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Purpose: To investigate the value of dual-phase head-and-neck computed 
tomography angiography (CTA) in assessing advantages and risks associated 
with mechanical thrombectomy for stroke with a large ischemic region in the 
anterior circulation within 6  h of onset.

Methods: We retrospectively analyzed the data of patients with acute occlusion 
of the internal carotid artery or middle cerebral artery-M1 segment. Baseline 
dual-phase CTA was performed for collateral grading using the 4-point visual 
collateral score (0, 0% filling; 1, >0% and ≤50% filling; 2, >50 and <100% filling; 
3, 100% filling). The rates of modified Rankin score (MRS)  ≤  3 at 90  days, any 
intracranial hemorrhage (ICH) within 48  h, malignant cerebral edema within 
24  h, and all-cause 90-day mortality were analyzed.

Results: Among the 69 study patients, 15, 26, 17, and 11 patients had collateral 
grades of 0, 1, 2, and 3, respectively. At 90  days, the MRS was ≤3 in 0, 8.33, 29.41, 
and 36.36% of patients with grades 0, 1, 2, and 3, respectively. ICH incidence was 
73.33, 57.69, 29.41, and 18.18% for grades 0, 1, 2, and 3, respectively, while the 
incidence of malignant brain edema was 100, 76.92, 35.29, and 0%, respectively. 
All-cause 90-day mortality was 53.33% for grade 0 and 30.77% for grade 1; no 
deaths occurred at grades 2 and 3.

Conclusion: Collateral grading based on dual-phase CTA enables simple and 
rapid preoperative evaluation prior to mechanical thrombectomy for acute 
anterior-circulation stroke with a large ischemic focus, particularly for patients 
presenting within the 6-h time window.
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Introduction

Advances in equipment and operative techniques have led to 
recanalization rates exceeding 80% after mechanical thrombectomy 
for the treatment of acute anterior-circulation large-vessel occlusion 
(1, 2). Nonetheless, even when the target vessel is successfully opened 
within the 6-h time window, the rate of favorable prognosis (defined 
as functional independence within 90 days after the operation) 
remains around 40–50% (2). This poor outcome may stem from 
multiple factors, with the primary contributor being intracranial 
large-vessel occlusion with poor collateral circulation. For these 
patients, the large ischemic area following intracranial target-vessel 
occlusion rapidly progresses to infarction, rendering intravascular 
therapy ineffective and potentially increasing treatment-related 
damage (3). Recent trials have demonstrated that patients with 
extensive cerebral infarctions experience improved functional 
outcomes with endovascular therapy compared with medical care 
alone, but they also experience more intracranial hemorrhages (ICHs) 
and other complications (4–6). Consequently, the early and rapid 
identification and prognostic evaluation of stroke patients with a large 
ischemic region are of utmost importance. Given the time-dependent 
changes in density on non-contrast computed tomography (NCCT) 
following cerebral ischemia and infarction, the Alberta Stroke 
Program Early Computed Tomography Score (ASPECTS) based on 
NCCT presents limitations for ultra-early infarct evaluation. The 
sensitivity of computed tomography angiography source images 
(CTA-SI) for detecting infarct foci is significantly higher than that of 
NCCT (7, 8), though single-phase CTA alone is insufficient for both 
primary occlusion detection and collateral capacity estimation (9–11).

Therefore, the objective of this study was to determine the value 
of dual-phase head-and-neck CTA in assessing the advantages and 
risks associated with mechanical thrombectomy for stroke patients 
who have a large ischemic region in the anterior circulation and 
present within 6 h of onset.

Methods

Selection criteria

We retrospectively analyzed the imaging and clinical data of 
patients with large-vessel occlusion involving the anterior circulation 
who underwent emergency interventional thrombectomy at the 
Affiliated Yiwu Hospital of Wenzhou Medical University, between 
January 1, 2020 and January 1, 2023.

