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Abstract

Background: Internal carotid artery occlusion (ICAO) is an
important risk factor for stroke. Cerebral hemodynamics in
patients with ICAO depends on the individual capacity to
activate sufficient collateral pathways. Therefore, the assess-
ment of intracranial collaterals is essential for the acute and
long-term management of these patients and accurate esti-
mation of further stroke risk. Methods: Acute stroke patients
with unilateral ICAO were prospectively enrolled. We as-
sessed the following collaterals by transcranial color-coded
sonography (TCCS): the anterior and posterior communicat-
ing artery (ACoA, PCoA), the ophthalmicartery (OA), and lep-
tomeningeal collaterals of the posterior cerebral artery
(LMC). We subdivided the flow pattern of the Doppler spec-
trum in the middle cerebral artery (MCA) into 3 categories:
(1) good, (2) moderate, and (3) bad according to the hemo-
dynamic effects on the ipsilateral MCA flow. Finally, we com-
pared the individual TCCS results with the stroke pattern de-
tected on CT or MRl scan. Results: One hundred thirteen pa-
tients (age 66 + 12 years; female 24) were included. The
collateral status was good, moderate, and bad in 59 (52%),

37 (33%), and 17 (15%) patients, respectively. The ACoA col-
lateral was most frequently activated (81%), followed by the
OA (63%), the PCoA (53%), and the LMC (22%). The quality of
the collateral status was determined by the type (p = 0.0003)
but not by the number (p =0.19) of activated collateral path-
ways. Good collateral function was highly associated with
primary collaterals (ACoA > PCoA). Best parameter for a
good collateral status was an antegrade flow in the OA, indi-
cating a high blood supply via the communicating arteries.
Conclusions: TCCS allows the assessment of intracranial col-
laterals and their hemodynamic capacity. Prevalence of col-
lateral sufficiency in ICAO seems to be higher than previous-
ly reported. ACoA cross flow is essential for the optimal he-
modynamic compensation of ICAO. Antegrade OA flow
indicates good collateral status. ©2019S. Karger AG, Basel

Introduction

Extracranial internal carotid artery occlusion (ICAO)
is mostly of arteriosclerotic origin and associated with an
increased risk of stroke and retinal ischemia. The overall
incidence of ICAO is unknown, whereas the incidence of
symptomatic unilateral ICAO is 6/100,000 [1]. The an-
nual stroke risk in symptomatic patients is about 5%, but
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increases up to 40% in patients with severe impairment of
cerebral hemodynamics [2]. Mechanism of stroke in
ICAO is embolic and hemodynamic. Embolic infarctions
typically occur in cases of acute ICAO, whereas hemody-
namic constraint is the main cause of stroke (ischemia) in
patients with chronic ICAO [3]. Reduced perfusion in the
border zones between the vascular territories may result
in hemodynamic infarctions (border zone infarcts, BZI)
[4-6].

The nature of cerebral hemodynamics in patients with
ICAO depends mainly on the individual capacity to acti-
vate alternative pathways, which is particularly deter-
mined by the anatomy of the circle of Willis (CW) [7-10].

Four intracranial collateral pathways can be distin-
guished and further subdivided in primary and secondary
collaterals. The former include a cross flow via the ante-
rior communicating artery (ACoA) and an activated flow
via the posterior communicating artery (PCoA) from the
posterior circulation, the latter a retrograde flow in the
ophthalmic artery (OA) and leptomeningeal collaterals
via PCA branches (LMC) [11].

Exact knowledge about the individual collateral status
and its capacity to ensure a stable cerebral blood flow in
stroke patients are essential for optimal acute stroke unit
management, determination of long-term blood pressure
treatment, and assessment of individual patient outcome.

Transcranial color-coded sonography (TCCS) is an
exceptionally suitable method to assess extra- and intra-
cranial alternative pathways, as it allows the noninvasive
visualization of the cerebral hemodynamic. In particular,
it is a unique method to visualize and quantify OA flow.

