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1. Introduction

The main cerebral distribution center of 15-20% blood flow from the cardiac output is the
cerebral arterial circle or circle of Willis, a nonagon of collateral vessels on the human brain
base.

At about 4 mm stage of the embryo, the primitive internal carotid arteries, which develop as
cranial extensions of the paired dorsal aorta, are formed. Paired longitudinal neural arteries
appear along the hindbrain and coalesce to form the basilar trunk at the 7- to 12-mm stage.
The caudal division of the primitive internal carotid artery anastomoses with ipsilateral
neural artery and becomes the posterior communicating artery. At the 40-mm stage the
posterior cerebral arteries are as extensions of the posterior communicating arteries. The
vertebrobasilar system develops and thus participates in the supply of the posterior cerebral
artery through the segment between the basilar artery and the post-communicating part of
the posterior cerebral artery. In that phase, the component vessels of the circle of Willis all
have the same caliber (Silver & Wilkins, 1991).

The posterior cerebral artery originates from the basilar bifurcation within the
interpeduncular cistern. From its origin the artery curves superior to the corresponding
oculomotor nerve in relation to the antero-medial portion of the cerebral peduncle and joins
ipsilateral posterior communicating artery (Yasargil, 1984).

The posterior communicating artery takes origin from the infero-lateral wall of the cerebral
part of the internal carotid artery. It is encased in a sleeve of arachnoid along the course
from the carotid cistern to the piercing of the interpeduncular cistern and junction with
posterior cerebral artery (Yasargil, 1984).

Topographically, the circle of Willis is divided on anterior and posterior parts. The anterior
part composes five vascular components - bilateral cerebral parts of internal carotid arteries
(communicating and choroid subparts) and the pre-communicating part of anterior cerebral
arteries interconnected by the anterior communicating artery; the posterior part composes
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four vascular components. As a rule, the posterior part of the circle of Willis is normal as it is
formed with posterior communicating artery and the pre-communicating part of the
posterior cerebral artery on both sides, where the left and right pre-communicating parts of
the posterior cerebral arteries have normal calibres which are larger in relation to posterior
communicating arteries, as well as that posterior communicating arteries are not hypoplastic
(Saeki & Rhoton, 1977). In the fetal period, the posterior circle part develops into one of
three variants: an adult configuration, a transitional configuration or a fetal configuration
(Silver & Wilkins, 1991).

It has been assumed that the arrangement of the arteries at the base of the brain is
symmetrical and that the architecture of the circle of Willis provides a structural basis for
free anastomotic flow (Riggs & Rupp, 1963). The collateral potential of the circle of Willis is
believed to be dependent with the presence and size of its component vessels, which vary
among normal individuals. The anterior communicating artery and posterior
communicating arteries are designated as primary collateral pathways (Hartkamp et al.,
1999). The integrity of the circle of Willis may be critical because anomalies and hypoplasia
of the circle of Willis are frequent (Merkkola et al., 2006). Anomalies found in a pattern of
the posterior part of the circle of Willis result due to persistence of vessels that normally
disappear or disappearance of normal vessels (Vasovi¢, 2004; Kapoor et al., 2008; Vasovic et
al., 2010). Although the association of variations and aneurysms had been used as an
argument in favor of a congenital theory of aneurismal development, it should be
interpreted in terms of the hemodynamic stress caused by variations (Kayembe et al., 1984).
However, a significantly higher percentage of complete posterior circle configurations were
demonstrated on magnetic resonance angiograms in some patients rather than in the
controlled subjects (Hartkamp et al.,, 1999). The size and patency of primary collateral
pathways may be risk factors for cerebral infarction in patients with severe stenosis or
occlusion of a carotid artery (Schomer et al., 1994).

The purpose of the present morphologic study is to obtain wider, more precise and more
detailed information about the relationship between caliber variations in the posterior part
of the circle of Willis forming different (sub) types of its posterior part, as well as to compare
those results with previous literature data.

2. Material and methods

Examination was carried out on the brains of human adult cadavers, during the period
between 2006 and 2010. Approval was granted by the Research Ethics Committee (No. 01-
9068-1) of the Faculty of Medicine of Nis. All subjects had died from natural or violent death
and were candidates for autopsy for medico-legal reasons in Institute of Forensic Medicine
of Ni$, Serbia. The brain base with blood vessels was photographed on each cadaver; the
ventral side of the brainstem and diencephalon was specially zoomed. Each case was
recorded as the schematic drawing in the workbook. External morphology (calibre of the
arteries, possible abnormalities) was inspected using magnifying glass. We used only cases
with complete Willis” circle (Figure 1). These circles originated from 110 cadavers of both
sexes (62 male and 48 female) and of different ages (from 20 to 95). The numbers of cadavers
in each age deciles were as follows: 2nd decade, two cadavers; 3rd decade, three cadavers;
4th decade, seven cadavers; 5th decade, 16 cadavers; 6th decade, six cadavers; 7th decade, 23
cadavers; 8th decade, 35 cadavers, 9th decade, 17 cadavers; and 10th decade, one cadaver.
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Only one cadaver had cerebral infarction, while the others were on autopsy because of
cardiac, respiratory, incidental and other causes of no cerebral pathology.

Measurement of the outer diameter of the pre-communicating part of the posterior cerebral
artery and the posterior communicating artery of both sides, as well basilar bifurcation
angle was performed using Image] (http://rsb.info.nih.gov/ij/index.html). Statistical
analysis of quantitative data is performed with PASW statistical software SPSS version 15.
According to Kamath (1981), values of < 0.5 and 1.0 mm for the posterior communicating
and pre-communicating part of the posterior cerebral arteries are respectively used as
hypoplastic calibers.

