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Background. Successful mechanical thrombectomy (MT) requires reliable, noninvasive selection criteria. We aimed to investigate
the association of collateral status and clinical outcomes after MT in patients with ischemic stroke due to anterior circulation
occlusion. Methods. 109 patients with poor collaterals and 110 aged, sex-matched patients with good collaterals were enrolled in
the study. Collateral circulation was estimated by the CTangiography with a 0–3 scale.-e collateral status was categorized as poor
collaterals (scores 0–1) and good collaterals (scores 2-3). -e reperfusion was assessed by the modified Treatment in Cerebral
Infarction scale (mTICI, score 0/1/2a/2b/3). -e clinical outcomes included the scores on the modified Rankin scale (mRS,
ranging from 0 to 6) and death 90 days after mechanical thrombectomy. Results. Patients with greater scores of collateral status
were more likely to achieve successful reperfusion (mTICI 2b/3). Patients with good collaterals were significantly associated with a
higher chance of achieving mRS of 0–1 at 90 days (adjusted ORs: 4.55; 95% CI: 3.17–7.24; and P< 0.001) and a lower risk of death
at 90 days (adjusted ORs: 0.87; 95% CI: 4.0%–28.0%; and P � 0.012) compared to patients with poor collaterals. In subgroup
analyses, patients with statin use seem to benefit more from the effect of collateral status on good mRS (≤2). Conclusion. Among
patients with acute ischemic stroke caused by anterior circulation occlusion, better collateral status is associated with higher scores
on mRS and lower mortality after mechanical thrombectomy. Statin use might have an interaction with the effect of
collateral status.

1. Introduction

Over the past decades, the stroke burden has increased in
China, and ischemic stroke accounted for 69.6% of incident
strokes and 77.8% of prevalent strokes in 2013 [1]. Stroke is
one of the leading causes of death [2], and the mortality rates
at 3, 6, and 12months after stroke are 11.3%, 14.4%, and
17.8% in women and 7.6%, 9.7%, and 12.3% in men, re-
spectively [3]. Besides, patients after ischemic stroke often
have impaired quality of life and functional capacity [4].
Mechanical thrombectomy (MT) has been consistently
demonstrated to be an effective treatment for patients after
ischemic stroke of anterior circulation occlusion in pro-
spective randomized trials [5–7].-e data from another large-
scale trial extended the time window after stroke from 6 to 8
hours [8]. In addition, patients after anterior circulation
occlusion could also benefit from MT within 6–16 hours [9]

and 6–24 hours [10] after strict imaging screening, well be-
yond the time window of 6 hours. -e abovementioned
evidence suggests that other factors may contribute to the
clinical outcome of patients after anterior circulation
occlusion in MT besides the time window.

-e brain’s collateral circulation is defined as the arterial
anastomotic pathways that are capable of providing nutrient
perfusion to an impaired brain region when blood flow has
become compromised by disease [11]. -e Willis circle, one
of the most essential components of the cerebral collateral
circulation, may have substantial variability in the size and
degree of completeness in normal individuals [12]. Previous
studies indicated that the status of cerebral collateral cir-
culation, whether estimated by digital subtraction angiog-
raphy (DSA) [13] or CT angiography (CTA) [14, 15], is
significantly associated with functional outcomes in patients
treated with MT. Good collateral circulation can sustain
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ischemic penumbra until reperfusion occurs, preventing the
growth of cerebral infarction [16]. However, previous
studies on the association of collateral flow and clinical
outcomes showed inconsistent results. In a study of 1412
patients with anterior circulation occlusion treated by
endovascular therapy, good collateral status was associated
with good functional independence and low mortality [17].
Another study also showed that better collaterals were as-
sociated with a greater likelihood of successful reperfusion
(P � 0.019) [18]. In contrast, a previous retrospective study
did not find a significant association between collateral
status (odds ratio: 1.681 and 95% confidence intervals:
0.683–4.140) and successful reperfusion [19].

In this study, we aimed to determine whether me-
chanical thrombectomy would be associated with successful
reperfusion, functional outcomes, and death in patients who
had large-vessel occlusion in the anterior circulation. We
further investigated the factors which modified the effect of
mechanical thrombectomy on clinical outcomes.