Therefore, the aim of this TCCS study was to analyze
the composition of cerebral collaterals in ICAO patients.
We further assessed the quality of collateral flow, as well
as the stroke subtypes associated with specific collateral
patterns.

Materials and Methods

We prospectively enrolled patients with symptomatic unilat-
eral ICAO admitted to our stroke and rehabilitation centers. ICAO
was diagnosed using extracranial color-coded duplex-sonography
(7-11 MHz linear transducer, Toshiba Aplio 300 or 9 MHz linear
transducer, GE LOGIQ S7). Diagnostic criteria for ICAO were a
missing color mode and Doppler flow signal despite delineated
vessel walls and optionally, a stump signal at the origin of the ICA.
TCCS was performed with a 2.5 MHz sector-array transducer of
the same ultrasound system. The MCA, ICA, anterior cerebral ar-
tery (ACA), posterior cerebral artery (PCA), ACoA, and PCoA
were analyzed via the transtemporal approach, and the OA was
assessed using the transorbital approach.

Collateral Pathways in Carotid Artery
Occlusion

a ACoA, PCoA b OA, LMC

Fig. 1. Schematic of the 4 main intracranial collateral pathways in
patients with unilateral extracranial ICA occlusion. a Via the
ACoA and PCoA. b Via the retrograde OA and leptomeningeal of
the PCA. Number and type of activated collaterals depend on the
individual anatomy of the CW. ACoA, anterior communicating
artery; PCoA, posterior communicating artery; OA, ophthalmic
artery; LMC, leptomeningeal collaterals.

The following collateral pathways were assessed: ACoA and
PCoA as primary and retrograde OA and LMC of the PCA as sec-
ondary collaterals (Fig. 1).

The diagnostic criteria were as follows: (i) ACoA collateral: ret-
rograde flow in the ipsilateral A1-ACA [12], (ii) PCoA collateral:
blood flow velocity in the P1-PCA higher than in the P2-PCA as
well as in the contralateral P1-PCA and optionally a visible PCoA
with a blood flow direction towards the ICA [12, 13], (iii) OA col-
lateral: retrograde blood flow in the OA [14], and (iv) LMC of the
PCA collateral: blood flow velocity in the P1- and P2-PCA exceeds
the contralateral side of at least >30% and is higher than in the
contralateral MCA [10, 15].

The Doppler spectrum of the ipsilateral MCA was divided by
eyeball estimation into 5 subgroups: (i) normal flow pattern, (ii)
mild, (iii) moderate, (iv) severe, and (v) pseudo-venous postste-
notic flow pattern depending on the delay of the systolic accelera-
tion time and the decrease to pulsatility (Fig. 2) [11]. The quality
of collateral status was then evaluated through the MCA flow pat-
tern and further classified into 3 categories: good (normal or mild
poststenotic flow pattern), moderate, and bad (severe or pseudo-
venous poststenotic flow pattern).

Patients with an insufficient transtemporal bone window for
TCCS analysis, stenosis >50% or occlusion of the ipsilateral exter-
nal carotid artery, the contralateral common carotid artery or
ICA, and any vertebral artery or basal cerebral artery were ex-
cluded.

We evaluated the stroke etiology according to their pattern on
CCT or MRI scan. BZI (hemodynamic stroke) were distinguished
from territorial or lacunar infarctions (nonhemodynamic stroke),
and the quality of the collateral status according to the MCA flow
pattern was compared between these 2 groups.
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Fig. 2. Normal (1), mild (2), moderate (3),
severe (4), and pseudovenous (5) postste-
notic flow pattern in the MCA. Defined
quality of collateral status: good: (1) and
(2), moderate (3), bad: (4) and (5).

The study was approved by the local Ethics Committee, and
informed consent was obtained from all patients.

