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Abstract
Background and Purpose: Endovascular mechanical thrombectomy (EVMT) shows 
significant	 promise	 in	 improving	 acute	 ischemic	 stroke	 (AIS)	 with	 proximal	 artery	
occlusion,	but	outcomes	have	been	variable.	We	explored	 the	patients	 treated	by	
thrombectomy to investigate the association between a favorable clinical outcome of 
EVMT in intracranial internal carotid artery occlusion (iICAO) and a set of predictors.
Methods: A total of 38 iICAO patients treated by EVMTs were analyzed. Primary 
collateral grades (PCG) at baseline based on the integrity of Willis' circle were catego‐
rized into three degrees. The favorable outcomes, measured by modified Rankin scale 
(mRS),	were	defined	as	≤2	at	90	days.	The	reperfusion	was	one	of	the	most	important	
confounders,	defined	as	modified	 thrombolysis	 in	cerebral	 infarction	 (mTICI)	≥	2b.	
The other risk factors included demographic characteristics, vascular risk factors, 
stroke severity, procedural EVMT, and PCG at baseline was adjusted to reveal the 
association with favorable outcomes.
Results: Of 38 iICAO patients, 65.8% (25 in 38) achieved reperfusion. However, 
only 31.6% (12/38) achieved favorable outcomes at 90 days. With a PCG3, 61.5% of 
them achieved favorable outcomes, while only 37.5% of those with PCG2 and PCG1 
achieved favorable outcomes (p = .003). In multivariable logistic regression, PCG was 
revealed as a predictor for favorable outcomes (OR 5.278, p = .019) after adjusting 
the reperfusion and other factors.
Conclusions: The PCG based on the integrity of Willis' circle might be an underlying 
predictor	of	the	prognosis	of	AIS	in	patients	with	iICAO	after	EVMT.	The	function	of	
intact anterior communicating artery (AcoA) and ipsilateral posterior communicating 
artery (PcoA) in favoring prognosis of the iICAO patients might need to be validation 
in future study.
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1  | INTRODUC TION

Endovascular mechanical thrombectomy (EVMT) is proven benefit 
in	patients	with	acute	ischemic	stroke	(AIS)	with	anterior	circulation	
large vessel occlusion. A rate of favorable outcomes of 32.6%–60% 
was achieved in the intervention group of the MR CLEAN trial 
(Berkhemer	et	al.,	2015)	and	 the	SWIFT	PRIME	trial	 (Saver	et	al.,	
2015). However, different the rate of favorable outcomes varying 
from 28% to 60% (Fockaert et al., 2015; Hong et al., 2016; Kim, 
Kang, Hwang, Park, & Kim, 2016; Kwak et al., 2014) were reported, 
suggesting that a substantial proportion had not recovered inde‐
pendence	by	90	days	after	onset.	Several	factors,	including	National	
Institutes	of	Health	Stroke	scale	(NIHSS)	onset,	occlusion	type	and	
occlusion level, have been reported to be associated with favorable 
functional outcomes, while others, such as poor initial status, unsuc‐
cessful recanalization, cardioembolism, and supraclinoid‐terminal 
occlusion,	are	associated	with	poor	outcomes	of	AIS	with	 internal	
carotid artery occlusion (Kwak et al., 2014). Furthermore, collateral 
is another important factor that may potentially impact prognosis. 
In	 the	 SWIFT	 PRIME	 trial	 (Jadhav	 et	 al.,	 2017),	 MR	 CLEAN	 trial	
(Berkhemer	et	al.,	2016)	and	ESCAPE	trial	(Goyal	et	al.,	2015),	pial	
collateral status according to CTA, were found to positively relate 
with	favorable	functional	outcomes	of	AIS	with	anterior	circulation	
LVO. Additionally, it has been demonstrated that the presence of 
bilateral posterior communicating arteries (PcoAs) was a predictor 
of a favorable functional outcome in the patients with basilar artery 
occlusion	(Maus	et	al.,	2017).	As	was	expected,	Willis'	circle	plays	an	
important role as the primary collateral in nature, might be essential 
in patients with ICA occlusion. However, little was known about the 
association between the integrity of Willis' circle and favorable out‐
comes in patients with ICA occlusion.

Therefore, we established a strategy to evaluate the integrity of 
Willis' circle by categorizing it into primary collateral grades (PCG) in 
AIS	patients	with	 iICAO	and	 investigated	 the	association	between	
PCG and prognosis in patients treated with EVMT.