Patients were eligible for inclusion in this study if they satisfied the 
following criteria: (1) patients aged 18 years or older; (2) patients with 
acute ischemic stroke and a score of at least 6 on the National Institutes 
of Health Stroke Scale (NIHSS) at admission (NIHSS scores range 
from 0 to 42, with higher scores indicating greater neurologic deficit); 
(3) patients with a score of 0 or 1 on the modified Rankin scale (mRS) 
before the onset of stroke (mRS scores range from 0 to 6, with 0 
indicating no disability, 1 indicating no clinically significant disability, 
2 indicating slight disability, 3 indicating moderate disability but able 
to walk unassisted, 4 indicating moderately severe disability, 5 
indicating severe disability, and 6 indicating death); (4) patients with 
an occlusion of the distal internal carotid artery (ICA) or M1 segment 
of the middle cerebral artery (MCA-M1); and (5) patients with a 

baseline CTA-SI ASPECTS <6 (if thrombectomy was performed with 
strategies such as stent retriever, contact aspiration, or combined 
contact aspiration and stent retriever; if femoral-artery puncture was 
performed within 6 h after stroke onset; if endovascular therapy could 
be initiated within 60 min after imaging examination; if the time from 
femoral-artery puncture to vessel recanalization was less than 120 min; 
and if the modified Thrombolysis in Cerebral Ischemia (mTICI) score 
reached 3 for the anterior circulation after thrombectomy).

Patients were excluded if they had a baseline CTA-SI ASPECTS 
≥6; underwent femoral-artery puncture at least 6 h after stroke onset; 
underwent endovascular therapy at least 60 min after the imaging 
examination; had a time from femoral-artery puncture to vessel 
recanalization of 120 min or more; or their mTICI score did not reach 
3 for the anterior circulation after thrombectomy. The study was 
approved by the ethics committee of the Affiliated Yiwu Hospital of 
Wenzhou Medical University.

Assessment of collateral status

Two neuroradiologists, each with over 5 years of experience, were 
blinded to the clinical findings and independently evaluated the status 
of the collateral circulation. In case of any discrepancy between the 
readers, a third senior neuroradiologist, with over 10 years of 
experience, was consulted to reach a consensus. The collateral 
circulation was graded by comparing the dual-phase CTA-SI by using 
the 4-point visual collateral score (12). Initially, the ischemic range 
following target-vessel occlusion was identified using the CTA-SI in 
the early arterial phase. Subsequently, the collateral-circulation status 
was categorized based on the degree of collateral filling in the same 
slice of the CTA-SI during the delayed phase (Figure 1). The collateral 
circulation was graded as follows: grade 0, absent collaterals (0% filling 
of the occluded vascular territory, Figures  1M–P); grade 1, poor 
collaterals (>0% and ≤50% filling of the occluded vascular territory, 
Figures 1I–L); grade 2, moderate collaterals (>50 and <100% filling of 
the occluded vascular territory, Figures 1E–H); and grade 3, good 
collaterals (100% filling of the occluded vascular territory, 
Figures 1A–D). All available slices were utilized to assess the collateral 
status of the target vessel. If different slices demonstrated varying 
collateral capacities, the average collateral score across all slices 
was calculated.

Clinical and imaging parameters

The following baseline data of the patients were collected: age, sex, 
history of hypertension, history of diabetes mellitus, history of atrial 
fibrillation, clinical localization, NIHSS score, occlusion site, CTA-SI 
ASPECTS, bridging venous thrombolysis, imaging to femoral-artery 
puncture time, and puncture to vascular recanalization time. The mRS 
was employed for outcome analysis, and mRS ≤ 3 at 90 days was 
considered a favorable outcome. The primary safety outcome was any 
ICH within 48 h after target vessel recanalization. Other safety 
outcomes included all-cause 90-day mortality and malignant cerebral 
edema (defined as brain edema with a significant space-occupying 
effect leading to progressive neurological deterioration, evolving into 
a malignant state of brain hernia or death, and requiring decompressive 
craniectomy within 24 h).
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Image acquisition

NCCT and CTA scans were acquired using a standardized 
protocol on the same multi-section scanner (Optima CT680, 64-slice; 
General Electric Healthcare, Milwaukee, WI, United States). Axial CT 
scans were initially obtained for all patients at 120 kV and 60 mA, with 

5-mm-thin sections. CTA was subsequently performed, with scanning 
from the aortic arch to the vertex using a helical scan technique. The 
CTA acquisitions were obtained after a single intravenous bolus of 
90–120 mL of nonionic contrast medium into an antecubital vein at a 
rate of 3–5 mL/s. Arterial-phase (first-phase) imaging was auto-
triggered upon the appearance of contrast medium in the ascending 