Statistics
Descriptive statistics are presented as the mean + SD. A p value
of <0.05 was considered statistically significant. Chi-square test
was used for the following comparative analyses:
1. Stroke type (hemodynamic vs. nonhemodynamic stroke) and
collateral status (MCA flow pattern good vs. moderate or bad)
2. OA flow direction (antegrade, retrograde, or no flow) and
MCA flow pattern (good, moderate, or bad)
3. Quantity of activated collaterals and MCA flow pattern
4. Type of collateral pathway (ACoA, PCoA, OA, or LMC) and
MCA flow pattern
5. OA flow direction and activated PCoA collateral (yes or no)

Results

One hundred thirteen patients (age 66 + 12 years;
female: 24) with unilateral extracranial ICA occlusion
were prospectively enrolled in the study.

A good, moderate, and bad collateral status according
to the ipsilateral MCA flow pattern were observed in 59
(52%), 37 (33%), and 17 (15%) patients, respectively.

The total number of collateral pathways was as fol-
lows: ACoA 92 (81%), OA 71 (63%), PCoA 60 (53%), and
LMC 25 (22%). Most patients activated 2 (n = 62; 55%) or
3 (n=29;26%) collaterals, whereas only one or all 4 path-
ways were found in 17 (15%) and 5 (4%) subjects, respec-
tively (Table 1). No relationship was found between the
number of activated collaterals and the blood flow pattern
in the MCA (p = 0.19).

Almost all patients (58 of 59) with a good collateral
function revealed a cross flow via the ACoA (sensitivity
98%, NPV 97%, and PPV 63%; Fig. 3). PCoA and OA col-
laterals did not show closer relation to a specific MCA flow
pattern, whereas the LMC was mainly activated in patients
with moderate (in 30%) or bad (in 47%) collateral status
(Table 2). All patients with a good collateral status exhib-
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Table 1. Relationship between quantity of activated collateral path-
ways and the blood flow pattern in the MCA

Number of patients with
the different quantity of

Blood flow pattern in the MCA

activated collaterals (%) good moderate  bad
(n=59) (n=37) (n=17)

One collateral: n = 17 (15) 11 3 3

Two collaterals: n = 62 (55) 30 19 13

Three collaterals: n = 29 (26) 16 2 1

Four collaterals: n =5 (4) 2 3 0

MCA, middle cerebral artery.

ited at least one primary collateral. The type of activated
collateral pathway (ACoA, PCoA, OA, LMC) determined
the MCA flow pattern significantly (p = 0.0003).

An antegrade OA was found in 27 patients (24%) and
associated with an activated PCoA in 19 (70%) and ACoA
in 25 (93%) cases, whereas in patients with retrograde (n =
71;63%) or missing OA flow (n = 15;13%), a PCoA collat-
eral was observed only in 48% of cases (n = 41; p = 0.05).
Antegrade OA indicated good collateral status (23/27: PPV
85%), whereas a retrograde OA was often found in a bad
(11/17 or 65%) collateral status (p = 0.0002; Fig. 4).

In 94 out of 113 patients, a reliable classification of
stroke etiology by CT or MRI stroke pattern was accom-
plished. Sixteen patients showed a BZI pattern, whereas 55
patients revealed an embolic or lacunar stroke pattern.
Furthermore, 23 patients with TIA had no ischemic stroke
on neuroimaging, whereas no distinct classification of
stroke etiology was feasible in the remaining 19 patients.
Patients with BZI more frequently exhibited a moderate
(56%) or bad (25%) collateral status when compared with
patients of embolic or lacunar stroke (33 and 20%, respec-
tively; p=0.03).In patients without observable acute stroke
pattern, however, a good, moderate, or bad collateral status
was found in 61, 30, and 9% of cases, respectively.
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Fig. 3. Intracranial collateral pathways in a 64-year-old man with
left-sided ICA occlusion and good collateral status. a Increased
flow in the right A1-ACA. b Retrograde flow in the left A1-ACA.

