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ABSTRACT. Theaimof the paper wastostudy therelationship between collater al flow via different pathways
and cer ebral hemodynamic parameter sin patientswith unilateral high-gradeinternal car atid artery (ICA) changes.
Materialsand M ethods: 41 patientswith severe genosisand 30 patientswith occlusion of |CA underwent brain
MRT, 3D TOF-M R-angiography, Color Doppler of extra-intracranial vesselstoinvestigate collater al flow viathe
circleof Willisand viathe ophthalmic artery (OphA). M apsof the cer ebral perfusion par ameter swer e calcul ated.
Results: In 50(70%) cases" symptomatic” cer ebral ischemiawasnoted. | n symptomatic patientscortical MCA
infar ctions (13(26% )), and bor der -zone infar ctions-10(20% ) prevailed. In casesof unilateral |CA occlusion com-
pensatory dilatation of contralateral ICA and enhancement of flow volume by 60% , additionally enhancement of flow
inthevertebral arteriesby 18% wasobserved. Patientswithout collateral flow viathecircle of Willisor flow viathe
PComA only have higher incidence of brain infar ction (13(85%)) and impair ed hemodynamic par ameter sin the
MCA(V mean-38cm/s, PI-0.69) than patientswith collater al flow viathe AComA (2infarctions, Vmean-44cm/s, Pl -
0.77). Patientswith rever sed OphA could provean additional risk for infarction. Patientswith collateral flow via
both AComA and PComA had lessincreased r CBV than those without.
Conclusion: Patientswith collateral flow viathe PComA and reversed OphA flow have moreimpair ed hemody-
namic parameter sand a higher risk of brain infar ctionsthan patientswith collater al flow viathe AComA. Complex
useof TCCD, 3D TOF-M R-angiography and PWI1 givesall neccessary infor mation about thetype and hemodynamic

parametersof callateral supply in high-grade | CA changes. © 2008 Bull. Georg. Natl. Acad. Sci.
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Severe atherosclerosis of the Internal Carotid artery
(ICA) may lead to symptoms of transient retinal or cere-
bral ischemia and an increased risk of stroke. Therefore,
knowledge of hemodynamic status may be important to
elucidate the hemodynamic contribution of the symp-
toms.

In patients with occlusive disease of the internal
carotid artery (ICA), collateral circulation is important to
maintain adequate cerebral perfusion. The primary col-
lateral pathway is the circle of Willis, with the possibility
of redistributing flow from the contralateral ICA via the
anterior communicating artery or from the vertebrobasilar
arteries via the posterior communicating artery. Second-

ary collateral pathways include the external carotid ar-
tery via the ophthalmic artery and leptomeningeal anas-
tomoses at the brain surface. When these collateral path-
ways are not adequate to maintain normal blood flow,
vasodilatation of arterioles occurs and reduces cere-
brovascular resistance for sustaining normal cerebral
perfusion [1-3].

The results of several studies have demonstrated
that adequate collateral circulation may prevent the de-
velopment of hemodynamic failure. In contrast, findings
from different studies showd that the presence of lep-
tomeningeal collateral flow was associated with an in-
creased risk of future ischemic stroke [1, 4-6]. The actual
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contribution of the individual collateral pathways is dif-
ficult to assess and quantify. Assessment of cerebral
hemodynamics can be performed with different tech-
niques. The noninvasive evaluation of the collateral cir-
culation status became possible only after introduction
into clinical practice of several neuro-angioimaging tools,
as Computed Tomography angiography (CTA), Mag-
netic-resonance angiography (MRA), Color Doppler
sonography (CDUS), Transcranial Color Doppler (TCCD)
modalities. All above-mentioned modalities give valu-
able information about the presence and efficiency of
collateral supply in patients with ICA occlusive changes.
Several studies have reported significant correlation
(r=0.64) between TCD and MRI findings in the identifi-
cation and evaluation of collateral supply sources in
ICA occlusive changes patients [5-9].