2. Methods

2.1. Study Population. -is study was a prospective, ob-
servational study, and we recruited patients aged ≥18 years
from January 2015 to December 2018. -e inclusion criteria
for patients were as follows: patients who had an acute is-
chemic stroke due to large-vessel occlusion in the anterior
circulation, as confirmed by computed tomographic angi-
ography (CTA) and a score of 1 or less on the modified
Rankin scale (ranging from 0 to 6) if they had previously had
a stroke. Patients with the following conditions were ex-
cluded: a disability before the ischemic stroke; and severe
concomitant diseases that may affect the outcomes. Our
hospital performed at least 60 mechanical thrombectomy
procedures every year, and every mechanical thrombectomy
in this study was performed by trained and experienced
neurologists according to the guidelines from the American
Heart Association/American Stroke Association [20]. Fi-
nally, 109 patients in the poor collateral group and 110 aged,
sex-matched patients in the good collateral group were
enrolled in the study. We continuously included patients
with anterior circulation occlusion in our hospital, and then
the patients were categorized into two groups based on a
similar proportion of age and sex. Finally, the two groups of
patients were matched by age and sex. Written informed
consent was obtained from all the participants before data
collection. -e study protocol was approved by the medical
ethics committee.

2.2. Clinical Data Collection and Imaging Assessment. -e
trained healthcare providers collected the clinical data on a
standardized form in face-to-face interviews with patients
and their family members. -e data included age, sex,
history of diseases, medication use, systolic blood pressure
(SBP) and glucose at hospital arrival, time from stroke onset
to intravenous alteplase, time from stroke onset to groin
puncture, time from stroke onset to revascularization, and
location of intracranial artery occlusion. -e neurologic

deficit was estimated by a score on the National Institutes of
Health Stroke Scale (NIHSS, ranging from 0 to 42), with
higher scores suggesting more severe deficits.

-e evaluation of all CTA data was accomplished by two
experienced and trained neuroradiologists, and a third
reader would solve the discrepancies between the two
readers. Collateral circulation was estimated by the CTA
with a 0–3 scale: 0 for absent collateral circulation, 1 for
collateral supply filling >0% and ≤50% of the occluded
territory, 2 for collateral supply filling >50% and <100% of
the occluded territory, and 3 for collateral supply filling
100% of the occluded territory [21]. -e collateral status was
categorized as poor collaterals (scores 0–1) and good col-
laterals (scores 2–3). -e reperfusion after mechanical
thrombectomy was assessed by the modified Treatment in
Cerebral Infarction scale (mTICI, score 0/1/2a/2b/3), and
the mTICI 0/1/2a was defined as unsuccessful reperfusion,
the mTICI 2b/3 as successful reperfusion [22].

2.3. Clinical Outcomes. Experienced neurologists conducted
the follow-up interviews to evaluate clinical outcomes at 90
days by face-to-face visits or telephone with the patient or
family member. -e clinical outcomes included the scores
on the modified Rankin scale (mRS) and death 90 days after
mechanical thrombectomy. -e scores on the mRS ranged
from 0 to 6, with 0 suggesting no symptoms at all; 1, no
significant disability; 2, slight disability; 3, moderate dis-
ability; 4, moderately severe disability; 5, severe disability;
and 6, death [23]. Functional independence was defined as
good mRS (≤2).

2.4. Statistical Analysis. All the analyses were performed
between two groups: poor collaterals and good collaterals.
Continuous variables were presented as mean± SD, or
median (interquartile range, IQR), and compared by the
Student’s t-test or nonparametric test. Categorical variables
were expressed as n (%), and compared by the Chi-square
test. -e degree of reperfusion and the distribution of scores
on mRS were analyzed between the poor collateral group
and the good collateral group. Odds ratios (ORs) and 95%
confidence intervals (95%CIs) were used to estimate the
effect of collateral status on the scores of mRS (0–1 versus
2–6; 0–2 versus 3–6; 0–3 versus 4–6; and 0–4 versus 5–6) and
mortality at 90 days by logistic regression analysis, with
adjustment for potential confounding factors. We further
analyze the effect of collateral status on good mRS (≤2) by
subgroups, including age, history of ischemic stroke, statin
use, SBP and NIHSS at hospital arrival, and location of
intracranial artery occlusion. A two-tailed value of P< 0.05
was considered statistically significant. Figures were drawn
using GraphPad Prism 6.0. All the analyses were performed
by SPSS Statistics 21.0 (IBM SPSS, Armonk, NY).