Table 2. Relationship between the type of collateral pathway and
the blood flow pattern in the MCA

Type of collateral pathway
and number of patients,

Blood flow pattern in the MCA

good moderate  bad

(n=59), (n=37), (n=17),

n (%) n (%) n (%)
ACOA (n=92) 58 (98) 29 (78) 5(29)
PCoA (n = 60) 36 (61) 16 (43) 8 (47)
OA (n=71) 27 (46) 33 (89) 11 (65)
LMC (n = 25) 6 (10) 11 (30) 8 (47)

ACoA, anterior communicating artery; PCoA, posterior commu-
nicating artery; OA, ophthalmic artery; LMC, leptomeningeal collate-
rals; MCA, middle cerebral artery.

Discussion

Intracranial collateral pathways are an essential safety
mechanism for the prevention and attenuation of isch-
emic stroke. Moreover, they determine the long-term
prognosis of patients with chronic artery occlusion [16,
17]. For example, the incidence of BZI due to ICAO is
significantly lower in patients with sufficient PCoA col-
lateral function [18]. Collateral insufficiency impairs
cerebrovascular reactivity (CVR) and aggravates the risk
of subsequent TIA and stroke [19-21]. The general an-
nual stroke risk in symptomatic ICAO is approximately

Collateral Pathways in Carotid Artery
Occlusion

c Normal flow pattern in the left MCA. d Antegrade flow in the left
OA (transorbital approach). ACA, anterior cerebral artery; MCA,
middle cerebral artery; OA, ophthalmic artery.

5%, but increases up to 12 and 41% in patients with im-
paired or exhausted CVR [2, 22]. Our results underline
the importance of cerebral collateralization as patients
with BZI exhibited a significantly higher incidence of
moderate or bad collateral status.

Formation of collateral pathways and collateral quality
depend on the individual anatomy of the CW. However,
a complete and therefore fully functional CW exists only
in approximately 30% of elderly (arteriosclerotic) pa-
tients, which limits the collateral pathway options in
many patients to compensate ICAO [8]. A threshold di-
ameter of 0.4-0.6 mm was found for a sufficient collat-
eral function of the ACoA and PCoA [7].

TCCS is a very suitable noninvasive technique to eval-
uate cerebral collaterals as it permits a direct and real-
time evaluation of the hemodynamic effects of ICAO and
provides distinct identification criteria for all relevant
collateral pathways. An ipsilateral retrograde A1-ACA
flow reveals an ACoA cross flow with excellent sensitivity
(98%) and specificity (100%), compared to conventional
angiography [12]. Likewise, the TCCS criteria for PCoA
collateral activation yield high sensitivity (84%) and spec-
ificity (94%) in comparison to DSA [12]. Moreover, ret-
rograde OA flow can be considered a specific sign for
ICAO or high-graded stenosis [14, 23, 24].

Varying TCCS criteria, however, were proposed for
PCA-LMC activation. Using a cutoff criterion of a PSV
>100 cm/s yielded a diagnostic sensitivity of 77% and
specificity of 83% in comparison to DSA [25]. Further
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Fig. 4. Intracranial collateral pathways in a 72-year-old man with
left-sided ICA occlusion and bad collateral status. a Increased flow
in the left P1-PCA. b Increased flow in the P2-PCA. c Severe post-

criteria indicating PCA-LMC activation have been re-
ported by different authors, for example, a PCA asymme-
try index >28% [15] or a PCA flow velocity equal to or
higher than the contralateral MCA [10].

In this study, we used a pragmatic definition system to
assess collateral status quality in ICAO. Blood flow veloc-
ity and pulsatility in the ipsilateral MCA depend mainly
on the amount of collateral blood flow. A reduced flow in
the case of collateral insufficiency results in a compensa-
tory dilatation of resistance vessels with subsequent re-
duction of peripheral resistance causing a raised diastolic
flow component and reduced pulsatility. However, our
grading of the MCA Doppler spectrum with 5 different
degrees according to the visual appearance is not well es-
tablished until now. A more time-consuming indirect
method to assess the functioning of the activated collater-
als is the analysis of the CVR by transcranial Doppler.