The aim of our study was the relationship between
collateral flow via different pathways and cerebral he-
modynamic parameters in patients with unilateral high-
grade internal carotid artery (ICA) changes.

MATERIALS AND METHODS: 71 consecutive
symptomatic or asymptomatic subjects (44 men, 27
women) with occlusion or severe (>70%) stenosis of
the extracranial segment of the ICA were included in the
study. Patients ranged in age from 39 to 73 years (mean
age, 62+11yers). 41 patients had severe ICA stenosis
(>70%) and 30 had unilateral occlusion (Figs. 1,2).

All patients underwent a careful neurological and
cardiological examination, ECG, transthoracic
echocardiography, brain MRT, 3D TOF-MR-angiography,
Color Doppler of extra-intracranial vessels to investigate
collateral flow via the circle of Willis (anterior communi-
cating (AComA) and posterior communicating (PComA)
arteries) and via the ophtalmic artery (OA).

In all cases contralateral ICA was normal, or a mild

RENGTH = 121 CH
RENGTH = 294 CH

Fig. 1. Internal carotid artery severe (85%) stenosis. Color
Doppler ultrasound. Severe narrowing of artery lumen.
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stenosis (mean 31+24%) was noted. Percent of ICA steno-
sis was determined by the use of NASCET criteria.

The control group consisted of 20 subjects (mean
age, 52 £ 9 years) without hemodynamically significant
ICA obstruction.

MR imaging was performed by using a 1.5-T whole-
body system (Magnetom Avanto Siemens Medical Sys-
tems, Erlangen, Germany). Flow territory imaging was
achieved by using regional perfusion imaging sequences.
Contrast enhancement by 5% Magnevist (Schering) was
used. Evaluation of intracranial vessels was performed
by Tof-fl13d-multiple-tra TR 56ms. TE 10.4ms. F.A.40 pro-
grams, for the extracranial vessels tof -fl2d-tra-traw-sat.
TR 52ms, TE 10ms, F.A. 70 program was used.

Color Doppler ultrasonography (CDUS) of the ex-
tracranial carotid and vertebral arteries was performed
on the unit Acuson CV 70 and Acuson X 300, with 5-
10MHz linear probe. Carotid artery disease was assessed
and defined according to standardized criteria.
Transcranial Doppler sonography (TCD) was performed
on the same Acuson CV 70 and Acuson X 300 unit
2.1MHZ probe.

Both ICA and VA diameter, peak systolic velocities,
blood flow volumes (FV) were studied. The FV was cal-
culated by the following formula FV= pDx(V/4)x60, in
which D is the diameter of the artery, V- mean flow ve-
locity.

Fig. 2. Internal carotid artery severe (85%) stenosis. MR-
angiography, gad-fl3d-tof-MIP. Interrupt of flow signal
from ICA proximal site.
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Examination of vessels of the circle of Willis was
performed as described by Aaslid et al. Blood flow ve-
locities (Vem/s) in the middle, anterior, posterior cerebral
arteries (MCA, ACA, PCA) and pulsatile indexes (PI)
were measured. The patency of major collateral vessels,
namely OA, anterior (ACoA), and posterior (PCoA) com-
municating arteries, was evaluated.

Results. Of 71 eligible patients, 50 were symptom-
atic in the vascular territory of the middle cerebral artery
(MCA) ipsilateral to the carotid artery pathology. Of
these, 21(30%) had a transient retinal or cerebral ischemia
(TIA), and 29(41%) suffered from stroke (12 of them mi-
nor stroke, Rankin Scale score 1 or 2). Symptomatic side
was left 40(56%) and right 31(44%) in cases. Patients
with bilateral ICA high-grade changes were not included
in the study. 21(30%) patients with nonfocal brain
discirculation were defined as “asymptomatic” and were
also enrolled.

According to the brain pathology site, infarctions
were divided as cortical/subcortical, deep white-matter,
and near to the basal ganglia. The main vascular supply
areas and so-called “border-zone” areas were defined.