2  | METHODS

A retrospective analysis of consecutive patients with acute ischemic 
stroke treated by EVMT was performed on data entered into a pro‐
spectively captured database at a senior stroke unit from April 2015 
to February 2018.

All patients suffering from intracranial internal carotid artery oc‐
clusion were included. Patients eligible for treatment with intravenous 
(IV) recombined tissue plasminogen activator (rt‐PA) within 4.5 hr of 
stroke onset were treated with intravenous thrombolysis first and then 
bridged to interventional therapy; other patients were treated with 
EVMT directly. The anesthesia model was determined by operators 
according to the state of the patient's consciousness and airway: in 
patients who were unconsciousness and at risk of airway obstruction, 
general anesthesia was maintained during the procedure, while oth‐
ers underwent the procedure under conscious sedation. Contralateral 

carotid artery angiography and priority vertebral artery angiography 
were manipulated to identify the collateral circulation, including the in‐
tegrity	of	Willis'	circle	and	the	pial	collateral.	Stent‐retrievers	(Solitaire	
AB, Covidien/ev3) were deployed and retrieved as the device routinely 
used	for	EVMT.	The	maximum	number	of	attempts	and	indications	of	
dual‐stents retrieval was up to the discretion of the operators.

According to the integrity of Willis' circle, as presented on digital 
subtract	angiography	(DSA),	PCG	was	categorized	as	1	of	3	classes	
(Figure 1): in grade 1, the anterior communicating artery (AcoA) was 
absent regardless of whether the ipsilateral posterior communicat‐
ing artery (iPcoA) was preserved; in grade 2, the AcoA was preserved 
but the iPcoA was absent; and in Grade 3, both the AcoA and iPcoA 
were preserved. A preserved AcoA was defined as the observation 
of collateral flow from the contralateral internal carotid artery to 
the ipsilateral anterior circulation (either the anterior cerebral artery 
region or the MCA) as verified on angiography of the contralateral 
carotid artery, and a preserved iPcoA was defined as collateral flow 
from the posterior circulation to the ipsilateral anterior circulation as 
verified on angiography of either vertebral artery.

Data, including demographics, cardiovascular risk factors, cere‐
brovascular	events,	comorbidities,	severity	of	stroke	(NIHSS),	time	of	
onset to groin puncture, reperfusion degree (modified thrombolysis 
in cerebral infarction, mTICI), and clinical outcome (modified Rankin 
Scale,	mRS)	at	90	days	after	onset,	were	collected.	The	NIHSS	parame‐
ters were assessed by stroke neurologists with the certification issued 
by	the	American	Heart	Association	(AHA).	The	mRS	was	assessed	by	
neurologists	using	a	structured	interview	to	obtain	mRS	scores	in	the	
outpatient department for patients who were mobile or by telephone 
interview for patients who were bedridden. The PCG and mTICI were 
assessed by a neurointerventionist and a radiologist according to the 
DSA	 imaging,	 and	a	 senior	 consultant	was	 involved	 to	evaluate	 the	
scales described above if they did not reach an agreement.

All	statistical	analyses	were	conducted	with	SPSS	software	(ver‐
sion	20.0).	Univariate	 analysis	was	performed	using	Fisher's	 exact	
and χ2 test for categorical variables and the two‐sample t test or 
Mann–Whitney U test for continuous variables to determine the dis‐
tribution patterns of baseline factors, interventional parameters, and 
outcomes. All variables with p < .10 in the univariate analysis among 
groups of different clinical outcomes were included in subsequent 
analyses performed using multivariable logistic regression to inves‐
tigate independent predictors for favorable functional outcomes 
and mortality. p < .05 was defined as statistically significant. Akaike 
information criterion (AIC) and Bayesian information criterion (BIC) 
were calculated to estimate the relative quality of statistical models.

This study was a retrospective study, and data collection was ap‐
proved by the Institutional Review Board of Huashan Hospital.

3  | RESULTS

3.1 | Baseline characteristics

During the period from April 2015 to February 2018, a total of 105 
patients	received	endovascular	treatment	for	AIS	with	LVO.	Of	these	
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patients, 38 (36.2%) with culprit iICAO were included in this case–con‐
trol study. Patients suffered iICAO presented severe symptom onset, 
with	a	median	of	NIHSS	23,	and	42.1%	 (16/38)	of	 them	received	 IV	
rt‐PA due to the delay from onset to arrival at hospital.

