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Abstract

Because the circle of Willis (CoW) supplies blood to the brain in case of occlusion of one of the cerebral arteries, identification of any change
in its classical shape could be useful in the assessment of cerebrovascular morbidity. The purpose of our research was to study the anatomical
variants of CoW identified on fresh brains obtained at the clinical autopsies of adult deceased patients belonging to a specific population
(Northeastern region of Romania), as no data are available for Romania population up to date. The study group included consecutive patients
who died in Prof. Dr. Nicolae Oblu Emergency Clinical Hospital, lasi, Romania, due to medical causes between January 1, 2014 and June 30,
2016, to whom a clinical autopsy was performed. From a total of 96 circles of Willis, 29.17% presented an atypical morphology. We identified
eight types of anatomical variants, which affected simultaneously both the posterior and the anterior parts of CoW in 46.42% of cases. The
most frequent anatomical variants were hypoplasia (20.91%), followed by the absence of an artery (3.06%), and partially fetal type artery
(2.04%). 67.86% of atypical CoW exhibited more than one anatomical variant of an artery in one circle. We identified nine of the 23 morphological
patterns that were published to date, and also nine new types. Our research proved that in the population living in the Northeastern part of

Romania the anatomical variations of circles of Willis are very polymorphic, with particular morphological aspects.

Keywords: circle of Willis, anatomical variant, hypoplasia, partially fetal artery, fenestration.

=& Introduction

Even though many attempts were made along the time
to understand the morphology and function of the arterial
structure lying at the base of the brain, only Thomas
Willis (1621-1675) was the first anatomist who correctly
described it in 1664 [1]. In his book, “Cerebri Anatome:
cui accessit nervorum descriptio et usus”, the author
presented it as an arterial symmetrical anastomotic
anatomical structure and since then, in honor of him and
his discovery, the circulus arteriosus cerebri has been
called the circle of Willis (CoW) [2].

In the last two decades, many authors analyzed and
reported not only various anatomical variants of the
component arteries of this arterial intracranial anastomosis,
but they also identified the fact that more than half of all
circles of Willis they have studied presented significant
anatomical changes compared to the classical version, from
which it departs more or less [3-5].

CoW is located on the inferior surface of the brain and
surrounds the optic chiasm and other anatomical structures

of the interpeduncular fossa [6]. In English literature, this
anatomical structure is known as the “arterial circle” because
the constituent arteries join altogether in a circular shape,
thus connecting the carotid system with the vertebral-basilar
system [6, 7]. However, some authors did not consider this
arterial structure as being a true circle but rather an arterial
polygon with a variable number of sides. This arterial
structure is most often considered to be heptagon-shaped
that is made as follows: anterior communicating artery
(AComA); antero-lateral: two anterior cerebral arteries
(ACAs), left and right; posterolateral: two posterior
communicating arteries (PComA), left and right; posterior:
two posterior cerebral arteries (PCAs), left and right [8],
and this shape we will use in the present research.

In our days, stroke represents one of the greatest
challenges of the public health systems as major
morphological changes, such as disturbances of the blood—
brain barrier, appears in the brain of the affected patients
[9].

Because the CoW supplies blood to the brain, in case
of occlusion of one of the cerebral arteries, identification
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of anatomical variants that could be present at this level
could be useful in the assessment of stroke (ischemic or
hemorrhagic) [10-12], especially in the Romanian population,
as Romania it situated among the first 10 countries in the
world in terms of this morbidity [13].

Moreover, knowing the prevalence, incidence, and types
of anatomical anomalies that could affect the component
arteries of the CoW could be useful for the understanding
of some psychiatric conditions [14].

Also, knowing which the most frequent anatomical
variants of CoW are, neurosurgeons could better plan
their surgical interventions in case of ruptured intracranial
aneurysms [8] because they need to know the hemodynamics
of cerebral circulation for a given patient.

Aim

The purpose of our research was to identify the
anatomical variants of circles of Willis identified on fresh
brains obtained at clinical autopsies of adult deceased
patients with neurological and neurosurgical conditions
belonging to a specific population (Northeastern region

of Romania), as such studies have not been realized in
Romania up to date.

= Patients, Materials and Methods
Study design

The present study was carried out within the Department
of Pathology, Prof. Dr. Nicolae Oblu Emergency Clinical
Hospital, Tasi, Romania, and it is an intra-hospital descriptive
observational study that follows the principles of ethical
research.