As is seen from Table 1, in asymptomatic patients
MRT revealed only 2 cases of so-called “silent”
infarctions: one in the MCA supply area, one in the
PCA supply area. In this group prevalence of lacunar
infarctions (8(38%)) and subcortical leukoencephalopa-
thy (6(29%)) was noted.

In symptomatic (n=50) patients MRT found preva-
lence of cortical or cortical\subcortical infarctions of the
MCA supply area — 13(26%), and 10(20%) cases of bor-
der-zone infarctions, of these 4 cortical (MCA\ACA or
MCA\PCA supply area) and 6 deep white-matter water-
shed infarctions (Table 1).

In the majority of patients with MCA area border-
zone infarction by TCCD significant decrease of blood
flow at the MCA was revealed: V mean-29.8+8.4cm/s.
Furthermore, there was also a significant decrease of
pulsatile or resistive indexes: PI mean-0.68. In contrast,
in patients with cortical infarctions, lacunar infarctions
or subcrortical leucoencephalopathy hemodynamic
changes were not soimpaired: V mean MCA-37.5+£9.2cm/s.

To assess collateral flow in the circle of Willis we
studied the presence and character of collateral flow in
the so-called primary pathway via Anterior communicat-
ing artery (AComA) and secondary pathway via oph-
thalmic artery (OA) (Table 2).

TCCD revealed presence of flow in the OA in all
cases. In a majority of cases with ICA critical stenosis
flow direction in the OA was antegrade. In contrast to
ICA occlusion cases, prevalence of OA reversed flow
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Table 1

Brain changes in patients with unilateral ICA high-grade
stenosis or occlusion

Asymptomatic | Symptomatic
n=21 n=50

Cortical infarction

McCA 1(4.7%) 13(26%)
ACA 0 5(10%)
PCA 1(4.75) 1(2%)
Border-zone infarction 0 10(20%)
Lacunar infarction 8(3.8%) 9(18%)
White matter infarction 0 5(10%)
Leukoaraiosis 6(29%) 6(12%)
Cortical atrophia 5(24%) 1(2%)

was noted (22(76%)).

Investigation revealed collateral flow via the primary
collateral pathway, AComA in 56 cases, and only via the
PComaA in 15 (21%) cases.

TCCD showed that in 16(22%) patients with collat-
eral flow via the AComA flow parameters in the ipsilat-
eral MCA ware near to normal levels- V mean-44cm/s,
PI-0.77. In this group only 2 cases on infarctions (1-
cortical, 1- deep white matter infarction) were observed.
In other 14 patients prevalence of multiple lacunar
infarctions and subcrortical leucoencephalopathy were
distinguished.

We found that patients without collateral flow via
the circle of Willis or flow via the PComA only (n=15)
have a high incidence of brain infarction. Despite that in
11(71%) cases PComA was patent, in 13(85%) patients
presence of infarction was noted- 8(53%) border-zone
and 5(33%) cortical infarctions of the MCA supply area.
TCCD showed significant decrease of flow in the MCA(V
mean-38cm/s, PI-0.69) in this group.

Table 2

Presence of collateral pathways in patients with unilateral
ICA high-grade stenosis or occlusion

. - Stenosis Occlusion
Circle of Willis n=d1 =30

ACoA(-) 7(19%) 8(27%)
ACoA (+) 33(81%) 23(77%)
PcoA(-) 13(31%) 8(27%)
PcoA(+) 28(69%) 22(73%)
Ophthalmic artery

Antegrade flow 23(56%) 8(24%)
Reversed flow 18(44%) 22(76%)
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In other 2 patients with multiple lacunar infarctions
and subcrortical leucoencephalopathy beneficial func-
tion of PComA and compensatory enhancement of flow
in vertebral artery were noted. Patients with reversed
flow at the ophthalmic artery could prove an additional
risk for brain infarction. Of 40 patients with reversed
flow at the ophthalmic artery, in 20(50%) cases brain
infarctions were revealed of them 7(17.5%)-border-zone.
In 31 patients with antegrade ophthalmic artery flow in-
farction was detected only in 9(33%) cases.