3.2 | Primary collateral grades

Based	on	DSA,	AcoA	was	absent	 in	17	 (44.7%)	of	the	38	patients,	
and these patients were subsequently cataloged as having grade 1 
primary collateral circulation in iICAO. Among the remaining patients 
with a preserved AcoA, 8 (21%) had no iPcoA and were categorized 
as having grade 2 primary collateral circulation, while the remaining 
13 (34.2%), who had both an AcoA and an iPcoA, were categorized 
as grade 3 for primary collateral circulation.

3.3 | Predictive factors of outcomes

Univariate analysis showed that patients with unfavorable outcomes 
were significantly older than those who achieved independence at 

90 days after onset (79.5 vs. 68.5‐years old, p = .015). Furthermore, 
patients with unfavorable outcomes had more severe symptom 
onset,	with	 a	median	NIHSS	of	25.5,	 than	 that	 in	18	 independent	
patients (p = .001). Finally, successful recanalization, which was de‐
fined	as	mTICI	≥	2b,	occurred	more	frequently	in	the	favorable	out‐
comes group, and the proportion of patients categorized as grade 3 
patients was also higher in the favorable outcomes group (p = .005) 
(Table 1).

After	 adjusting	 for	 gender,	 comorbidities,	 Alberta	 Stroke	
Program	Early	CT	Score	(ASPECTS),	recanalization,	and	time	interval	
from onset to recanalization, multivariable logistic regression analy‐
sis revealed that PCG was positively associated with favorable neu‐
rologic functional outcomes at a significance level of 0.10 but not 
0.05 (Table 2, model 1).

In	 view	 of	 the	 significant	 association	 between	 NIHSS	 scores	
and	PCG	(Kendall's	tau	=	−0.37,	p	=	.001),	NIHSS	score	might	have	
a similar impact on predictions of the prognosis of intracranial ca‐
rotid artery occlusion treated with endovascular thrombectomy. 
Logistic	regression	model	(Table	2,	model	2)	in	which	NIHSS	scores	

F I G U R E  1   Illustration of primary collateral grades (PCGs). Row a: In PCG 1, the anterior communicating artery (AcoA) was absent regardless 
of whether the ipsilateral posterior communicating artery (iPcoA) was preserved (illustrated as dotted line); Row b: In PCG 2, the AcoA in 
preserved, but the iPcoA is absent. Row c: In PCG 3, both the AcoA and iPcoA were preserved. Black arrow ‐AcoA, White arrow ‐iPcoA

(a)

(b)

(c)
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were removed confirmed that PCG was an independent predictor 
for outcomes (OR 5.278, p = .019). Additionally, Akaike information 
criterion (AIC) and Bayesian information criterion (BIC) of the two 
models promised similar quality (Table 2).

4  | DISCUSSION

Collateral	status,	beyond	age,	diabetes,	NIHSS	onset,	ASPECTS,	and	
recanalization, can be used to determine infarction and ischemic 
penumbra	volumes	(Rusanen,	Saarinen,	&	Sillanpaa,	2015)	and	was	
demonstrated to be positively associated with favorable functional 
outcomes in both the MR CLEAN trial (Berkhemer et al., 2016) and 
the	ESCAPE	trial	(Goyal	et	al.,	2015).	Furthermore,	after	correcting	
for stroke severity, Agarwal found that good collateral status was 
the only independent predictor of improvement in clinical status 
(Agarwal, Bivard, Warburton, Parsons, & Levi, 2018). However, we 
noted that pial collateral status is usually evaluated as a predictor of 
outcomes	in	AIS	patients.	Few	studies	have	focused	on	the	impact	
of Willis' circle on clinical outcomes, even though a complete Willis' 

circle was found to indicate not only better functional outcomes but 
also less hemorrhage transformation (Chuang et al., 2013; Lee et al., 
2016).	Among	AIS	patients	with	LVO,	unfavorable	anatomical	vari‐
ations in Willis' circle, such as a hypoplasticity or aplasticity of the 
contralateral A1 segment and ipsilateral P1 segment, could predict 
poor clinical outcomes (Bradac et al., 2017). Moreover, in the case 
of iICAO, pial collaterals could be affected by the integrity of Willis' 
circle, and it might therefore be more direct to evaluate collateral 
status by grading the integrity of Willis' circle.