Selected population

The study group included consecutive patients who
died in Prof. Dr. Nicolae Oblu Emergency Clinical Hospital,
between January 1, 2014 and June 30, 2016, due to medical
causes and to whom a clinical autopsy was performed in
order to establish or complete the medical causes of death.
The gender and age of the deceased patients, as well as the
gross morphology and the outer diameters of the component
arteries of CoW (measured using a calibrated grid) were
recorded from the Necropsy Registry of the Department
of Pathology within the same Hospital. We also retrieved
from the Digital Archive of the same Laboratory the
photographs of CoW that were taken during clinical autopsies
with a Sony digital camera, and re-analyzed them in order to
establish the presence of any asymmetry in the configuration
of the CoW, such as: hypoplasia of an artery, as well as
any arterial absence, duplication, or fenestration, but also
any difference in length, origin or place of discharge of any
of its component arteries, by comparison with the opposite
one.

Definitions of anatomical variants identified
in the component arteries of the CoW

Based on previous studies on brains obtained at autopsy,
we made the following considerations:

(7)) A typical CoW was defined as an anatomical arterial
structure with the presence of all its seven component
vessels: two pre-communicating segments Al of ACAs,
two pre-communicating segments P1 of PCAs, one AComA

and two PComAs, with the origin of its vessels presenting
their typical origin, with their external diameter being not
less than 1 mm, and with the absence of any anatomical
variants, such as duplication, triplication, fenestration, etc.
[15]. The rest of the circles of Willis that differed from
the description mentioned above were considered to be
“atypical” [16].

(if) The absence of a component artery of CoW was
considered when it cannot be identified, or it was replaced
by a very thin fibrous cord without a lumen.

(iif) A component artery of a CoW was considered to
be hypoplastic when its outer diameter was less than 1 mm,
except for communicating arteries (AComA and PComAs),
which were considered hypoplastic when its outer diameter
was less than 0.5 mm [17].

(iv) PCA was defined as “fetal” (fPCA) when it originates
entirely from the internal carotid artery (ICA) and having no
connection to the basilar artery (BA). PCA was considered
to be “partially fetal” (pfPCA) when it originates from the
ICA and retains a small atresic connection with the BA [18].

Statistical analysis

The data we obtained from our research were introduced
into a database using Excel program, tabulated, and later
used to calculate the mean, number, and percentage of items
we were followed, as well as to make the corresponding
graphs. Finally, the circles of Willis were sorted according
to their gross morphology and the results were compared
with the literature data.

= Results

From the total of 96 fresh available circles of Willis
obtained at clinical autopsy, 68 (70.82%) cases presented
the classical shape of the CoW and only 28 (29.18%) cases
were categorized as “atypical” or “with anatomical variants”

(Figure 1).

® Typical circles of
Willis

B Atypical circles of
Willis

Figure 1 — Distribution of cases according to the
morphological appearance of their circle of Willis
(typical vs atypical).

Of all the 28 deceased patients with atypical CoW,
53.57% were male and 46.42% were female, with a M:F
ratio of 1.15. The average age of this group was 61.78 years,
the youngest patients being 39 years old, and the oldest
being 83 years old. The mean age of female deceased
patients was 60.15 years, but the mean age of male deceased
patients was 65.6 years. In our series, patients deceased
mostly in their 6" decade of life (14.28% of all female
patients) and in the 7" decade of life (21.42% of all male
patients). Taken together, 32.14% of all patients with atypical
CoW died in their seventh decade of life (Figure 2).
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Figure 2 — Distribution of atypical circles of Willis according to cadavers’ age decades and gender.

The anterior part of the atypical circles of Willis
presented anatomical variants in 10.71% of cases, the
posterior part in 42.85% of cases, but in 46.42% of all
cases the anatomical variants were identified on arteries
belonging to both parts (Figure 3).

On the left side of the atypical circles of Willis, we
identified anatomical variants in 21.42% of cases, on the
right side in 35.71% of cases, and bilateral anatomical
variants were identified in 42.85% of cases (Figure 4).
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Figure 3 — Distribution of atypical circles of Willis
according to the affected side (anterior vs posterior).

14
HNo. of cases
42.85%
12
35.71%

10

8

21.42%

6 —

4 ——

2

0 : : :

Left side Right side Both sides

Figure 4 — Distribution of atypical circles of Willis
according to the affected side (left vs right).

Considering all 196 arteries that make up the 28 atypical
circles of Willis we have analyzed, we found out that
69.38% had a normal appearance, but 30.61% of them
presented various anatomical variants (Figure 5). 32.14%
of all 28 cases with atypical CoW presented a single
anatomical variant of the component arteries of the circles
of Willis, and 67.86% of them exhibited multiple anatomical
variants in the form of two (32.14%) associated anatomical
variants, three (25%) associated variants, four (7.14%)
associated variants and even five (3.57%) associated variants
within the same CoW (Figure 6).