FIGURE 1

Collateral circulation grading for each category of the 4-point scale. (A–D) Grade 3 (100% filling of the occluded territory). A case of left middle 
cerebral artery occlusion 4  h after onset: preoperative NCCT (A); arterial phase of the CTA source image (B); delayed phase of the CTA source image 
(C); and NCCT (D) 24  h after the operation. (E–H) Grade 2 (>50 and  <  100% filling of the occluded territory). A case of left middle cerebral artery 
occlusion 4  h after onset: preoperative NCCT (E); arterial phase of the CTA source image (F); delayed phase of the CTA source image (G); and NCCT 
(H) 24  h after the operation. (I–L) Grade 1 (>0% and  ≤  50% filling of the occluded territory). A case of terminal occlusion of the right internal carotid 
artery 2  h after onset: preoperative NCCT (I); arterial phase of the CTA source image (J); delayed phase of the CTA source image (K); and NCCT (L) 8  h 
after the operation. (M–P) Grade 0 (0% filling of the occluded territory). A case of right internal carotid artery occlusion 1  h after onset: preoperative 
NCCT (M); arterial phase of the CTA source image (N); delayed phase of the CTA source image (O); and NCCT (P) 6  h after the operation.
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aorta (at 120 HU), followed by delayed-phase imaging immediately 
after the completion of the first scan. The CTA-SI were reconstructed 
in the axial plane with 0.625-mm thickness and 0.625-mm intervals 
as well as with 5-mm thickness and 5-mm intervals. The latter 
reconstruction was used to evaluate the collateral circulation.

Statistical analysis

Statistical analysis was conducted using SPSS version 26.0 software 
(IBM SPSS Inc., Chicago, IL, United States). Continuous variables 
were represented as means with standard deviations (SDs), while 
categorical data were presented as counts and percentages. One-way 
analysis of variance and the Pearson chi-squared test were employed 
to compare measurement data and categorical data, respectively, 
among multiple groups, and statistically significant differences were 
indicated by p values of <0.05. Between-group comparisons of clinical 
and safety outcomes were made using the Fisher exact probability test 
or Pearson chi-squared test with subsequent Bonferroni correction, 
and a corrected p value of < 0.05 after the Bonferroni adjustment was 
considered statistically significant.

Results

A total of 69 patients with anterior-circulation intracranial large-
vessel occlusion were included in this study. The distribution of the 
collateral-circulation status was as follows (Table 1): grade 0 (21.7%, 
n = 15), grade 1 (37.7%, n = 26), grade 2 (24.6%, n = 17), and grade 3 
(15.9%, n = 11). The baseline characteristics (Table  1) were evenly 
distributed across the 4 collateral-circulation grade groups, except for 
trends in age (p = 0.004), sex (p = 0.012), history of hypertension 
(p = 0.020), baseline NIHSS score (p = 0.011), and occlusion site (p = 0.001).

The rates of favorable outcomes (mRS ≤ 3) at 90 days were 0, 8.33, 
29.41, and 36.36% in the grade 0, 1, 2, and 3 groups, respectively 
(Table 2). Although the rate of favorable outcomes increased with 
increasing collateral-circulation grade, no statistically significant 

differences were found between the 4 grades (p > 0.05/6 = 0.0083; 
Table 2; Figure 2).

The incidence of any ICH within 48 h was 73.33, 57.69, 29.41, and 
18.18% in the grade 0, 1, 2, and 3 groups, respectively (Table  2). 
Despite the decrease in the incidence of any ICH with increasing 
collateral-circulation grade, no statistically significant differences were 
found between the grades (p > 0.05/6 = 0.0083; Table 2; Figure 2).

The incidence of malignant brain edema within 24 h was 100, 76.92, 
35.29, and 0% in the grade 0, 1, 2, and 3 groups, respectively (Table 2). 
The incidence of malignant brain edema was significantly lower for 
grades 2 and 3 than for grades 0 and 1, respectively (p < 0.05/6 = 0.0083; 
Table 2). No significant differences were found between grades 0 and 1 
as well as between grades 3 and 4 (p > 0.05/6 = 0.0083; Table 2; Figure 2).

The all-cause 90-day mortality rate was 53.33% in the grade 0 group 
and 30.77% in the grade 1 group; no deaths occurred within 90 days in 
the grade 2 and 3 groups (Table 2). The all-cause 90-day mortality was 
significantly lower for grades 2 and 3 than for grade 0, respectively 
(p < 0.05/6 = 0.0083; Table 2). No statistically significant differences were 
found between the other groups (p > 0.05/6 = 0.0083; Table 2; Figure 2).