We established an accessible strategy to grade the integrity of 
Willis'	circle	by	DSA	during	the	EVMT	procedure	and	demonstrated	
that there is an association between functional outcomes and this 
grading scale. Our findings indicate that the presence of both the 
AcoA and the iPcoA predicted the best outcome among these three 
groups and that only the preservation of the AcoA predicted sig‐
nificantly favorable outcomes. A similar finding was presented in 
Silvestrini	et	al.	(2011),	in	which	the	preservation	of	at	least	two	ac‐
tivated intracranial collateral vessels (the ophthalmic artery, AcoA 
or PcoA) produced a significant trend toward favorable outcomes 
in patients with internal carotid artery occlusion due to dissection.

Clinical outcome Total （n = 38） Favorable (n = 12) Unfavorable (n = 26) pa

Gender (M), no. 
(%)

21 (53.30) 8 (66.67) 13 (50.00) .337

Age (years),
median (IQR)

77.5 (69.0–81.0) 68.5 (50.5–76.75) 79.5 (74–82) .015

Hypertension, 
no. (%)

25 (65.80) 6 (50.00) 19 (73.08) .163

Diabetes, no. (%) 5 (13.20) 0 (0.00) 5 (19.23) .103

Atrial fibrillation, 
no. (%)

22 (57.90) 8 (66.67) 14 (53.85) .457

NIHSS	(preop),
median (IQR)

23.0 (18.0–29.25) 18 (15–22.50) 25.5 (21.75–31.75) .001

ASPECTS,
median (IQR)

7.5 (6.0–9.0) 8 (6–9) 7 (6–8.25) .466

Blood glucose 
(onset),

mean ± SD

7.97 ± 2.27 7.28 ± 2.01 8.29 ± 2.34 .206

SBP	(onset),
mean ± SD

154.37 ± 29.53 148.83 ± 22.79 156.92 ± 32.25 .440

DBP (onset), 
mean ± SD

83.45 ± 16.26 83.00 ± 18.62 83.65 ± 15.45 .910

IV rt‐PA, no. (%) 16 (42.10) 6 (50.00) 10 (38.46) .503

Onset puncture 
time,

median (IQR)

345 (236.75–391) 326 (213–451) 349 (245–388.50) .816

Primary collateral grade, no. (%)

1 17 (44.70) 1 (8.33) 16 (61.54) .005

2 8 (21.10) 3 (25.00) 5 (19.23)

3 13 (34.20) 8 (66.67) 5 (19.23)

mTICI	≥	2b,	no.	
(%)

25 (65.80) 11 (91.67) 14 (53.85) .022

aComparison between patients with favorable and unfavorable outcomes. 

TA B L E  1   Univariate analysis among 
groups with different clinical outcomes
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In	 contrast,	 in	 Sundaram's	 study,	 among	 patients	 suffering	
intracranial carotid artery occlusion, the odds of a favorable out‐
come at 90 days after onset was higher in the group with ipsilateral 
ophthalmic artery or leptomeningeal collaterals than in those with 
a	 complete	Willis'	 circle	 (Sundaram,	 Kannoth,	 Thomas,	 Sarma,	 &	
Sylaja,	2017).	However,	in	their	study,	they	included	patients	who	
were up to 3 weeks after onset, and their patients differed from 
candidates	 for	 EVMT.	 Secondary	 collaterals	 (the	 ipsilateral	 oph‐
thalmic artery or leptomeningeal collaterals) can vary dynamically 
over time and have a substantial impact on functional outcomes, 
while communicating arteries are intrinsic/underlying bypass 
vessels that establish immediate compensatory blood flow for 
the	distribution	of	arteries	occluded	proximal	 to	Willis	circle	and	
determine the volume of the penumbra more directly during the 
hyperacute phase of stroke. It was similarly demonstrated in this 
study	that	variation	in	Willis'	circle	modified	the	prognosis	 in	AIS	
patients with iICAO.