® Normal arteries within circles of
Willis of our series

B Arteries with anatomical variants
within circles of Willis in our series

Figure 5 — Distribution of anatomical variants of the
arteries within the analyzed atypical circles of Willis.
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Figure 6 — Distribution of cases according to the
number of vessels affected by anatomical variants
within the same circle of Willis.
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Eight types of anatomical variants and the normal one
were identified at the level of the component arteries of
the CoW from our series (Figure 7). The first in rank was
normal anatomy (69.38%), followed by uni- or bilateral
hypoplasia (Figures 8—11), identified in 20.91% of all 196
analyzed arteries, then the absence of an artery (3.06%),
partially fetal type artery (2.04%) (Figures 12—15). Some
anatomical variants were quite rare: longer length of an
artery with twisting path (1.53%), duplication (1.53%)
(Figures 10 and 13), fenestration (0.51%), common trunk
of two arteries (0.51%), and azygos artery (0.51%).

0.51% 0.51% 1.53%

o

Figure 7 — Morphological type and percentage of
anatomical variants of the component arteries of
circles of Willis identified in the present series. PCA:
Posterior cerebral artery.
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PComAs and ACAs presented hypoplasia as their most
frequent anatomical variant (39.28% of all PComAs and
16.07% of all ACAs respectively), followed by the absence
of the AComA (21.42% of all these arteries), pfPCA
(7.14% of all these arteries), duplication of an artery,

oy ": e o &
Figure 8 — Type 5 morphological
configuration of CoW: hypoplastic
left PComA and hypoplastic AComA
(Authors’ anatomical collection).
AComA: Anterior communicating
artery; CoW: Circle of Willis;
PComA: Posterior communicating
artery.

represented by 7.14% of all AComAs and 1.78% of all
ACAs, but also artery with a longer length than the one
on the opposite side, which also takes a tortuous path that
affected 3.57% of all ACAs and 1.78% of all PComAs.
Rare anatomical variants were arteries with abnormal origin
from a common trunk with another vessel that normally
has its origin outside the CoW (1.78% of all PCAs),
fenestration of a vessel and formation of the azygos artery
(1.78% of all ACAs for each type) (Figures 16-19).

If we consider all 96 analyzed CoW, we identified nine
of the 23 morphological patterns that were published to date
(Table 1, Figure 20). The most common pattern was type 1
(classical, symmetrical), which represented 70.83%),
followed by type 4 (5.20%), type 6 (4.16%), type 8 (3.12%),
and types 5 (Figure 8), 7, 9, 14, 18 (Figure 9), each of them
representing only 0.51% of all cases.

Table 1 - Classification of morphological configurations

of CoW in our series of 96 cases — after Lazorthes et al.

(1979) [19], Eftekhar et al. (2006) [20] and De Silva et al.

(2009) [5]

Morphological configuration type No. of Percentage

cases [%]
Type 1 (classical CoW) 68 70.83
Type 4 (unilateral hypoplastic PComA) 5 5.2
Type 5 (hypoplastic PComA and AComA) 1 0.51
Type 6 (bilaterally hypoplastic PComAs) 4 4.16
Type 7 (bilateral hypoplastic PComAs 1 0.51
and hypoplastic AComA) )
Type 8 (Unilateral hypoplastic ACA-A1

3 3.12

segment)
Type 9 (Unilateral hypoplastic PCA-P1 1 0.51
segment) )
Type 14 (hypoplastic ACA-A1 and 1 0.51
hypoplastic contralateral PComA) )
Type 18 (bilaterally hypoplastic PComAs 1 0.51

and ACAs-A1 segment)

Figure 9 — Type 18 morphological
configuration of CoW: hypoplastic
right ACA, hypoplastic right PComA,
and hypoplastic left PComA (Authors’
anatomical collection). ACA: Anterior
communicating artery; CoW: Circle
of Willis; PComA: Posterior
communicating artery.

ACA: Anterior communicating artery; AComA: Anterior communicating
artery; CoW: Circle of Willis; PCA: Posterior cerebral artery; PComA:
Posterior communicating artery.

i

Figure 10 — A new type of configuration
of CoW: duplication of AComA,
duplication of right ACA in A1 segment,
hypoplasia of left PComA, and
hypoplasia of right PComA (Authors’
anatomical collection). ACA: Anterior
communicating artery; AComA: Anterior
communicating artery; CoW: Circle
of Willis; PComA: Posterior
communicating artery.
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Figure 11 — A new type of configuration Figure 12 — A new type of configuration Figure 13 — A new type of configuration
of fresh autopsied CoW: partially fetal
left PCA (Authors’ anatomical
collection). CoW: Circle of Willis;
PCA: Posterior cerebral artery.

of CoW: hypoplasia of right ACA,
hypoplasia of left PCA, and partially
fetal right PCA (Authors’ anatomical
collection). ACA: Anterior
communicating artery; CoW: Circle
of Willis; PComA: Posterior cerebral
artery.

of fresh autopsied CoW: duplication of
AComA and partially fetal left PCA
(3.57%) (Authors’ anatomical collection).
AComA: Anterior communicating artery;
CoW: Circle of Willis; PCA: Posterior
cerebral artery.