Fig. 1. Diagram of vessels of the carotid and vertebrobasilar systems. Vascular components
of the circle of Willis (choroids and communicating subparts of the cerebral part of the
internal carotid artery, ICA-C4*; pre-communicating part of the anterior cerebral artery, Al;
anterior communicating artery, ACoA; posterior communicating artery, PCoA; pre-
communicating part of the posterior cerebral artery, P1), and some of other arteries of the
vertebrobasilar system (post-communicating part of the posterior cerebral artery, P2; basilar
artery, BA) are marked. Vessels (PCoAs and P1s) of the circle posterior part are white
colored.

Form of types and subtypes of the posterior part of 110 circles of Willis follows their
previous description in human fetuses (Vasovi¢ et al., 2008a). Bilateral fetal or FF-type is
characterized with the larger diameter of the posterior communicating arteries in relation to
the pre-communicating part of the posterior cerebral arteries (normal or hypoplastic);
bilateral adult or AA-type is characterized with bilaterally larger diameter of the pre-
communicating part of the posterior cerebral arteries in relation to the posterior
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communicating arteries (normal or hypoplastic); bilateral transitory or TT-type is
characterized with the same diameter (normal or hypoplastic) of the pre-communicating
part of the posterior cerebral artery and the posterior communicating artery on both sides;
the fetal-transitory or transitory-fetal type (FT/TF) is characterized with the same size of the
posterior communicating and pre-communicating part of the posterior cerebral artery on
one side and the larger posterior communicating artery in relation to the pre-
communicating part of the posterior cerebral artery on the right or left side; the adult-
transitory or transitory-adult type (AT/TA) is characterized with the same size of the
posterior communicating artery and pre-communicating part of the posterior cerebral artery
on one side and the larger pre-communicating part of the posterior cerebral artery in
relation to the posterior communicating artery on the right or left side; the adult-fetal or
fetal-adult type (AF/FA) is characterized with the larger diameter of the pre-communicating
part of the posterior cerebral artery in relation to the posterior communicating artery and
the larger diameter of the posterior communicating artery in relation to the pre-
communicating part of the posterior cerebral artery on the right or left side. Subtypes with
the ideal caliber relations are marked with zero in the subscript. The mark of every next
subtype retains the first letters of the basic type but in the subscript contains Arabic
numerals starting from number 1. To differentiate the side of the TT, FF, and AA subtypes in
schemes, we emphasize that the numeral in the subscript designates right side and the
numeral with the apostrophe designates left side (as the images in the mirror). To
differentiate the side on FT/TF, AT/TA, and AF/FA schemes, we emphasize that the first
letter in the designation marks right-sided origin, and the second marks left-sided origin of
arteries. The lines of different thicknesses and broken lines on the schemes of the circle
posterior part show the difference in the caliber size, independently from whether the
caliber of an artery was normal and/or (slightly) hypoplastic or hyperplastic.

Macroscopic visualization of atheromatous plaques in vessels” wall of the circle of Willis is
graduated according to personal proposes (grade 0 - without atheromatous changes; grade
1 - atheromatous plaques at vessels bifurcations; grade 2 - atheromatous plaques at
bifurcations and up to half vessels length; grade 3 - islands or diffuse atheromatous
plaques).

3. Results

Basic statistic analysis of calibres of the pre-communicating part of the posterior cerebral
artery and posterior communicating artery on both sides in the circle of Willis of human
cadavers of different ages and genders is presented in Table 1.

The least caliber of the pre-communicating parts of the right and left posterior cerebral
arteries (0.89 and 0.80 mm) is found in a 75-year-old female and a 42-year-old male, while
their largest caliber (3.69 and 3.60 mm) is found in 47-year-old and 80-year-old males. The
least caliber of the right and left posterior communicating arteries (0.30 and 0.45 mm) is
found in a 44-year-old and in a 64-year-old woman, while the largest caliber (2.86 and 3.31
mm) is found in 80-year old woman. Average values of the caliber and the standard
deviations for right and left pre-communicating part of the posterior cerebral artery are 2.17
(£0.58) mm and 2.29 (+0.48) mm, as well 1.19 (+0.54) mm and 1.22 (£0.57) mm for the right
and left posterior communicating artery, respectively (Table 1).
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Total

Parameter Age Right PCA-P1 Left PCA-P1 Right PCoA Left PCoA
Mean 65.59 217 2.20 1.19 1.2
SE 1.66 0.06 0.05 0.06 0.06
Median 71 217 221 1.05 1.03
Mode 78 2.50 2.43 0.98 1.43
sSD 17.62 0.58 0.48 0.54 0.57
Range 75 2.80 2.80 2.60 286
Minimum 20 0.89 0.80 0.30 0.45
Maximum 95 3.69 3.60 290 3.31
C1 (95.0%) 3.28 0.12 0.10 0.11 0.12
Mean 63.12 226 222 122 1.23
SE 230 0.08 0.07 0.07 0.07
Median 70 224 228 1.16 1.06
Mode 70 250 229 135 1.43
SD 18.71 0.58 0.50 0.54 0.51
Range 70 275 263 2.40 284
Minimum 20 0.94 0.80 0.50 0.47
Maximum 90 3.69 3.43 2.90 3.31
A (95.0%) 4.60 0.16 0.14 0.15 0.14

- "~ Female

Mean 69.06 2.04 217 1.15 1.21
SE 2.26 0.09 0.08 0.09 0.11
Median 74 1.95 213 1.00 0.99
Mode 78 1.81 1.84 0.98 0.71
SD 15.49 0.56 0.46 0.55 0.64
Range 68 2.04 233 2.47 241
Minimum 27 0.89 127 0.30 0.45
Maximum 95 293 3.60 2.77 286
Q1 (95.0%) 4.55 0.19 0.15 0.18 0.21

Table 1. Statistical parameters of caliber values of the pre-communicating part (P1) of the
posterior cerebral artery (PCA) and posterior communicating artery (PCoA) on both sides in
the posterior circle part of human cadavers

