.; Alemayehu, M.; Muche, A. Association between circle of Willis and ischemic stroke: A systematic review and
meta-analysis. BMC Neurosci. 2021, 22, 3. [CrossRef] [PubMed]

33. Jongen, L.; van der Worp, H.; Waaijer, A.; van der Graaf, Y.; Mali, W. Interrelation between the Degree of Carotid Stenosis,
Collateral Circulation and Cerebral Perfusion. Cerebrovasc. Dis. 2010, 30, 277–284. [CrossRef] [PubMed]
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