Figure 14 — A new type of configuration
of fresh autopsied CoW: hypoplasia of
the right PComA and partially fetal left
PCA (Authors’ anatomical collection).
CoW: Circle of Willis; PCA: Posterior
cerebral artery; PComA: Posterior
communicating artery.
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Figure 15 — A new type of configuration
of fresh autopsied CoW: hypoplasia of
AComA, partially fetal right PCA and

hypoplasia of left PComA (Authors’
anatomical collection). AComA:
Anterior communicating artery;
CoW: Circle of Willis; PCA: Posterior
cerebral artery; PComA: Posterior
communicating artery.

7.85%

Figure 16 — Anatomical variants of anterior
communicating artery (AComA).
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Figure 17 — Anatomical
variants of anterior
cerebral artery (ACA).
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Figure 18 — Anatomical variants of posterior
communicating artery (PComA).
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Of the 28 circles of Willis with anatomical variants
in our series, in 35.71% we identified new associations
(Figures 10—15). These are the following: (i) incomplete
CoW with absence of AComA, hypoplasia of left ACA,
and hypoplasia of right PComA (7.14%); (ii) incomplete
CoW with absence of AComA, fenestration of right ACA
and hypoplasia of right PComA (3.57%); (iif) complete
CoW with AComA duplication, right ACA duplication,
and bilateral PComA hypoplasia (3.57%) (Figure 10);
(iv) complete CoW with duplication of AComA, and
common origin of PCA and superior cerebellar artery

10 20 30 40 50 60

in the same arterial trunk (3.57%); (v) complete CoW
with hypoplasia of right ACA, partially fetal right PCA,
and hypoplasia of left PComA (3.57%) (Figure 11);
(vi) complete CoW with partially fetal left PCA (3.57%)
(Figure 12); (vii) complete CoW with duplication of
AComA and partially fetal left PCA (3.57%) (Figure 13);
(viii) complete CoW with hypoplasia of the right
PComA and partially fetal left PCA (3.57%) (Figure 14);
(ix) complete CoW with hypoplasia of AComA, partially
fetal right PCA, hypoplasia of left PComA (3.57%)
(Figure 15).
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Figure 20 — Percentages of morphological types of CoW in our series of 96 cases: Type 1 — All arterial segments
(AComA, Al segments of ACAs, PComAs, Pl segments of PCAs) are normal; Type 2 — All arterial segments (AComA,
Al segments of ACAs, PComAs, P1 segments of PCAs) are hypoplastic; Type 3 — Hypoplastic AComA; Type 4 — Unilateral
hypoplastic PComA; Type 5 — Unilateral hypoplastic PComA and hypoplastic AComA; Type 6 — Bilateral hypoplastic
PComAs; Type 7 — Bilateral hypoplastic PComAs and hypoplastic AComA; Type 8 — Unilateral hypoplastic A1 segment
of ACA; Type 9 — Unilateral hypoplastic P1 segment of PCA; Type 10 — Bilateral hypoplastic P1 segments of PCAs;
Type 11 — Hypoplastic P1 segment of PCA and hypoplastic contralateral segment Al of ACA; Type 12 — Hypoplastic P1
segment of PCA and hypoplastic ipsilateral segment A1 of ACA; Type 13 — Bilateral hypoplastic segments PI of PCAs
and unilateral hypoplastic Al segment of ACA; Type 14 — Hypoplastic A1 segment of ACA and hypoplastic contralateral
PComA; Type 15 — Hypoplastic AComA and hypoplastic ipsilateral P1 segment of PCA; Type 16 — Hypoplastic PComA,
hypoplastic ipsilateral Al segment of ACA and hypoplastic AComA; Type 17 — Hypoplastic PComA and hypoplastic
contralateral P1 segment of PCA; Type 18 — Bilateral hypoplastic PComAs and bilateral hypoplastic A1 segments of ACAs;
Type 19 — Hypoplastic AComA, hypoplastic PComA, and hypoplastic contralateral P1 segment of PCA; Type 20 —
Hypoplastic P1 segment of PCA, hypoplastic contralateral PComA, and hypoplastic ipsilateral A1 segment of ACA;
Type 21 - Bilateral hypoplastic P1 segments of PCAs and hypoplastic AComA; Type 22 — Hypoplastic PComA, hypoplastic
ipsilateral A1 segment of ACA, and hypoplastic contralateral P1 segment of PCA; Type 23 — Bilateral hypoplastic PComAs
and hypoplastic P1 and P2 segments of PCAs (schematic representation of types was realized after Eftekhar et al. (2006)
[20]). ACA: Anterior communicating artery; AComA: Anterior communicating artery; CoW: Circle of Willis; PCA:

Posterior cerebral artery; PComA: Posterior communicating artery.