Several	methods,	 including	CTA	 (Sundaram	et	al.,	2017;	Yeo	et	
al., 2015) and MR (Alves et al., 2018), have been established to eval‐
uate collateral status. Although CTA is highly accurate in the assess‐
ment of anatomical variations of Willis' circle, its sensitivity remains 
limited in its ability to reveal hypoplastic segments (Han et al., 2011), 
and time‐of‐flight (TOF) MRA has disadvantages in a setting involv‐
ing slow flow at the site of occlusion, which often results in complete 
loss of the signal in arteries and the consequential underestimation 
of	 collateral	 status	 (Raymond	&	Schaefer,	2017).	DSA	 remains	 the	
most direct and most accurate technique for detecting the comple‐
tion of the Willis' circle and is always regarded as a standard refer‐
ence. When proceeding to EVMT, the deficit of invasion and risk of 
vessel	injury	associated	with	DSA	are	no	longer	disadvantages.

Both this study and that conducted by Zhou et al. (2016) re‐
vealed that the integrity of Willis' circle is strongly associated with 
stroke	severity,	hinting	that	having	a	complete	Willis'	circle	exerts	
a	protective	effect	in	AIS.	Actually,	the	circle	of	Willis	plays	an	im‐
portant role as the primary collateral interhemispheric and between 

anterior and posterior circulation. In ICA occlusion patients, an in‐
tact Willis' circle promises compensatory flow of blood from the 
contralateral hemisphere via the anterior communicating artery and 
from the posterior circulation via the ipsilateral posterior communi‐
cating artery. This compensatory blood supply could decrease the 
size of the infarction core, subsequently leading to a favorable prog‐
nosis. When the anterior communicating artery and/or posterior 
communicating artery is absent, insufficient compensatory pial col‐
laterals from the posterior cerebral artery become the major blood 
support for the ischemic brain tissue supplied by the occluded ca‐
rotid artery. This could result in more severe manifestations and 
worse outcomes.

Although the association between favorable functional out‐
comes and primary collateral grade was not significant after ad‐
justing	 for	NIHSS	 scores.	However,	Kendall's	 tau	 (−0.37,	p = .001) 
indicated	there	was	a	mild‐to‐moderate	correlation	between	NIHSS	
scores and PCG. Nevertheless, since the ternary‐graded PCG scor‐
ing system is more specific and practical than the severity scale of 
stroke, we established a logistic regression model in which PCG sub‐
stituted	NIHSS	scores.	Subsequently,	the	Akaike	information	crite‐
rion (AIC) and Bayesian information criterion (BIC) of the two models 
confirmed the validation and fitness of the predictive model. As an 
underlying determinant of stroke severity, the PCG was found to be 
significantly related to favorable functional outcomes in the multi‐
variate analysis.

4.1 | Limitations

Our study is limited by the retrospective nature of analysis and small 
number of patients from a single center, the further work of us is 
to validate our predictive model in large registry database. The ret‐
rospective design of this study may have been to selective bias as 
we	 excluded	 patients	 who	 refused	 endovascular	 thrombectomy.	
Furthermore, stroke etiology was not separated for analysis in this 
study.

 
mRS (90 days) ≤2,
OR (95% CI) p AIC BIC

Model 1

Age 0.887 (0.772–1.020) .092 34.628 35.648

Preoperative	NIHSS 0.850 (0.693–1.044) .121

Recanalization	(mTICI	≥	2b) 6.052 (0.348–105.183) .217

Primary collateral grade 3.331 (0.781–14.204) .081

Model 2

Age 0.887 (0.780–1.008) .065 34.997 35.762

Recanalization	(mTICI	≥	2b) 8.385 (0.623–112.937) .109

Primary collateral grade 5.278 (1.318–21.131) .019

Note: In model 1 of the multivariable logistic regression analysis, the primary collateral grade was 
analyzed	along	with	age,	recanalization,	and	preoperative	NIHSS.
In model 2 of the multivariable logistic regression analysis, the primary collateral grade was ana‐
lyzed	along	with	age	and	recanalization	but	not	preoperative	NIHSS.

TA B L E  2   Multivariable logistic 
regression analysis of the association 
between PCG and favorable outcomes 
(mRS	≤	2	at	90	days),	adjusted	or	not	for	
NIHISS	scores
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5  | CONCLUSIONS

Primary collateral grades, categorized based on the integrity of 
Willis'	circle,	had	a	strong	power	to	predict	prognoses	in	AIS	patients	
with iICAO treated by EVMT, and favorable functional outcomes 
were more likely achieved in patients in whom both the AcoA and 
ipsilateral PcoA were preserved.

CONFLIC T OF INTERE S T

None declared.

DATA AVAIL ABILIT Y S TATEMENT

The data that support the findings of this study are available on re‐
quest from the corresponding author. The data are not publicly avail‐
able due to privacy or ethical restrictions.