Fifty-two percent of our patients with ICAO exhibited
a good quality of cerebral collateral flow, whereas only in
15% an insufficient quality of collateral status was ob-
served. This challenges previous findings, reporting post-
stenotic flow pattern in 67-80% in ICAO or high-graded
ICA stenosis [26, 27].

Primary Collaterals

It is not the absolute number but the type of activated
collaterals that determines the quality of the collateral
function. The primary collaterals were more frequently
activated than the secondary collaterals and were present
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stenotic flow in the left MCA. d Retrograde flow in the left OA
(transorbital approach). PCA, posterior cerebral artery; MCA,
middle cerebral artery; OA, ophthalmic artery.

in every patient with good collateral function. On the oth-
er hand, none of our patients with exclusive secondary
collateral activation had a normal MCA Doppler spec-
trum. The ACoA collateral was significantly more often
activated and associated with a good collateral status than
the PCoA collateral. Compared to the literature, our
study found higher prevalence of ACoA “cross flow” in
ICAO, while PCoA activation was observed at a lower
rate, than previously reported [26, 28]. Our findings sup-
port the notion of a higher capacity of the contralateral
anterior circulation to compensate ICAO, when com-
pared to the posterior circulation and an overall higher
incidence of impairment in collateral function for the P1-
PCA and PCoA compared to the A1-ACA and ACoA [8,
9]. However, the presence of primary collaterals does not
guarantee good collateral status quality. ACoA and PCoA
collaterals were activated in 29 and 47% of patients with
severe or pseudovenous poststenotic flow patterns in the
MCA. A diameter of the communicating arteries or of the
depending A1-ACA and P1-PCA below the threshold
mentioned above might be the reason in these cases [7].

Secondary Collaterals

The OA and LMC are considered as second-order col-
laterals serving as a reserve system if the first-line collat-
erals are insufficient. However, we observed a retrograde
OA in 71 patients (63%) of which 46% exhibited a good
collateral status due to the additional activation of pri-
mary collaterals. This challenges previous findings that

Connolly/R6hl/Lopez-Prieto/Danyel/
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retrograde OA flow is associated with an absence of pri-
mary collaterals and generally indicates an insufficient
collateral status [29, 30].

An antegrade OA was found in 24% of our patients,
comparable to previous data [14]. In these cases, the OA
filling results from the communicating arteries, via the
PCoA (70%) or the ACoA (93%). This may be explained
by the close spatial relationship between the PCoA and
OA ostium of the ICA. The strong association between
antegrade OA flow and good collateral status in 85% of
our patients confirms once more the superior quality of
the primary collaterals. Vice versa, the frequent finding of
retrograde OA perfusion in patients with moderate and
severe or pseudovenous flow pattern in the MCA verifies
its limited capacity to compensate ICAO.

We observed PCA-LMC only in a minority of our pa-
tients (22%), usually associated with moderate or bad col-
lateral status. A high interindividual variability of LMC
activation was described previously [31], with restricted
collateral capacity in stroke patients of high age and with
metabolic syndrome, probably due to the increased vessel
wall rigidity [32, 33]. Furthermore, a fetal-type PCA im-
pedes LMC activation, which occurs in approximately
10% of all patients [34, 35]. It appears reasonable that a
marked LMC of the PCA is not able to secure the perfu-
sion of the ipsilateral anterior circulation. Therefore, we
detected a severe poststenotic MCA flow pattern in 47%
of our patients exhibiting PCA-LMC.

Limitations of the Study

A crucial point is the eyeball estimation of the postste-
notic MCA flow pattern to evaluate the sufficiency of the
collateral status. This might lead to a certain subjectivity
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