= Discussions

Anatomical variants of CoW have been identified since
the 16" century by famous anatomist Andreas Vesalius
(1514-1564). He was the first one who described the
anatomical variants of the arterial circle from the base of the
human brain and even illustrated the morphological aspects
of two variants: the absence of AComA and duplication
of the ICA [2]. Three centuries later, as brain research
gained momentum, the Irish physician Richard Quain
(1816-1898), analyzing 1040 autopsied brains, published,
in 1844, a case showing PCA originating in the ICA [21],
due to failure to take its normal post-fetal origin from the
BA, a variant called fPCA, which is a common variant of
the cerebral circulation, being seen in 20% of cases.

Fawcett & Blachford, two doctors from Bristol, published,
in 1905, the results of their study on 700 autopsy specimens
and demonstrated, based on illustrations, that circles of Willis
can present many anatomical variants, namely double,
triple, or absent AComA [22]. Then, in 1916, an English
anatomist and physician from Manchester, J.S.B. Stopford

[23], published images of several types of anatomical variants
found in his autopsy series demonstrating that AComA
may be unique, absent by fusion of the two ACAs, full dual
or partial dual, triple, quadruple or networked.

In the last decade, studies that have analyzed circles
of Willis obtained at autopsy (Table 2), either clinical or
forensic, present a variable number of anatomical variants,
but the percentages depended on the patients, if they were
alive or deceased, on the method they used, and the clinical
pathology they have had. Poudel & Bhattarai (2010), from
Manipal College of Medical Sciences (Nepal), analyzed
35 formalin-fixed circles of Willis, obtained by clinical
autopsy. They identified various anatomical variants of the
component arteries in only 8.6% of the cases [24]. On the
contrary, De Silva et al. (2009), in Sri Lanka, reported the
presence of a classical arterial structure only in 14.2% of
their 225 analyzed circles of Willis, but their cases were
from forensic autopsies [5]. Our study, carried out on 96
fresh circles of Willis obtained at clinical autopsy from
patients admitted in neurological and neurosurgical clinics,
revealed atypical circles in almost one-third of cases, thus
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representing intermediate values between those reported
by other studies working also on specimens obtained at
clinical and forensic autopsies. Compared to other reports,
even though the patients from the present study were
previously admitted within neurological and neurosurgical

clinics, our research proved that the prevalence of anatomical
variants in this selected population was quite low because
not all of our cases presented a cerebrovascular pathology,
and the circles of Willis were obtained at consecutive
routine clinical autopsies.

Table 2 — Types of CoW in clinical versus forensic autopsy series, according to author, country, type of case series and

method of investigation

Authors Country Case series Method of investigation CoW classical CoW abnormal
Ej‘]‘de' & Bhattarai (2010) Nepal 35 formalin-fixed brains Clinical autopsy 91.4% 8.6%
Kapoor et al. (2008) [25] India 1000 formalin-fixed brains Forensic autopsy 45.2% 54.8%
Igbal (2013) [17] India 50 fresh brains Clinical autopsy 48% 52%
Eastjz;havendra etal. (2014) India 50 fresh brains Clinical autopsy 56% 44%
Siddiqi et al. (2013) [3] Lahore 51 formalin-fixed brains Forensic autopsy 23.6% 76.4%
De Silva et al. (2009) [5] Sri Lanka 225 formalin-fixed brains Forensic autopsy 14.2% 85.8%
z\lz%r;jg)n[g;;?odrigues Janior Brazil 50 fresh brains Clinical autopsy 46% 54%
:32%810421;?;8? Padurean Romania, Cluj 10 formalin-fixed brains Clinical autopsy - 100%
Our series (2022) Romania, lasi 96 fresh brains Clinical autopsy 70.83% 29.17%

CoW: Circle of Willis.

Some autopsy studies showed a higher prevalence of
anatomical variants of CoW in the male patients [29, 30]
and we also identified this male predominance in our
series.

Also, in an autopsy study, conducted by Hashemi ef al.
(2013), in Iran, a much higher predominance of male
patients (84.5%) was found among the deceased patients.
But the mentioned authors did not find any significant
difference between the anatomical variants and the gender
of patients [31].