ORCID

Hongchen Zhao  https://orcid.org/0000‐0002‐1310‐1172 

R E FE R E N C E S

Agarwal,	 S.,	 Bivard,	 A.,	Warburton,	 E.,	 Parsons,	M.,	 &	 Levi,	 C.	 (2018).	
Collateral response modulates the time‐penumbra relationship in 
proximal	arterial	occlusions.	Neurology, 90, e316–e322. https ://doi.
org/10.1212/WNL.00000 00000 004858

Alves,	H.	 C.,	 Treurniet,	 K.	M.,	Dutra,	 B.	G.,	 Jansen,	 I.	 G.	H.,	 Boers,	 A.	
M.	M.,	Santos,	E.	M.	M.,	….Majoie,	C.	B.	L.	M.	 (2018).	Associations	
between collateral status and thrombus characteristics and their im‐
pact in anterior circulation stroke. Stroke, 49, 391–396. https ://doi.
org/10.1161/STROK	EAHA.117.019509

Berkhemer,	O.	A.,	Fransen,	P.	S.,	Beumer,	D.,	van	den	Berg,	L.	A.,	Lingsma,	
H.	F.,	Yoo,	A.	J.,	…	Dippel,	D.	W.	J.	(2015).	A	randomized	trial	of	in‐
traarterial treatment for acute ischemic stroke‐MR CLEAN. The New 
England Journal of Medicine, 372, 11–20. https ://doi.org/10.1056/
NEJMo	a1411587

Berkhemer,	O.	A.,	 Jansen,	 I.	G.,	 Beumer,	D.,	 Fransen,	 P.	 S.	 S.,	 van	den	
Berg,	L.	A.,	Yoo,	A.	J.,	…	Stijnen,	T.	(2016).	Collateral	status	on	base‐
line computed tomographic angiography and intra‐arterial treatment 
effect	in	patients	with	proximal	anterior	circulation	stroke.	Stroke, 47, 
768–776.	https	://doi.org/10.1161/STROK	EAHA.115.011788

Bradac,	G.	B.,	Venturi,	F.,	Stura,	G.,	Coriasco,	M.,	Ventilii,	G.,	Garabello,	
D., & Bergui, M. (2017). Considerations about occlusion of the in‐
tracranial distal internal carotid artery. Clinical Neuroradiology, 27, 
169–174. https ://doi.org/10.1007/s00062‐015‐0480‐1

Chuang,	 Y.‐M.,	 Chan,	 L.,	 Lai,	 Y.‐J.,	 Kuo,	 K.‐H.,	 Chiou,	 Y.‐H.,	 Huang,	
L.‐W.,	…	Yeh,	Y.‐C.	 (2013).	Configuration	of	 the	circle	of	Willis	 is	
associated with less symptomatic intracerebral hemorrhage in 
ischemic stroke patients treated with intravenous thrombolysis. 
Journal of Critical Care, 28, 166–172. https ://doi.org/10.1016/j.
jcrc.2012.08.018

Fockaert,	N.,	Coninckx,	M.,	Heye,	S.,	Defreyne,	L.,	Brisbois,	D.,	Goffette,	
P.,	 …	 Lemmens,	 R.	 (2015).	 Mechanical	 endovascular	 thrombec‐
tomy for acute ischemic stroke: A retrospective multicenter study 
in Belgium. Acta Neurologica Belgica, 116(1), 7–14. https ://doi.
org/10.1007/s13760‐015‐0552‐7

Goyal,	M.,	Demchuk,	A.	M.,	Menon,	B.	K.,	Eesa,	M.,	Rempel,	J.	L.,	Thornton,	
J.,	…	Hill,	M.	D.	(2015).	Randomized	assessment	of	rapid	endovascu‐
lar	 treatment	of	 ischemic	stroke‐ESCAPE.	The New England Journal 
of Medicine, 372,	 1019–1030.	 https	://doi.org/10.1056/NEJMo	
a1414905

Han,	A.,	Yoon,	D.	Y.,	Chang,	S.	K.,	Lim,	K.	J.,	Cho,	B.‐M.,	Shin,	Y.	C.,	…	Kim,	
K. H. (2011). Accuracy of CT angiography in the assessment of the 
circle of Willis: Comparison of volume‐rendered images and digital 
subtraction angiography. Acta Radiologica, 52, 889–893. https ://doi.
org/10.1258/ar.2011.110223