We established four (two symmetric and two asymmetric) types. The incidences of types in
adult specimens are as follow: 8 cases (7.27%) of the FF-type (four subtypes), 75 cases
(68.18%) of the AA-type (six subtypes), 15 cases (13.63%) of the AF-type (four subtypes) and
12 cases (10.91%) of the AT-type (three subtypes). Sequences of same or special subtypes in
fetal and adult specimens are compared and showed in Table 2.
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FETAL CASES* ADULT CASES**
- SUBTYPES - - SUBTYPES -
Mark % Mark %
TTo
_TT1/TTI' 17.95
FFo FFo
FEL/FRU_ 110.40 | FFi/FFL 7.27
FF2'
FF4'
AAo AAo
AA1/ AAT AAl1/AAT'
AA2/ AA2 AA2/ AA2'
AT 32.55 AN/ AAS 68.18
AA4 AAdL/ AAL
AA5/ AAS'
oy o 5.95
FI2
AFo/FAo AFo/FAo
AF1/FA1
AF3/FA3
AF4/FAL | 4955 FAA 14363
AF5 / FA5
FA®6
AF7 AF7
AF8
ATo/TAo ATo/TAo
ATI1 AT
AT2/TAZ 13.85 10.91
AT3/TA3 AT3/TA3

Table 2. Sequences of subtypes of the posterior part of fetal and adult circles of Willis.

Special subtypes are in gray rows;
*Vasovic et al. (2008a);
**recent findings.

It is obvious that an incidence of bilateral adult type dominates (68.18%) and that the cases
of bilateral transitory and fetal-transitory types as well some subtypes of bilateral fetal and
adult types are missing; an unilateral adult configuration is associated with fetal or
transitory configuration in about 25% of these adult cases; there is the least incidence (7.27)
of bilateral fetal configuration in relation to other three patterns of posterior circle part
(Table 2).

Distribution of cases of corresponding subtypes according to causes of death in female and
male adults cadavers is showed in Table 3. A presence of atheromatous plaques in carotid
and vertebrobasilar systems on the brain base is noted according to age and graduated
independently from cause of death (Table 4).
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Singular
cases of
Myoca- | . diorespira- | Polytrau- | Intoxica- | no | Coreoral
Types/ rdial . patho-
Subtypes N infarction tory arrest ma tion cerebral logy
patho-
logy
(females + males)
AAo 29 3+0 5+2 2+5 2+2 3+4 0+1
AA1/AAL| 7 0+1 2+2 0+1 0+1
AA AAx/AA» |27 1+4 3+3 1+6 0+1 5+3
AAs/AAx| 2| 0+1 0+1
AAs/AAL| 7 0+3 1+2 1+0
AAs/AAs| 3| 1+0 1+1
FFo 3 0+1 1+0 1+0
FF1/FFr | 3 1+1 0+1
F¥ FF» 1 0+1
FFy 1 1+0
AFo/FAo | 8 1+3 0+2 2+0
FA4 1 0+1
AFFA AFs/FAs | 5 1+0 1+1 2+0
AF7 1 0+1
ATo/TAo | 8 0+1 1+2 0+1 2+1
AT/TA| AT 1 0+1
AT3/TA3 | 3 1+0 1+0 1+0

Table 3. Sex distribution of number of cases of the posterior circle subtypes according to
causes of death

Atheromatous changes (grade 1) were first visualized in a 34-years old male (AA2 subtype),
as well as, in five cases (one in FF2' , two in AAo and two in AA2 subtype) of the fifth
decade of life. Atheromatous changes of grades 2 and 3 were first visualized in 42-years old
and 47-years old males, respectively. Incidences of atheromatous changes are as follow:
Grade 1: Five (2 females and 3 males) or 62.5% of the FF-type cases; 24 (8 females and 16
males) or 32% of the AA-type cases; four (2 females and 2 males) or 26.6% of the AF/FA-
type cases, and two (males) or 16.6% of the AT/TA-type cases. Grade 2: Two (female and
male) or 25% of the FF-type cases; 26 (12 females and 14 males) or 34.6% of the AA-type
cases; three (two females and one male) or 20% of the AF/FA-type cases, and two (males) or
16.6% of the AT/TA-type cases. Grade 3: One (male) or 12.5% of the FF-type cases; four (two
females and two males) or 5.3% of the AA-type cases; four (two females and two males) or
26.6% of the AF/FA-type cases, and one (female) or 8.3% of the AT/TA-type cases. There
are 21 (9 females and 12 males) or 28% of the AA-type cases from the 20th to 78th year, then
four (two females and two males) or 26.6% of the AF/FA-type cases from the 28th to 54th
year, and seven (two females and five males) or 58.3% of the AF/FA-type cases from the
35th to 82nd year without atheromatous changes.

Diagrams and appropriate pictures are showed at Figures 2-5. General incidences of types
and/or subtypes are compared with other literature data in Table 5.
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Types | Subtypes Grade 0 Grade 1 Grade 2 Grade 3|N
Ie f 78 80 |2
* Im 84 1
f 75 1
FF1/FFr 10 79 70 2
FF
FF» f 0
m 41 1
f 79 1
FFy - 0
AA f 27,34,58,67 46,72,85 68,74,75,80,95 71,87 |15
*  |ml 20,37,45,47,50,60,75 45,52,81,83 70,86 70 |14
f 34,43 2
™ 70 69 78,80,90 5
Ao/ AA f 44,44 61 45,71,82 65,74,76,80 10
AA o ™ 23,51,78 34,43,54,61,70,79,81 | 68,69,72,77,78,79,82 17
f 0
AAz/AAs - 63,65 2
f 79 64 2
™ 20 80,84 70 85 |5
f 64 85 2
AAs/AAs - 0 1
f 45,54 81 |3
AFo/EA 1 28,42 80 74 82 |5
FAs ;1 89 2
AFFA AFs/FA f 68,70 78 78 |4
LS 47 1
f 0
AF7 74 1
f 82 78 72 3
ATo/TAo 10 39,50,76,80 61 |5
f 0
AT/TA ATy - 5 1
ATs/TAs f 40 73 67 3
m 0

Table 4. Graduation of atheromatosis according to gender (female - f and male - m) and age
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FFo

Fig. 2. Diagrams and corresponding photos of subtypes of the bilateral fetal (FF) type.