3. Results

A total of 219 patients were enrolled in the study, including
109 patients in the poor collateral group and 110 in the good
collateral group. -e mean± SD age of 219 patients was
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67.7± 8.5 years, and 53.9% (118) of them were male. -e
clinical characteristics of patients by collateral status are
shown in Table 1. Age and sex were comparable in these two
groups. Compared with the poor collateral group, patients
with good collaterals were likely to have a lower prevalence
of hypertension, diabetes, ischemic stroke, higher rates of
statin use, and lower SBP levels and NIHSS at hospital
arrival. Besides, patients with good collaterals seem to have
better clinical outcomes, including higher rates of good mRS
(≤2) and reduced mortality at 90 days, compared to indi-
viduals with poor collaterals. No significant differences were
found in history of atrial fibrillation, antiplatelet medication
use, anticoagulant drug use, glucose at hospital arrival, time
from stroke onset to intravenous alteplase, time from stroke
onset to groin puncture, and time from stroke onset to
revascularization between the two groups (Table 1).

-e degree of reperfusion stratified by collateral status is
illustrated in Figure 1. Individuals with greater scores of
collateral status more frequently achieved successful
reperfusion (mTICI 2b/3). Among the patients with the
poorest collateral status (0 score), successful reperfusion
(mTICI 2b/3) was achieved in 67% of patients, whereas it
was observed in 72% of patients with a collateral status of 1
score, 75% of patients with a collateral status of 2 scores, and
82% of patients with a collateral status of 3 scores (P< 0.001).

Figure 2 shows the scores on the modified Rankin scale
(mRS) for the subjects in the two groups. Of patients with
poor collaterals, 47.7% were functionally independent (mRS
≤2) at 90 days, whereas 58.1% of patients with good col-
laterals were functionally independent. Individuals in the
poor collateral group had a higher mortality than patients in
the good collateral group at 90 days (26.6% versus 20.0%).
Briefly, patients with good collaterals seem to have a better
functional outcome compared to patients with poor
collaterals.

We found a significant modification effect of collateral
status on the clinical outcomes including both mRS and
mortality at 90 days, adjusted for age, history of diseases,
medication use, SBP at hospital arrival, location of intra-
cranial artery occlusion, and the NIHSS at hospital arrival
(Table 2). As illustrated in Table 2, patients with good
collaterals had a 355% (95% CI: 217%–624%) absolute in-
crease in the chance of achieving mRS of 0–1 at 90 days
compared to patients with poor collaterals (adjusted ORs:
4.55; 95% CI: 3.17–7.24; and P< 0.001). Mortality at 90 days
was 26.6% in the poor collateral group and 20.0% in the good
collateral group. Compared to patients with poor collaterals,
the absolute decrease of risk for death was 13.0% (95% CI:
4.0%–28.0%; adjusted ORs: 0.87; and P � 0.012) in patients
with good collaterals.

In Table 3, we further performed the subgroup analysis
in the effect of collateral status on good mRS (≤2). No
significant differences in the effect of collateral status were
detected across the subgroups of age, SBP, and NIHSS at
hospital arrival, and location of intracranial artery occlusion.
Of interest, patients with a history of ischemic stroke and
statin use seem to benefit more from the effect of collateral
status on good mRS. However, the small sample size may
reduce the power of these subgroup analyses.

4. Discussion

In patients with acute ischemic stroke caused by anterior
circulation occlusion who were eligible for treatment with
mechanical thrombectomy, better collateral status led to
improved clinical outcomes, including the scores on the
mRS and mortality. Besides, patients with greater scores of
collateral status were more likely to achieve successful
reperfusion (mTICI 2b/3). In subgroup analyses, we
found that history of ischemic stroke and statin use may
have contributed to the effect of collateral status on good
mRS.