Jin et al. (2016) analyzed the morphological features of
circles of Willis in 281 Chinese patients with a family history
of stroke using computed tomography (CT) angiography.

The average age of their patients was 50.9£10.5 years,
these values being lower than those identified in our study.
Among the respective patients, male patients were also
more numerous [32].

In the angiographic studies performed to determine
anatomical variations of CoW, the age of the patients is
usually around 50 years old. Harizi (Shemsi) ef al. (2015),
in Albania, using angio-CT, found out that more than half
of their patients were aged >55 years [33].

Alawad et al. (2009), in Sudan, had a sample of 143
patients investigated with magnetic resonance angiography
(MRA) and identified a median age of 53 years (variations
between 40—65 years) [34] (Table 3).

Table 3 — Age of the cases with CoW exhibiting anatomical variants according to different authors, countries, case study

groups, and methods of investigation

Authors Country W of patients) __investigation Age [years]
60 patients with 45% 55%
E?S?ZI (Shemsi) et al. (2015) Albania cerebrovascular disease Angio-CT (<525y;°ars) (>5?5y;)ars)
60 control persons (<55 years) (>55 years)
Alawad et al. (2009) [34] Sudan 143 patients Angio-MRI Average age: 53 years

(variations between 40-65 years)

Hoksbergen et al. (2000) [11] The Netherlands

12 cadavers

Average age: 75 years

Clinical autopsy (variations between 51-91 years)

Nordon & Rodrigues Junior

(2012) [27] Brazil

50 cadavers

Clinical autopsy Average age: 60.39 years

Our series (2022) Romania

96 fresh brains

Clinical autopsy Average age: 61.78 years

CoW: Circle of Willis; CT: Computed tomography; MRI: Magnetic resonance imaging.

In contrast, patients in whom CoW was studied after
their death were much older. In the study by Hoksbergen
et al. (2000), in the Netherlands, the average age of those
autopsied and included in the study was 75 years (variations
between 51-91 years) [11].

In Brazil, Nordon & Rodrigues Junior analyzed the
anatomical variations of CoW on a number of 50 cadavers
with an average age of 60.39 years [27] (Table 3). Therefore,
in autopsy studies, the average age of the deceased in which
anatomical variations of CoW are analyzed is usually around

60 years, but in living patients in which imaging aspects
of CoW are analyzed, the age is less than 55 years. In
our study carried out on fresh brains obtained at the
clinical autopsy, we obtained values that are in line with
literature.

Also, in our study, the posterior part of the CoW showed
four times more anatomical variants compared to the anterior
part, but almost half of the cases showed anatomical variants
in both the anterior and posterior parts. Same findings were
reported recently by Zaki et al. (2019) [35], and Nordon &
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Rodrigues Janior (2012) identified 8-fold more anatomical
variants in the posterior part of the CoW compared to the
anterior part [27].

Anatomical variants can affect both left- and right-
sided arteries of the CoW. Macchi et al. (1996), in Italy,
found that anatomical variants occurred more frequently
on the left side than on the right side of CoW [36].
Raghavendra et al. (2014), in India, found more anatomical
variants of CoW on the right side than on the left side
[26]. In our study, we identified more anatomical variants
on the right side than on the left, but in almost half of the
cases both sides had at least one anatomical variant.

Numerous autopsy studies report the predominance
of CoW with unique anatomical variants. Kapoor ef al.
(2008) found in over 90% of their cases only unique
anatomical variants [25] and Pradhan et al. (2009) [37]
and Raghavendra ef al. (2014) [26] reported only unique
anatomical variants in their series. Macchi et al. (1996)
[36] reported 84% of CoW as having unique anatomical
variants, but Pascalau & Padurean (2014) [28], in Romania,
found a higher number of circles of Willis with multiple
anatomical variants in their series of 10 formalin-fixed
brains. In contrast to all the mentioned reports, our research
also identified many more cases with multiple anatomical
variants than with single anatomical variants on CoW
specimens obtained at clinical autopsy.

Similar to Nordon & Rodrigues Junior (2012), in Brazil
[27], we also identified two, three, four or even five
anatomical variant associations within the same CoW.
Within the multiple anatomical variants, two vessels were
the most frequently involved, but the involvement of five
vessels of a CoW was also identified, even though it was
a rare event.