Right or left posterior communicating artery, rPCoA or IPCoA; right or left pre-communicating part of
the posterior cerebral artery, rP1 or IP1.

FFo (rPCoA > rP1 =1P1 < IPCoA " IPCoA =rPCoA): 3 cases (37.5%).

FF1/FF1’ (IP1 <1P1 <rPCoA =1PCoA) or (rP1 <1P1 <IPCoA =rPCoA): 3 cases (37.5%).

FF2’ (IP1 = rP1 < rPCoA < IPCoA): 1 case.

FF4" (rP1 <1P1 < 1PCoA < rPCoA): 1 case. Note: PCoAs are accidentally broken.

In FF-type, more frequent are the cases where calibers of paired posterior communicating
arteries and pre-communicating parts of the posterior cerebral arteries are equaled,
respectively with larger caliber of posterior communicating arteries (FFo-subtype), as well
as the cases with same relationship of posterior communicating arteries and caliber
difference of pre-communicating parts of the posterior cerebral arteries (FF1/FF1’subtype).
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AAo

T - 1A

Fig. 3. Diagrams and corresponding photos of subtypes of the bilateral adult (AA) type.

Right or left posterior communicating artery, rPCoA or IPCoA; right or left pre communicating part of
the posterior cerebral artery, rP1 or IP1.

AAo (rPCoA <rP1 =1P1 > IPCoA » IPCoA = rPCoA): 29 cases (38.6%).

AA1/AAT (IPCoA =rPCoA < rP1 <1P1) or (rPCoA =IPCoA <1P1 <rP1): 7 cases (9.3%).

AA2/AA2 (IPCoA <rPCoA <rP1=1P1) or (rfPCoA <IPCoA <IP1 =rP1): 27 cases (36%).

AA3/AA3 (rPCoA <1P1=1PCoA <IP1) or (IPCoA < rPCoA =1P1 < rP1): 2 cases.

Note: left PCoA is accidentally broken in AA3 subtype.

AA4/AA4 (IPCoA <rPCoA <1P1 <rP1) or (rPCoA <1PCoA <IP1 < rP1): 7 cases (9.3%).

AA5/AAY (IPCoA <rPCoA <1P1 <IP1) or (rPCoA <1PCoA <1P1 < rP1): 3 cases.
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In AA-type, more frequent are the cases where calibers of paired pre-communicating parts of
posterior cerebral arteries are equaled and larger in relation to equaled caliber of posterior
communicating arteries (AAo-subtype), as well as the cases with same relationship of
posterior cerebral arteries and caliber difference of posterior communicating arteries
(AA2/AA2" subtype). Cases of two subtypes (AA1/AAl" and AA4/AA4’) have same
frequency (9.3%), while cases of AA3/AA3" (2/75) and AA5/AA5 (3/75) have the least
frequency.

7 r _- - : . - - ) _-_7 : __,&-I- 7'7
Fig. 4. Diagrams and corresponding photos of subtypes of the adult-fetal or fetal-adult
(AF/FA) type.

Right or left posterior communicating artery, rPCoA or IPCoA; right or left pre communicating part of
the posterior cerebral artery, rP1 or IP1.

AFo/FAo (rP1 > rPCoA =1P1 < IPCoA ~ IPCoA = rP1) or (rPCoA > rP1 = [IPCoA < 1P1 * IP1 = rPCoA): 8
cases (53.3%).

Note: rPCoA and IP1 are accidentally broken in AFo.

FA4 (IPCoA <IP1 = rP1 < rPCoA " IPCoA < rPCoA): 1 case.

AF5/FA5 (IPCoA =rP1 > IP1 > rPCoA) or (rPCoA =1P1 > rP1 > IPCoA): 5 cases (33.3%).

AF7 (rP1 > 1P1 > IPCoA > rPCoA): 1 case.
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] : . i alk E
¥ - ‘ d | - e
Fig. 5. Diagrams and corresponding photos of subtypes of the adult-transitory or transitory-
adult (AT/TA) type.

Right or left posterior communicating artery, rPCoA or IPCoA; right or left pre-communicating part of
the posterior cerebral artery, rP1 or 1P1.

ATo/TAo (rPCoA <1P1 =1P1 = IPCoA) or (rP1 = rPCoA =1PCoA <1P1): 8 cases (66.6%).

Note: rPCoA and IP1 are accidentally broken.

AT1 (rP1 > 1P1 = IPCoA = rPCoA): 1 case.

AT3/TA3 (rP1 > IP1 = IPCoA > rPCoA) or (IP1 > rP1 = rPCoA > IPCoA): 3 cases (25%).

Note: Left PCoA origin is infundibular.

In AF/FA-type, more frequent are the cases where calibers of the posterior communicating
artery and pre-communicating part of the posterior cerebral artery are equaled on opposite
sides (AFo/FAo subtype), as well as cases with same caliber of the left or right posterior
communicating artery and pre-communicating part of the posterior cerebral artery on
corresponding opposite side simultaneously with larger caliber of the left or right pre-
communicating part of the posterior cerebral artery in relation to opposite posterior
communicating artery (AF5/FAb5 subtype). Cases of two subtypes (FA4 and AF7) are singular.
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In AT/TA-type, more frequent are the cases where calibers of the left or right posterior
communicating artery and pre-communicating part of both posterior cerebral arteries are
equaled and larger in relation to opposite posterior communicating artery (ATo/TAo
subtype), as well cases where the left or right pre-communicating part of posterior cerebral
artery is larger than corresponding opposite pre-communicating part of posterior cerebral
artery and posterior communicating artery, simultaneously with their larger caliber than
ipsilateral posterior communicating artery (AT3/TA3 subtype).