Hemodynamic status tended to be worse in this
group of patients. In patients with noncompetent AComA
or with revesed flow in the OA significant decrease of
pulsatile index (PI) in the MCA was marked- 0.66-
0.72(mean 0.69+.27)

TCCD showed that in patients with antegrade ACA
flow, flow velocity at the ACA (V ACA) was normal or
slightly low (Vmean-44cm/s, range-34-53cm/s), hemi-
spheric ratio of velocities in the ACA and MCA was
normal- VACA/V MCA=0.76; but where ACA flow was
reversed, the flow velocity -V ACA increased (Vmean-
67.5cm/s, range-59-73cm/s) and hemispheric ratio tended
to be abnormal- VACA /V MCA=1.35.

In contrast to MCA, in ACA correlation of pulsative
index changes with type of collateral supply and infarc-
tion site were not revealed.

In order to assess the circle of Willis anatomy all
patients underwent 3D time-of-flight (TOF) MR-angiog-
raphy. Investigation revealed the presence of
(classic)circle of Willis in 38(54%) patients; however, it
must be mentioned that in 10 cases one of the PComA
was projected by thin (0.8-1.2mm) line and was inter-

preted as hypoplasia of PComA (Figs. 3,4).

One of the main aims of our study was to determine
whether there are changes in the hemodynamic param-
eters in the contralateral to occlusion ICAs and verte-
bral arteries.

Table 3 shows the comparison of the mean +SD
values for diameter BFVs of both ICAs and VAs and
side-to-side differences for the patients with unlilateral
ICA occlusion.

As is seen from Table 3, in cases of ICA occlusion
(n=30), significant dilatation of the contralateral ICA
(mean 7.5+2,4mm) and enhancement of BFV (mean
428+45ml/min) was noted; this seems about 60% higher
compared to the control group (p<0.05). We did not find
significant side-to-side difference in the diameters and
BFVs of the ICAs and diameters of the VAs.

In patients with unilateral ICA occlusion the mean
BFV in the ipsilateral VA was higher than that on the
contralateral side (mean 108 +38ml/min. vs. 96+32ml/min).
Furthermore, there was also significant increase of BFV
as compared to the control group.

In all cases of the occlusion of the ICA, revealed by
CDUS diagnosis, was confirmed by 2D time-of-flight
(TOF) MR-angiography (100% confirmation). In all cases
of ICA occlusion dilatation of the contralateral ICA lu-
men and enhancement of the signal intensity as in the
contralateral ICA and in the system of posterior circula-
tion, as a sign of recruitment of posterior circulation
flow was observed (Fig. 5).

Conclusion. The cerebral hemodynamic status of
patients with severe occlusive carotid artery disease has
been reported to play a significant role in the occur-

Fig. 3. Competent (closed) circle of Willis. MR-angiography,
gad-fl3d-tof-MIP.
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Fig. 4. Noncompetent circle of Willis. MR-angiography, gad-
fl13d-tof-MIP. Right Anterior Commucating artery and left
Posterior Commucating artery are absent.
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Table 3
Values of diameters and blood flow volumes in the ICAs and VAs in cases of unilateral ICA occlusion
Diameter, mm Q ml/min
ICA ICA VA ICA ICA VA VA
dex sin dex dex sin dex sin
Control
(n=25) 5.64£2.3 582429 | 3.3841.4 3.56+41.8 252456 266473 88432 97+41
=
ICA dex
) B 7.8£3.2 4.3+2.0 3.9£1.8 -~ 454452 106+44 98 +£28
occlusion
ICA sin
) 7.4+34 B 3.7£1.6 4.4+1.8 414432 -~ 94436 115+ 42
occlusion

rence of stroke. Two mechanisms of cerebral ischemia in
this disease have been identified: vascular occlusion from
an embolism or propagating thrombus from an athero-
sclerotic plaque of the carotid artery (artery-to-artery
embolism), and watershed or border-zone ischemia
caused by critically reduced perfusion pressure (hemo-
dynamic stroke) [2, 4, 10, 11].