In our study, one-third of all analyzed CoW component
arteries (196 vessels) presented various anatomical variants,
both in the anterior and posterior segments of the CoW.
The most common anatomical variant was hypoplasia of
an artery, mostly of the PComAs, but all arteries could be
affected by this anatomical variant. Duplication was the
second in rank, followed by greater length of an artery,
which also takes a tortuous course. Arterial fenestrations
as well as azygos artery were rare events. In his study,
Igbal (2013) also identified hypoplasia of a component
artery of the CoW as the most common anatomical variant
(24%), followed by duplication of a vessel (10%), fetal
PCA (10%) and the absence of an artery (6% of all cases)
[17]. Even on CT cerebral angiography or 3T time-of-flight
MRA images, the most common anatomical variants are
also hypoplastic PComA [38, 39].

When we analyzed the anatomical variants of each
of the constituent arteries of the CoW, we found out five
different types of such anomalies at the ACA level, among
which hypoplasia was the most common, as other authors
also reported [40].

Regarding AComA, in our study, its absence was the
most encountered variant along with duplication and
hypoplasia, but Kardile et a/. identified duplication as the
most common variation (10%) of this artery [41]. In an
MRA study, it was found that hypoplasia and aplasia of ACA
are the most frequent anatomical variants, but duplication
could also be identified, even if in a small number of cases.
The same anatomical types of variants were encountered
at ACA level [42]. The smallest number of variants was
identified at PComAs level, as only hypoplasia and longer

length with twisting path were noted. Many other authors
also reported hypoplasia as being the most common for this
artery, be it in angiographic as well as in autopsy studies
[43].

PCAs presented three types of anatomical variants, the
most numerous being the partially fetal type. Krishnamurthy
et al. (2008) made also an autopsy study on 89 formalin-
fixed circles of Willis taken from an Indian population
and found out that PCAs exhibited only a single anatomic
variant, i.e., anomalous origin and only in very small number
of cases (2.2%) [44]. On the other hand, a Macedonian
study realized on CT-angiographies of the CoW identified
fetal configuration in more than one fifth of their cases
(22.64%), but also the transitional configuration in 7.54%
of the patients they have studied [45].

There are reports of many more other types of anatomical
variants at the CoW level: plexiform artery, triplication,
accessory artery, fusion, hyperplasia, aplasia, as Singh
et al. (2017) found out in their cadaveric study realized
in India [46].

Few articles showing multiple anatomical variants of
CoW were published up to date. Using circles of Willis
obtained during forensic autopsies, Kapoor et al. (2008)
reported only 7.4% of all samples they have studied as
having multiple anatomical variants [25].

A group of Italian researchers analyzed 100 circles of
Willis of healthy individuals they have investigated by
angio-MRI and found out that only 16% of cases presented
multiple anatomical anomalies [36].

Igbal (2013), in India, found that 24% of 50 circles of
Willis they have analyzed presented a single anatomical
variant of the component arteries. Multiple anomalies
were more numerous (28% of cases), among which 20%
had two anatomical variants and 8% had more than
two anatomical variants [17]. These authors recorded the
association of hypoplastic PComA with contralateral fetal-
type PCA, which was found by us in one case, with or
without an association with hypoplasia of AComA, or the
association of hypoplastic PComA with duplicated AComA,
also found by us, but our case also associated right ACA
duplication, and bilateral PComA hypoplasia.

In our study, when taking CoW as a whole, one-third
of atypical circles showed single anatomical variants, and
two-thirds multiple anatomical variants, with involvement
of two to five arteries of the same CoW. Some other studies
reported higher percentages of multiple variants. Realizing
a similar study with ours, but on 225 Sri Lankan adult circles
of Willis, De Silva et al. (2009) found out that more than
half of them had multiple anatomical abnormalities [5].

Of the 23 configurations of CoW, already described by
Lazorthes et al. (1979) [19] and completed by De Silva
et al. (2009) [5] and el Khamlichi ez al. (1985) [47], in
the present study we identified only nine types, just like
the Polish authors Klimek-Piotrowska et al. (2016) also
found in an autopsy study conducted in Poland [48].

As in many other studies [46—49], types 4, 6, and 8
were also present in our study in the highest percentages.
But, in contrast to these, in which the most common type of
CoW was type 6, in our series the most common anatomical
configuration was type 4 (unilateral hypoplastic PComA),
followed by type 6 (bilateral hypoplastic PComAs), which
was, however, in a smaller percentage compared to those
reported by the above authors.

Type 14 (hypoplastic A1 segment of ACA and hypoplastic
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contralateral PComA) was within the same values reported
by the above authors, but type 18 (bilateral hypoplastic
PComAs and bilateral hypoplastic Al segments of ACAs)
was identified in much lower percentage than in the other
published series (Table 4). Also, in our series, we identified

amuch higher percentage of other new configurations which
can be the results of some changing in the microenvironment
during the embryogenesis [50], may be due to some particular
living conditions of the population in this region of our
country.