TYPES OF POSTERIOR PART OF THE CIRCLE OF WILLIS (%)
AUTHORS N  |COUNTRY| AGE* METHOD :I;'[J‘I‘_Tr et T::-b"‘ST” ADULT- Tl:&l:\lLs.l;:r UNILAT | UNILAT | UNILAT |UNKNOWHED UNLATERAL OR
ADULT | FETAL | TRANSIT -
(AA) (FF) (IT) (AF) (AT) Adult_| Fetal |Transitory}
(F:'ggg)a“d Rupp 994 USA ADULTS AUTOPSY 728 56 54 =16
[Sacki and Rhoton 50 UsA ADULTS AUTOPSY 60 2 8 20
(1977)
Zeal and Rnoton
(1o75) 25 USA ADULTS AUTOPSY 58 40 20
17a0a et al. (2007) 271 USA ANEURYSMATIC SERIE “ETF;‘:STEEVS”VE 10 1
[Kayembe et al. 24 | Aouts | 9.1 6.8
(1984) 148 Japan ANEURYSMATIC AND AUTOPSY s o5
CONTROL SERIES -

[Tanaka et al. (2006) 117 Japan 20-29 MRI 95
Chen et al. (2004) Akl China <40 MRA 27.9 54 =

396 40 106 6 -

HILDREN .|

[Sahni et al. (2007) 45 India o AUTOPSY 6.6

280 ADULTS 0.3 6.8
[Krishnamurthy et al.
(2008) 89 India ADULTS AUTOPSY 22
Pai et al. (2007) 25 India 40-84 AUTOPSY 78 10 12
[Poudel and Bhattarai
(2010) 35 Nepal ADULTS AUTOPSY 91.4 8.6
De Silva et al. (2010) 225 Sri Lanka ADULTS AUTOPSY 88 1.3 0.8 8.8 6.1 26

102 Iran 15-75 (male) AUTOPSY 26 (right)
Efokhar et al. (2006) 28 (left)
[Songur et al. (2008) 110 Turkey 17-58 AUTOPSY 35.4
Al-Hussain et al.
(2001) 50 Jordan 20-55 AUTOPSY 77 15 8
Alawad et al. (2009) 143 Sudan 4065 MRA 97.5
[Malamateniou et al. INFANTS (PRETERM-AT- -
(2009) 94 UK TERM AND TERM-BORN)) MRA 255 =8
(\?a;gﬂ"e'bem eall 400 | Netheriands ADULTS AUTOPSY 84 14 2
Hartkamp et al. 175 PATIENTS MRA 54 1 8
(1999) CONTROLS 25 8 14
Yasargil (1984) 200 Switzerland ADULTS AUTOPSY 67.5 24.5 8
Gabrovsky (2002) 35 Bulgaria AUTOPSY 4 1.4
Papanichev et al.
(2007) 99 Bulgaria ADULTS AUTOPSY 30.4 9.1
[RECENT STUDY 110 Serbia 20-95 AUTOPSY 68.18 7.27 13.63 10.91

Table 5. Incidences of (sub) types of the circle posterior part in human specimens in same
and/or different countries on four continents.

Thicker black lines separate corresponding continents;

N (number of investigated specimens);

*population group or years.

There are about 65% of hypoplastic posterior communicating arteries (0.5 mm + 1SD) in
AA type; about one half of the cases are bilateral. There is about 44% of unilaterally
hypoplastic posterior communicating artery in AF/FA and AT/TA types with relatively
more frequency on the left side. Generally, about 60% of hypoplastic posterior
communicating arteries are in adults after 65. There are 6.6% of bilaterally and about 14% of
unilaterally hypoplasia of the pre-communicating part of the posterior cerebral artery (<1
mm + 1SD) in FF, AF/FA and AT/TA types, respectively.

There is significant correlation (R=0.51, p<0.01) between right and left pre-communicating
parts of the posterior cerebral arteries calibers, between the right pre-communicating part of
the posterior cerebral artery and left posterior communicating artery caliber (R=0.39, p<0.01)
and between right and left posterior communicating arteries caliber (R=0.44, p<0.01) in AA
type. In AF type, significant correlation is present between right pre-communicating part of
the posterior cerebral artery and left posterior communicating artery caliber (R=0.76,
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p<0.01). Significant correlation is present between right pre-communicating part of the
posterior cerebral artery and right posterior communicating artery (R=-0.87, p=0.012) and
left posterior communicating artery (R=0.87, p=0.011) caliber, as well as, right and left
posterior communicating artery caliber (R=0.86, p=0.013) in AT type of cases. Correlations
between calibers of right and left pre-communicating parts of the posterior cerebral arteries,
as well as, right and left posterior communicating arteries of AA and corresponding arteries
of both AF and AT types are not statistically significant (Fig. 6).
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Fig. 6. Correlation of calibers of the left and right pre-communicating parts of the posterior
cerebral arteries (PCAs-P1) and posterior communicating arteries (PCoAs) in corresponding
type (group) of the circle posterior part

In our specimens, basilar bifurcation angle ranges from 63.4-168.1° (111.9°) in AA type and
from 37.8-154.6° (96.6°) in FF type, as well from 67.3-142.2° (111.6°) and from 71.4-161.1°
(128.4°) in AT/TA and AF/FA types, respectively; in average, it is 109.68° (Fig. 7). We found
only one case of the basilar aneurysm originating from an obtuse basilar bifurcation angle in
AAo subtype.
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Fig. 7. The basilar bifurcation angle in corresponding type of the posterior circle part. The
least and the greatest angle are encircled by white and black lines.