Patients with complete carotid artery occlusion may
show no evidence of intracranial hemodynamic compro-
mise, because collateral circulation compensates for the
decrease in cerebral blood flow (CBF). When these col-
lateral pathways are not adequate to maintain normal
blood flow, vasodilatation of arterioles occurs and re-
duces cerebrovascular resistance in order to sustain
normal cerebral perfusion. This phenomenon is known
as cerebrovascular autoregulation. Compromised CBF
plays an important role in causing ipsilateral ischemic
events in patients with occlusion of the internal carotid
artery (ICA). As a matter of fact, cerebral ischemia fre-
quently develops in areas of collateral pathways for
blood supply from bordering vascular territories. As a
result, our study showed prevalence of cortical (19/38%)
and border-zone infarctions (10/20%) than in cases of
ICA occlusion [3, 8, 12, 13].

In our opinion, somewhat frequent cases of deep
white matter infarctions may be the result of
hypoperfusion by carotid stenoocclusive disease. The
reason of the deep white matter diffuse and focal
changes may be hypoperfusion of corticomedullar arter-
ies and transformation of their supply area in the “deep
border-zone” [3, 10, 12].

In fact, there is evidence that cerebral hemodynamic
status can predict the outcome of ICA occlusion. Anterior
and posterior communicating arteries are considered the
primary collateral pathways; the ophthalmic artery (OA)

Bull. Georg. Natl. Acad. Sci., vol. 2, no. 3, 2008

and blood flow via leptomeningeal vessels are consid-
ered the secondary pathways.

Our study shows that the most important compensa-
tory path in patients with unilateral ICA occlusion is col-
lateral flow from contralateral ICA via AComA. CDUS
shows that the mean BFV in the contralateral ICA is in-
creased almost by 55%. The results of our study are in
overall agrement with previously published results. On
the other hand, our data show that the mean net flow
volume in the VAs is increased by almost 18% when com-
pared with the control ones, confirming that the

Fig. 5. Left Internal carotid artery occlusion. MR-angiography,
gad-f13d-tof-MIP. Absence of flow signal from ICA.
Compensatory enhancement of signal intensity at the
contralateral carotid artery and vertebrobasilar system.
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vertebrobasilar circulation is also important in collateral
supply in cases of ICA occlusion. Our data suggest that
the anterior circle is a preferential mode of collateral sup-
ply in patients with ICA unilateral occlusion. Patients with
collateral flow via the anterior communicating artery have
less impaired hemodynamic parameters than those with
collateral flow via the PComA (85% infarction in group
without AComA vs. 12% infarction in patients, with patent
AComA). Secondary collateral pathways include the ex-
ternal carotid artery via the ophthalmic artery. Other lep-
tomeningeal or extracerebral anastomoses play a minor
role in brain compensatory supply [13-15].

Our study shows that patients with reversed oph-
thalmic artery flow have more impaired hemodynamics
parameters than those without. In patients with OA re-

(7‘71113(7503(75&3@0 334’00050

versed flow brain infarction was revealed in 51% of
cases, compared to 32% in patients with antegrade OA
flow. Hemodynamic status tended to be worse in pa-
tients with reversed flow of the ophthalmic artery. This
finding corresponds with the hypothesis that the OA is
a secondary collateral pathway, which is only recruited
when the primary pathways fall short [14-17].

Our study allows us to conclude that adequate
collateral circulation may prevent the development of he-
modynamic failure. Collateral circulation via the AComA
or both AComA and PComA is a sign of well-compen-
sated hemodynamic status. However, recruitment of the
PComA as the only primary pathway or recruitment of
the OA can be regarded as an indication of an impaired
perfusion status of the brain.
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