Table 4 — Comparisons between the types of CoW obtained in our study and those reported by various studies, according

to authors, country, and publishing year

Riggs & Rupp el Khamlichi Lazorthes Eftekhar De Silva The
Author (year) (1963) etal. (1985) etal. (1979) etal. (2006) etal. (2009) present
[49] [47] [19] [20] [5] study
Country USA Morocco France Iran SriLanka  Romania
No. of examined brains 994 100 200 102 225 96
Type Configuration
1 Typical Cowa;ear']'o"‘rr;e;a' segments 19% 18% 14.5% 28% 14% 70.83%
2 All arterial segments are hypoplastic 5% 0% 5% 0% 0% 0%
3 Hypoplastic AComA 9% 11% 4.5% 0% 14% 0%
4 Unilateral hypoplastic PComA 9% 14% 14% 20% 11.5% 5.20%
5 Unilateral hypoplgstic PComA and 4% 6% 5% 4% 7% 0.51%
hypoplastic AComA
6 Bilateral hypoplastic PComAs 13% 24% 22% 27% 23% 4.16%
7 Bilateral hypoplagtic PComAs and 7% 10% 17% 4% 16% 0.51%
hypoplastic AComA
8 Hypoplastic ACA-A1 5% 2% 1.5% 0% 3% 3.12%
9 Hypoplastic PCA-P1 5% 3% 2.5% 0.9% 0.8% 0.51%
10 Bilateral hypoplastic PCA-P1 3% 1% 3% 0% 0.4% 0%
Hypoplastic PCA-P1 and hypoplastic o o o o o o
" contralateral ACA-A1 0.2% 0% 0% 0% 0% 0%
Hypoplastic PCA-P1 and hypoplastic o o o o o o
12 ipsilateral ACA-A1 2% 1% 1.5% 0.9% 2% 0%
13 Bilateralhypoplastio PCA-P1 and 0.5% 0% 0.5% 0% 0.4% 0%
Hypoplastic ACA-A1 and hypoplastic o, o o o 0 0
14 contralateral PComA 0.7% 0% 0.5% 0% 0% 0.51%
15 Hypoplas_tlc_AComA and hypoplastic 35% 49 20, 0.9% 39, 0%
ipsilateral PCA-P1
Hypoplastic PComA, hypoplastic
16 ipsilateral ACA-A1, and hypoplastic 2% 3% 1% 0% 0% 0%
AComA
Hypoplastic PComA and hypoplastic o o o o o o
17 contralateral PCA-P1 3% 0% 1.5% 2% 0.4% 0%
Bilateral hypoplastic PComAs and o o o o o o
18 bilateral hypoplastic ACA-AT 6% 0% 3% 0% 2% 0-51%
Hypoplastic PComA, hypoplastic
19 AComA, and hypoplastic contralateral 2% 1% 0.5% 0.9% 0% 0%
PCA-P1
Hypoplastic PCA-P1, hypoplastic
20 contralateral PComA, and hypoplastic 1% 1% 0% 0% 0% 0%
ipsilateral ACA-A1
Bilateral hypoplastic PCAs-P1 and o o o o o o
21 hypoplastic AComA 1% 0% 0.5% 0% 0.4% 0%
Hypoplastic PComA, hypoplastic
22 ipsilateral ACA-A1, and hypoplastic 0.3% 0% 0% 0% 0% 0%
contralateral PCA-P1
Bilateral hypoplastic PComAs and o o o o 0 o
23 hypoplastic PCA-P1 and PCA-P2 0-5% 1% 0% 0.9% 2% 0%
24 Other 0.5% 1% 0% 0.9% 2% 11.48%

ACA: Anterior communicating artery; AComA: Anterior communicating artery; CoW: Circle of Willis; PCA: Posterior cerebral artery; PComA:

Posterior communicating artery.

= Conclusions

Our research on circles of Willis obtained at clinical
autopsies that were performed on deceased adult patients
with cerebrovascular diseases found data similar to those
in the specialized literature, but also some results had a
particular aspect, different from the data published so far.

Hypoplasia of an artery was the most common anatomical
variant in these circles of Willis, but, unlike all other studies
with which we compared our results, we identified the
presence of multiple anatomical variants in two-thirds of
cases, and there were simultaneously affected two up to five
component arteries of the CoW. Of the 23 configurations
of the circles of Willis that were published so far, in the
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present study we identified only nine types, and in contrast
to literature data, in our series we identified another
nine new types. Therefore, the data obtained in our study
demonstrate the fact that in the population living in the
Moldova region or the Northeastern part of Romania,
the anatomical variations of circles of Willis are very
polymorphic, with particular aspects compared to other
studies published so far.
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