Previous studies have demonstrated the importance of
collateral status as a predictive factor on clinical outcomes in
patients with ischemic stroke. In a post hoc analysis of the
Interventional Management of Stroke (IMS) III trial,
maximal benefit was seen in patients with intermediate
collateral status and none in patients with poor collateral
status assessed by the CTA [24]. In a meta-analysis of 34
studies enrolling 5768 patients, good collateral status was
independently associated with successful reperfusion and
functional independence (RR: 1.93 and 95%CI: 1.64–2.27)
[25]. Others paid attention to the interaction of reperfusion
and collateral status, and a previous study indicated that the
effect of reperfusion on clinical outcome could be different
depending on collateral status [26]. However, other studies
showed opposite results. After a mean follow-up period of
5.2 months, no significant association was found between
collateral status (OR: 1.681 and 95% CI: 0.683–4.140) and
successful reperfusion in an observational study [19]. -e
data of our study supported that, in patients with ischemic
stroke after mechanical thrombectomy, the pretreatment
collateral status was associated with successful reperfusion
and improved clinical outcomes.

A convincing hypothesis is that good collateral status
sustains ischemic penumbra until reperfusion occurs, pre-
venting the growth of cerebral infarction [16]. In accordance
with the above finding, growth of cerebral infarction was
found in individuals with poor collateral status [27]. In
addition, patients with poor collateral status had almost 3
times higher rates of symptomatic intracerebral hemorrhage
(sICH) compared to those with good collateral status [28].

Other factors were reported to affect the association of
collateral status and clinical outcomes. In the data of the
SOLITAIRE FR with the intention for thrombectomy
(SWIFT) trial, the status of collateral circulation was
strongly affected by the time from stroke onset to hospital
arrival, with a mean time of 54± 16min in grade 4 of col-
lateral status and 232± 84min in grade 0–1 [29]. Another
study including 209 patients also showed the results that
delayed collateral recruitment seemed to be different from
early recruitment and may result in worse outcomes [30]. In
our study, we found that there were interactions between
previous ischemic stroke and statin use with collateral status
on functional outcomes in subgroup analyses, whereas the
effects of better collateral status on improved scores of mRS
persisted in different ages, SBP and NIHSS at hospital ar-
rival, and location of intracranial artery occlusion
subgroups.
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Animal studies have elucidated the major role of genetic
variants in the number and diameter of collateral status and
the degree of collateral remodeling. -e extent of pial col-
lateral in the brain varies over a 50-fold variation among
different inbred mouse strains [31]. Dce1, a 737-Kb region,
was identified to account for over 80% of the discrepancy in
collateral status and the size of cerebral infarction after
permanent ischemia among the C57BL/6 strain [32]. Be-
sides, endothelial nitric oxide synthase has been implicated
to play a role in forming native collateral and in collateral
remodeling [33].

Due to the favorable clinical outcome in patients with
better collateral status, attention has been paid to the ad-
junctive therapeutic augmentation of collateral circulation
that might be beneficial for patients with ischemic stroke. A
preclinical study found that mild hypertension induced by

pharmacy could augment pial collateral flow, which led to
improved blood flow and oxygen metabolism in the is-
chemic core and penumbra [34]. Besides, a study in mice
indicated that statin, a cholesterol-lowering drug, upregu-
lated the expression and activity of endothelial nitric oxide
(NO) and augmented cerebral blood flow, preventing ce-
rebral infarction and improving neurological function [35].
A subsequent clinical study supported that premorbid use of
statins was significantly associated with excellent collateral
status (OR: 7.841 and 95% CI: 1.96–31.363) [36]. -e
abovementioned association was consistent with the finding
of our study, indicating that statin use may contribute to the
effect of collateral status on good mRS.

-e study has several limitations. First, due to a lack of
standardization of collateral status as assessed by the CTA,
we could not avoid subjective bias when the data of the CTA

Table 1: Characteristics of patients by collateral status.