4. Discussion

We selected 110 circles of Willis according to the presence of four vascular components
(posterior communicating and pre-communicating parts of the posterior cerebral arteries) in
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the circle posterior part. The "typical" circle of Willis was defined with respect to its
components as a closed circuit in which fluid may circulate from any entrance point back to
the same point with all vessels more than 1 mm in external diameter and with no excess
vessels (Kayembe et al., 1984). Variable five vascular components in the circle posterior part
are previous described in fetuses and adults (Vasovi¢, 2004; Vasovi¢ et al., 2010). Many
authors wide world have studied about the length, diameter and anomalies in the origin of
vascular components of the circle of Willis and found that the parameters in different
geographical limits were different. However Efekhtar et al. (2006) concluded that there is no
evidence that the distributions of the variations of the circle of Willis varied in different
populations. Our selection of authors in Table 5 had the aim to check previous data.
Different incidences of types of the circle posterior part are obvious as from continent to
continent, as from the city to city in same country. Many years ago, Kayembe et al. (1984)
found that the incidence of variations in the circle of Willis was significantly higher in the
aneurysm series than in the control. Hartcamp et al. (1999) noted that several factors may
explain a significantly higher percentage of entirely complete circle anterior or posterior
configurations in different patients, including population selection, adaptation of circle
morphology and improved detection of vessels with increased flow on magnetic resonance
angiograms. Recently, in a study of volume flow rates of the basilar and bilateral internal
carotid arteries in 125 healthy volunteers, Tanaka et al. (2006) found that the relative
contribution of each of the proximal arteries correlated significantly with variations in the
circle of Willis.

Average diameter of the posterior cerebral artery was seen to be 1.7 mm (Krishnamurthy et
al., 2008) or 1.8 mm (Chen et al., 2004) on both sides, or 2.76 mm on the right and 2.5 mm on
the left side (Pai et al., 2007), as well 1.83 mm on the right and 1.88 mm on the left side
(Songur et al., 2008). Many years ago, Kamath (1981) noted that average diameter of the
posterior cerebral artery was 2.1 mm on the right and 2.2 mm on the left side. Similar to
these data, average diameter of the pre-communicating part of the posterior cerebral artery
were 2.17 mm on the right and 2.20 mm on the left in our specimens. We found the least
caliber of the pre-communicating parts of the right and left posterior cerebral arteries in a
75-year-old female and a 42-year-old male, as well the largest caliber in 47-year-old and 80-
year-old males, respectively. Average diameter of the posterior communicating artery was
seen to be 1.5 mm on the right and 1.4 mm on the left side (Kamath, 1981). The diameter of
the posterior communicating artery varied from hypoplastic (less than 0.5 mm) to 4 mm
(fetal circulation) on the right side (average 1.25 mm) and 0.5 mm to 3 mm (average 1.12
mm) on the left side (Pai et al., 2007). In our specimens, average diameter of this artery was
similar on both sides (1.22 mm on the right and 1.23 mm on the left). We found the least
caliber of posterior communicating arteries in 44-year-old and in a 64-year-old woman,
respectively, while the largest caliber in 80-year old woman, too. However, values of
calibers of these vascular components in our study were in the function of forming basic
types and their subtypes of the posterior circle part.