Hong,	J.‐H.,	Sohn,	S.‐I.,	Kang,	J.,	Jang,	M.	U.,	Kim,	B.	J.,	Han,	M.‐K.,	…	Bae,	
H.‐J.	 (2016).	Endovascular	Treatment	in	patients	with	persistent	in‐
ternal carotid artery occlusion after intravenous tissue plasminogen 
activator: A clinical effectiveness study. Cerebrovascular Diseases, 42, 
387–394. https ://doi.org/10.1159/00044 7599

Jadhav,	A.	P.,	Diener,	H.‐C.,	Bonafe,	A.,	Pereira,	V.	M.,	Levy,	E.	I.,	Baxter,	
B.	W.,	…	Goyal,	M.	(2017).	Correlation	between	clinical	outcomes	and	
baseline	CT	and	CT	angiographic	findings	in	the	SWIFT	PRIME	trial.	
AJNR American Journal of Neuroradiology, 38, 2270–2276. https ://doi.
org/10.3174/ajnr.A5406 

Kim,	Y.	W.,	Kang,	D.	H.,	Hwang,	Y.	H.,	Park,	J.,	&	Kim,	Y.	S.	(2016).	Efficacy	
of	proximal	aspiration	thrombectomy	for	using	balloon‐tipped	guide	
catheter in acute intracranial internal carotid artery occlusion. 
Journal of Korean Neurosurgical Society, 59, 379–384. https ://doi.
org/10.3340/jkns.2016.59.4.379

Kwak,	J.	H.,	Zhao,	L.,	Kim,	J.	K.,	Park,	S.,	Lee,	D.‐G.,	Shim,	J.	H.,	…	Suh,	
D. C. (2014). The outcome and efficacy of recanalization in pa‐
tients with acute internal carotid artery occlusion. AJNR American 
Journal of Neuroradiology, 35, 747–753. https ://doi.org/10.3174/
ajnr.A3747 

Lee,	S.	U.,	Hong,	J.	M.,	Kim,	S.	Y.,	Bang,	O.	Y.,	Demchuk,	A.	M.,	&	Lee,	J.	S.	
(2016). Differentiating carotid terminus occlusions into two distinct 
populations based on Willisian collateral status. Journal of Stroke, 18, 
179–186. https ://doi.org/10.5853/jos.2015.01529 

Maus,	 V.,	 Kalkan,	 A.,	 Kabbasch,	 C.,	 Abdullayev,	 N.,	 Stetefeld,	 H.,	
Barnikol,	U.	B.,	…	Mpotsaris,	A.	(2017).	Mechanical	thrombectomy	
in basilar artery occlusion: Presence of bilateral posterior com‐
municating arteries is a predictor of favorable clinical outcome. 
Clinical Neuroradiology, 29(1), 153–160. https ://doi.org/10.1007/
s00062‐017‐0651‐3

Raymond,	 S.	 B.,	 &	 Schaefer,	 P.	 W.	 (2017).	 Imaging	 brain	 collaterals:	
Quantification, scoring, and potential significance. Topics in Magnetic 
Resonance Imaging, 26, 67–75. https ://doi.org/10.1097/RMR.00000 
00000 000123

Rusanen,	H.,	Saarinen,	J.	T.,	&	Sillanpaa,	N.	(2015).	Collateral	circulation	
predicts the size of the infarct core and the proportion of salvageable 
penumbra in hyperacute ischemic stroke patients treated with intra‐
venous thrombolysis. Cerebrovascular Disease, 40, 182–190. https ://
doi.org/10.1159/00043 9064

Saver,	J.	L.,	Goyal,	M.,	Bonafe,	A.,	Diener,	H.‐C.,	Levy,	E.	I.,	Pereira,	V.	M.,	
…	Jahan,	R.	(2015).	Stent‐retriever	thrombectomy	after	intravenous	
t‐PA	vs.	t‐PA	alone	in	stroke‐SWIFT	PRIME.	The New England Journal 
of Medicine, 372,	 2285–2295.	 https	://doi.org/10.1056/NEJMo	
a1415061

Silvestrini,	M.,	Altamura,	C.,	Cerqua,	R.,	Pedone,	C.,	Balucani,	C.,	Luzzi,	
S.,	…	Vernieri,	F.	(2011).	Early	activation	of	intracranial	collateral	ves‐
sels influences the outcome of spontaneous internal carotid artery 
dissection. Stroke, 42,	 139–143.	 https	://doi.org/10.1161/STROK	
EAHA.110.595843