Variables Poor collaterals (n� 109) Good collaterals (n� 110) P value
Age, mean± SD (yrs) 68.1± 10.7 67.2± 7.4 0.240
Male, n (%) 57 (52.3) 61 (55.5) 0.171
History of diseases, n (%)
Hypertension 79 (72.5) 72 (65.5) 0.025
Diabetes 37 (33.9) 27 (24.5) 0.001
Atrial fibrillation 39 (35.8) 32 (29.1) 0.076
Ischemic stroke 21 (19.3) 13 (11.8) 0.005
Medication use, n (%)
Statin 63 (57.8) 75 (68.2) 0.001
Antiplatelet 57 (52.3) 65 (59.1) 0.112
Anticoagulant 27 (24.8) 20 (18.2) 0.075
SBP at hospital arrival, median (IQR) (mmHg) 150.9 (25.2) 144.0 (25.1) <0.001
Glucose at hospital arrival, median (IQR) (mmol/L) 7.5 (5.0–10.2) 7.0 (5.4–8.7) 0.231
Time from stroke onset to intravenous alteplase, median (IQR) (min) 125 (82–167) 117 (74–152) 0.354
Time from stroke onset to groin puncture, median (IQR) (min) 245 (205–289) 258 (25–309) 0.245
Time from stroke onset to revascularization, median (IQR) (min) 321 (271–376) 340 (277–387) 0.192
Location of intracranial artery occlusion, n (%) <0.001
Intracranial ICA 39 (35.8) 34 (30.9)
M1 segment 58 (53.2) 65 (59.1)
M2 segment 12 (11.0) 11 (10.0)
NIHSS at hospital arrival, median (IQR) 20 (16–24) 16 (13–20) 0.001
Good mRS (≤2) at 90 days, n (%) 52 (47.7) 64 (58.2) <0.001
Mortality at 90 days, n (%) 29 (26.6) 22 (20.0) 0.003
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Figure 1: Degree of reperfusion stratified by collateral status (0, 1, 2, 3). -e mTICI 0/1/2a was defined as unsuccessful reperfusion, and the
mTICI 2b/3 as successful reperfusion.
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was judged by two neurologists. However, a third reader
might help solve the difference between these two neurol-
ogists. Second, the interaction of history of ischemic stroke
and statin use with collateral status must be interpreted with
caution due to the small sample size. -e third limitation is
the observational design of our study; thus, randomized

clinical trials are needed to demonstrate the causal relation
between collateral status and clinical outcomes. However, as
far as we know, there is no large clinical trial to verify the
relationship. In the future, we believe that randomized
clinical trials will demonstrate the causal relation of col-
lateral status with mRS and death.

Table 2: Association of collateral status and clinical outcomes.

Clinical outcomes Poor collaterals (n� 109) Good collaterals (n� 110) Adjusted ORs (95%CI) P value
mRS at 90 days, n (%)
0–1 28 (25.7) 38 (34.5) 4.55 (3.17 to 7.24) <0.001
0–2 52 (47.7) 64 (58.1) 4.28 (3.02 to 6.57) <0.001
0–3 62 (56.9) 73 (66.3) 3.65 (2.15 to 6.03) <0.001
0–4 72 (66.1) 81 (73.6) 2.10 (1.25 to 4.37) 0.001
Death at 90 days, n (%) 29 (26.6) 22 (20.0) 0.87 (0.72 to 0.96) 0.012
Odds ratios (ORs) were adjusted for age, history of diseases, medication use, SBP at hospital arrival, location of intracranial artery occlusion, and the NIHSS at
hospital arrival.

Table 3: Subgroup analysis of the effect of collateral status on good mRS (≤2).

Subgroup Number of patients ORs (95%CI) P value for interaction
Age (yrs) 0.192
<65 yr 81 4.69 (3.18 to 7.80)
≥65 yr 138 3.95 (2.94 to 6.75)
History of ischemic stroke 0.002
Yes 34 7.81 (2.34, 19.21)
No 185 3.47 (2.88, 5.47)
Statin use 0.021
Yes 138 4.77 (3.78, 7.01)
No 81 3.42 (1.99, 7.51)
SBP at hospital arrival 0.85
<140mmHg 68 4.02 (1.94, 7.04)
≥140mmHg 151 3.98 (2.37, 6.96)
NIHSS at hospital arrival 0.174
5–15 71 3.57 (1.78, 6.47)
≥16 148 3.94 (2.14, 5.17)
Location of intracranial artery occlusion 0.090
Intracranial ICA 73 3.94 (1.85, 7.02)
M1 segment 123 4.01 (2.57, 6.11)
M2 segment 23 9.51 (1.04, 19.17)
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Figure 2: Distribution of functional outcomes at 90 days (poor collaterals versus good collaterals). Functional outcomes were estimated by
the scores on the modified Rankin scale ranging from 0 to 6.
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In conclusion, among patients with acute ischemic
stroke caused by the anterior circulation occlusion, good
collateral status is associated with greater reperfusion, higher
scores on mRS, and lower mortality after mechanical
thrombectomy.

Data Availability

-e analysed data sets generated during the study are
available from the corresponding author on reasonable
request.
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