Al-Hussain et al. (2001) noted a possibility that the circle of Willis may have different
configurations of the posterior bifurcation of the posterior communicating artery on both
sides. In that case, two primary visual areas of the same individual may receive their blood
from different sources; one from the basilar artery through the pre-communicating segment
(adult configuration) and the other from the internal carotid artery through the posterior
communicating artery (fetal configuration).
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Because of many anatomical variations of the circle of Willis, its classification into clearly
arranged groups is hardly possible. Urbanski et al. (2008) divided arterial variations into
three groups in regard to the possible impact on the cerebral cross-perfusion. In the first
group, there was only one location of hypoplasia or aplasia within the circle of Willis. In the
second group, the abnormalities existed within the posterior pre-communicating or
communicating arteries. In the third group, the pathologies were found in both anterior and
posterior vascular components of the circle of Willis. According to Saeki & Rhoton (1977) the
posterior part of the circle of Willis is normal if the posterior communicating arteries are not
hypoplastic. However, we include those arteries during formation different subtypes
because of no cerebral cause of death, oldest of cadavers and the presence of posterior
communicating side branches. In continuation of the study on fetuses (Vasovi¢ et al., 2008a),
we accepted a classification of the circle posterior part into bilateral adult (AA-), fetal (FF-)
and transitory (TT-) types and their three combinations. We presented incidences of some
patterns of the circle part in Table 5. According to the fact that many authors have noted
incidence of one of three configurations (adult or fetal or transitory) without data about
unilateral or bilateral pattern (Zeal & Rhoton, 1978; Al-Houssain et al., 2001; Gabrovsky,
2002; Pai et al., 2007; Papantchev et al., 2007; Songur et al., 2008), complete comparison is
difficult. We calculated the percentages of different configurations according to diameters of
the vessels, and presented in Table 5. We found four (two symmetric and two asymmetric)
types and labeled with initial letters of their marks, opposite to the authors listing in Table 5.
As early as seven weeks after conception, a preliminary form of the circle of Willis is present
with approximately equal diameters of all vessels. As fetal growth occurs, the relative sizes
of the various components of the circle of Willis change significantly to assume the eventual
adult morphology (Cuchiara & Detre, 2007). Adult configurations occur in the majority of
circles of Willis through further fetal and newborn life (Van Overbeeke et al., 1991), as well
in majority of other and our study of adults, except in the studies of Chen et al. (2004) and
Songur et al. (2008). No sexual prevalence or prevalence for the right or left side of the adult
or fetal configuration was noted in a study of complete circles of Willis of 53 brains taken
from fetuses and neonates aged 12 to 60 weeks after conception (Van Overbeeke et al., 1991).
The preterm infants born after 30 weeks’ gestation age have more significantly increased
prevalence in the bilateral fetal-type origin of the posterior cerebral artery (83.3%) than those
infants born before 30 weeks (Malamateniou et al., 2009). We found bilateral adult and fetal
(AA and FF) types in 68.18% and 7.27%, respectively, while De Silva et al. (2010) noted in
88.8% and 1.3%, respectively in Sri Lankan population. Hendrikse et al. (2005) cited
literature data that in the circle posterior part, the variant type with a unilateral fetal-type
posterior cerebral artery is present on up to 25% of angiograms, and a bilateral fetal-type
posterior cerebral artery present on up to 10% of angiograms. Zada et al. (2008) noted that
the overall incidence of the fetal-type posterior circulation has been reported to occur in 4 to
29% of patients, whereas bilaterally occurring fetal posterior cerebral arteries have been
reported to occur in 1 to 9% of patients. We also found unilateral adult configuration
associated with opposite fetal (AF/FA) or transitory pattern (AT/TA) in 13.63% and 10.91%,
respectively. A central hypothesis is that the circle of Willis anomalies correlates with
alterations in cerebral hemodynamic. Songur et al. (2008) described that cerebral blood flow
was in direct proportion to vessel diameter and thus there is more blood flow in larger
vessels. In addition, a large posterior communicating artery may protect against watershed
infarction in patients with ipsilateral occlusion of the internal carotid artery, while a very
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small or absent ipsilateral posterior communicating artery increases the risk of a watershed
infarction in these patients (Schomer et al., 1994). The patients with fetal type could be more
prone to develop vascular insufficiency (Van Raamt et al., 2006) or internal carotid-posterior
communicating aneurysms (Zada et al., 2008). According to De Silva et al. (2010), fetal
configuration has been reported in adults at 4% to 46% on the basis of anatomical and
angiographic studies, and a higher percentage of on the basis of anatomical studies has been
reported in older fetuses and newborns: 35% and 56%, while only a minority of circles
showed a transitional configuration, 14% and 20%, respectively. In our adult cases there was
not bilateral transitory configuration as in other studies of infants or adults (Riggs & Rupp,
1963; Hartkamp et al., 1999; Malamateniou et al., 2009, De Silva et al., 2010) or fetuses (Van
Overbeeke et al., 1991; Vasovic et al., 2008a; De Silva et al., 2010).

Anastomotic flow between carotid and basilar arteries is limited when one or both posterior
communicating arteries are hypoplastic, while effective circulation across the circle and
between its anterior and posterior components is restricted when both anterior and
posterior anastomotic stems are hypoplastic, as well similar limitation of collateral flow
results when all component stems of the circle are hypoplastic (Riggs and Rupp, 1963). The
resistance to flow across the posterior communicating artery is greater than across the
anterior communicating artery, because the posterior communicating artery is usually a
longer vessel (Hartkamp et al., 1999). Arteries of less than 1 mm diameter were considered
abnormal, barring the communicating arteries, where less than 0.5 mm diameter was
considered abnormal (Kamath, 1981; Pai et al., 2007). The relative importance of the caliber
values of the brain arteries have thus been assessed, although no clear consensus is found
among reports. One of limitations is also potential minor changes in the diameter of the
vessels during time (Efekhtar et al., 2006). Hypoplastic vessels were defined to be those with
external diameters less than 0.8 mm (Hartkamp et al., 1999; Chen et al., 2004) or 1.0 mm
(Schomer et al., 1994; Gabrovsky, 2002; Efekhtar et al., 2006; Tanaka et al., 2006). When
taking into account only static anatomic observations, Merkkola et al. (2006) hypothesized
that the circulation to the left hemisphere would be sufficient in the majority of patients
when using a threshold of 0.5 mm. The results of Hoksbergen et al. (2000) indicate that the
threshold diameter for collateral function of the posterior communicating artery lies
between 0.4 and 0.6 mm. This threshold diameter might be used in future studies evaluating
the influence of its collateral ability in symmetric or asymmetric circle posterior part. The
most common anatomic variation in the group without vascular-related abnormalities was
the absence or hypoplasia of the posterior communicating artery (Malamateniou et al.,
2009). Dysregulation of cerebral blood flow may allow relative ischemia to develop in the
setting of increased metabolic demand related to neuronal hyper excitability, may trigger
cortical spreading depression, and may predispose individuals to ischemic lesions and
stroke (Cucchiara and Detre, 2008).