Sundaram,	 S.,	 Kannoth,	 S.,	 Thomas,	 B.,	 Sarma,	 P.	 S.,	 &	 Sylaja,	 P.	 N.	
(2017). Collateral assessment by CT angiography as a predictor of 
outcome in symptomatic cervical internal carotid artery occlusion. 
AJNR American Journal of Neuroradiology, 38, 52–57. https ://doi.
org/10.3174/ajnr.A4957 

https://orcid.org/0000-0002-1310-1172
https://orcid.org/0000-0002-1310-1172
https://doi.org/10.1212/WNL.0000000000004858
https://doi.org/10.1212/WNL.0000000000004858
https://doi.org/10.1161/STROKEAHA.117.019509
https://doi.org/10.1161/STROKEAHA.117.019509
https://doi.org/10.1056/NEJMoa1411587
https://doi.org/10.1056/NEJMoa1411587
https://doi.org/10.1161/STROKEAHA.115.011788
https://doi.org/10.1007/s00062-015-0480-1
https://doi.org/10.1016/j.jcrc.2012.08.018
https://doi.org/10.1016/j.jcrc.2012.08.018
https://doi.org/10.1007/s13760-015-0552-7
https://doi.org/10.1007/s13760-015-0552-7
https://doi.org/10.1056/NEJMoa1414905
https://doi.org/10.1056/NEJMoa1414905
https://doi.org/10.1258/ar.2011.110223
https://doi.org/10.1258/ar.2011.110223
https://doi.org/10.1159/000447599
https://doi.org/10.3174/ajnr.A5406
https://doi.org/10.3174/ajnr.A5406
https://doi.org/10.3340/jkns.2016.59.4.379
https://doi.org/10.3340/jkns.2016.59.4.379
https://doi.org/10.3174/ajnr.A3747
https://doi.org/10.3174/ajnr.A3747
https://doi.org/10.5853/jos.2015.01529
https://doi.org/10.1007/s00062-017-0651-3
https://doi.org/10.1007/s00062-017-0651-3
https://doi.org/10.1097/RMR.0000000000000123
https://doi.org/10.1097/RMR.0000000000000123
https://doi.org/10.1159/000439064
https://doi.org/10.1159/000439064
https://doi.org/10.1056/NEJMoa1415061
https://doi.org/10.1056/NEJMoa1415061
https://doi.org/10.1161/STROKEAHA.110.595843
https://doi.org/10.1161/STROKEAHA.110.595843
https://doi.org/10.3174/ajnr.A4957
https://doi.org/10.3174/ajnr.A4957


     |  7 of 7ZHAO et Al.

Yeo,	 L.,	 Paliwal,	 P.,	 Teoh,	 H.	 L.,	 Seet,	 R.	 C.,	 Chan,	 B.	 P.,	 Ting,	 E.,	 …	
Sharma,	V.	K.	(2015).	Assessment	of	intracranial	collaterals	on	CT	
angiography in anterior circulation acute ischemic stroke. AJNR 
American Journal of Neuroradiology, 36, 289–294. https ://doi.
org/10.3174/ajnr.A4117 

Zhou,	 H.,	 Sun,	 J.,	 Ji,	 X.,	 Lin,	 J.,	 Tang,	 S.,	 Zeng,	 J.,	 &	 Fan,	 Y.‐H.	 (2016).	
Correlation between the integrity of the circle of Willis and the se‐
verity of initial noncardiac cerebral infarction and clinical prognosis. 
Medicine (Baltimore), 95, e2892. https ://doi.org/10.1097/MD.00000 
00000 002892

How to cite this article:	Zhao	H,	Wang	B,	Xu	G,	Dong	Y,	
Dong Q, Cao W. Collateral grade of the Willis' circle predicts 
outcomes of acute intracranial internal carotid artery 
occlusion before thrombectomy. Brain Behav. 2019;9:e01452. 
https ://doi.org/10.1002/brb3.1452

https://doi.org/10.3174/ajnr.A4117
https://doi.org/10.3174/ajnr.A4117
https://doi.org/10.1097/MD.0000000000002892
https://doi.org/10.1097/MD.0000000000002892
https://doi.org/10.1002/brb3.1452