The study of Sahni et al. (2007) was conducted on brains of 280 adults and 45 children. The
hypoplastic posterior communicating artery on the right side was present in 2 children and
17 adults, whereas on left side, it was seen in 1 child and 6 adults; bilateral hypoplastic
posterior communicating artery was observed in 4 children and 17 adults. Fetal type on the
right side was observed in 2 children and 12 adults, whereas on the left side, it was in 1 child
and in 7 adults; bilaterally, it was found to be present only in 1 adult male. In the literature it
was also noted that absence/hypoplasia of the posterior communicating artery was more
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common in preterm boys than in girls, while absence/hypoplasia of the pre-communicating
part of the posterior cerebral artery occurred twice as often in term-born girls than in boys
(Malamateniou et al., 2009). In a study of 1000 brains, the pre-communicating part of the
posterior cerebral artery was hypoplastic in 10.6% and the posterior communicating artery
in 16.4% of cases (Kapoor et al., 2008). There are about 65% of hypoplastic posterior
communicating arteries in bilateral adult (AA) group, and about 44% of unilaterally
hypoplastic posterior communicating artery in asymmetric groups with relative more
frequency on the left side in our study. Generally, about 60% of hypoplastic posterior
communicating arteries are in adults aging after 65. There are 6.6% of bilaterally and about
14% of unilaterally hypoplasia of the pre-communicating part of the posterior cerebral
artery in bilateral fetal (FF), adult-fetal (AF/FA) and adult-transitory groups (AT/TA),
respectively. We evidenced percentile of hypoplastic pre-communicating part of the
posterior cerebral and posterior communicating arteries in corresponding type and subtype,
while other authors presented it as general data, except of Gabrowsky (2002). He noted that
the mean diameter of the adult and fetal types of the posterior communicating artery was
1.28 and 2.33 mm, respectively. He also found that a reduction of the diameter from the
anterior to the posterior third of this artery in both configurations and more frequently for
the hypoplastic (51%), than for the adult type (37%). A hypoplasia of the right posterior
communicating artery in 16% and left posterior communicating artery in 11%, as well of
both arteries in 33% of males were seen (Efekhtar et al., 2006). Incidence of a hypoplastic
pre-communicating segment of the posterior cerebral artery, according to Tanaka et al.
(2006), ranges from 4% to 14% of subjects. However, a hypoplasia of the pre-communicating
segment of the posterior cerebral artery and posterior communicating artery was 1% and
33%, respectively (Al-Houssain et al., 2001). A hypoplasia of the posterior cerebral artery
also was noted in 2.1% on the right and in 1.4% on the left side (Alawad et al., 2009).

Since a significant inverse relationship existed between the diameters of ipsilateral posterior
cerebral and posterior communicating arteries, as well as a smaller posterior communicating
artery on the left would be associated with a larger posterior cerebral artery on that side
(Kamath, 1981). In our study there was significant correlation between right and left pre-
communicating parts of the posterior cerebral arteries calibers, between the right pre-
communicating part of the posterior cerebral artery and left posterior communicating artery
caliber, and between right and left posterior communicating arteries caliber in AA group. In
AF group, significant correlation is present between right pre-communicating part of the
posterior cerebral artery and left posterior communicating artery caliber. It was also present
between right pre-communicating part of the posterior cerebral artery and right posterior
communicating artery and left posterior communicating artery caliber, as well as, right and
left posterior communicating artery caliber in AT group of cases.

Atheromatous changes (grade 1) were first visualized in a 34-years old male (AA2 subtype)
and in five cases (one in FF2' , two in AAo and two in AA2 subtype) of the fifth decade of
life. We did not visualize atheromatous changes in 21 adults (9 female and 12 male) of the
fifth decade and older. Atheromatous changes of grades 2 and 3 were first visualized in 42
and 47-years old males, respectively, as well as in females of the seventh decade of life
(Table 4). Ravensbergen et al. (1998) noted that a strong argument for the (causal)
relationship between hemodynamics and atherosclerosis can be found if variations of
the geometry result in changes of the location of the atheromatous lesions, which
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correspond to the changes of the flow force distribution. Songur et al. (2008) established
atheromatous plaques in the basilar artery in 30% of cases. We visualized these plaques
particularly for every type. Very interesting findings were that atheromatous changes of
Grade 1 and 3 were the most frequent in FF (62.5) and AF/FA (26.6%) types, while the
least frequency was observed both in AT/TA (16.6%) and AA- (5.3%) types. Atheromatous
changes of gradel for male gender were more frequent in AA type; a relation was 2:1.

In our adult specimens, basilar bifurcation angle ranged from 37.8-168.1°, in average, it was
109.68°. The average basilar angle in adults was 109 degrees and ranged between 30 and 180
degrees in a study of Caruso et al. (1990). The average basilar bifurcation angle of 98 patients
aging from 12 to 78 years was determined to be 117.7° (30.93°-172.2°) (Zurada et al., 2008).
During a study of fetal specimens, this angle ranged from 35 to 175 degrees (Vasovic et al.,
2008b). Zurada et al. (2008) described three types of the basilar bifurcation angle in which a
type "T" is with an angle greater than 145°, a type "Y" with an angle being equal or less than
145° but greater than 100° and a type "V" for angles less than 100°. Ingebrigsten et al. (2004)
hypothesized that normal bifurcations of cerebral arteries beyond the circle of Willis would
follow optimality principles of minimum work and that the presence of aneurysms would
be associated with deviations from optimum bifurcation geometry. We found only one case
of basilar tip aneurysm arising from an obtuse basilar bifurcation angle. However Valleé et
al. (2003) showed two basilar apex aneurysms originating from bifurcation angles of about
90 degrees and 180 degrees.

We presented six AA-subtypes of the AA-type, four subtypes of the FF-type, three subtypes
of the AT/TA-type and four subtypes of the AF/FA-type of the posterior part of the circle of
Willis. Van Raamt et al. (2006) proposed to define a partial fetal-type posterior circle of
Willis, in which a small pre-communicating part between the basilar artery and the post-
communicating part of the posterior cerebral artery is present, and a full fetal-type posterior
circle of Willis, in which the pre-communicating part is absent. Besides our study confirms a
domination of bilateral adult configuration of the circle posterior part as other authors, we
are the first who classified and marked posterior circle subtypes, as well as new subtypes,
which missing in fetal status (Vasovi¢, 2004). We found some similar schemes of (sub) types
in Riggs’ paper (Riggs & Rupp, 1963) and Yasargil's book (Yasargil, 1984); however, we can
not do precise comparison with them. It is difficult confirm that some subtypes of the
posterior circle part is a feature of Serbian population. This study offers a possibility to
evaluate that angioarchitecture in different health population groups or in patients with or
without cerebral pathology wide our or other countries, especially if proposed (sub) types of
the circle posterior part many authors could be accept.
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