Discussion

Among stroke patients who present within the 6-h routine time 
window, the presence of a large ischemic area is an important factor 
that can reduce the rate of good prognosis after mechanical 
thrombectomy. Hence, the ultra-rapid identification and evaluation of 
stroke patients with a large ischemic region and the estimation of the 
safety and prognosis of thrombectomy in these patients have crucial 
clinical implications. With the integration of artificial intelligence (AI) 
and imaging technology, some automated processing software, such 
as RAPID® (Rapid Processing of Perfusion and Diffusion), can 
accurately measure the infarct core and penumbra based on CT 
perfusion imaging or magnetic resonance−diffusion-weighted 
imaging (13). However, current diagnostic and treatment guidelines 
do not recommend overly complex imaging examinations for patients 
with intracranial large-vessel occlusion who present within 6 h of 

TABLE 1 Clinical and imaging characteristics at the baseline.

Variable Grade 0 (n  =  15) Grade 1 (n  =  26) Grade 2 (n  =  17) Grade 3 (n  =  11) F/χ2 p

Age (y) 72.21 ± 10.14 65.32 ± 7.83 71.32 ± 10.31 59.32 ± 12.83 4.933 0.004

Male sex [n (%)] 11 (73.33) 9 (34.62) 12 (70.59) 3 (27.27) 10.871 0.012

History of hypertension [n (%)] 11 (73.33) 12 (46.15) 15 (88.24) 5 (45.45) 9.863 0.020

History of diabetes mellitus [n (%)] 8 (53.33) 17 (65.38) 11 (64.71) 7 (63.64) 0.669 0.880

Atrial fibrillation [n (%)] 10 (66.67) 18 (69.23) 12 (70.59) 5 (45.45) 2.309 0.511

Clinical localization: left hemisphere [n (%)] 10 (66.67) 16 (61.54) 13 (76.47) 6 (54.55) 1.670 0.644

Baseline NIHSS score 24.13 ± 3.52 21.83 ± 2.89 19.83 ± 4.61 21.79 ± 2.58 4.048 0.011

Occlusion site: ICA-T [n (%)] 12 (80) 18 (69.23) 5 (29.41) 2 (18.18) 16.306 0.001

CTA-SI ASPECTS 3.38 ± 0.83 3.21 ± 0.56 3.37 ± 1.07 3.21 ± 0.92 0.228 0.877

Treatment with IV alteplase [n (%)] 11 (73.33) 19 (73.08) 12 (70.59) 8 (72.73) 0.201 1.000

IPT 38.46 ± 9.01 40.46 ± 6.37 35.67 ± 10.02 35.29 ± 9.36 1.560 0. 208

PRT 58.23 ± 16.32 65.17 ± 19.76 61.23 ± 22.87 75.63 ± 21.08 1.766 0.162

NIHSS, National Institutes of Health Stroke Scale; ICA-T, internal carotid artery terminus; CTA, computed tomography angiography; CTA-SI, CTA source images; ASPECTS, Alberta Stroke 
Program Early CT Score; IV, intravenous; IPT, imaging to puncture time; PRT, puncture to recanalization time.
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stroke onset; instead, head NCCT and head-and-neck CTA are often 
the first choices for the evaluation of these patients prior to 
thrombectomy (14).

The density changes in ischemic infarcts in brain tissue on NCCT 
are gradual and time-dependent (15, 16). Some patients in this study 
arrived at the hospital shortly after stroke onset, resulting in minimal 
detectable abnormalities on preoperative head NCCT (Figure 1M). 
This finding further confirmed that the NCCT ASPECTS has certain 
limitations in recognizing ultra-early massive cerebral infarction. 
Research has shown that CTA-SI ASPECTS is significantly superior to 
NCCT ASPECTS for the preoperative evaluation of patients with 
acute ischemic stroke prior to intravascular treatment (7, 8). Some 
researchers have also assessed collateral circulation by observing the 
degree of collateral-vessel filling in the blood supply area of the target 
occluded vessels on single-phase CTA-SI (17–19). Since the potential 
compensatory blood supply after the occlusion of the distal ICA or 
MCA-M1 is often via the leptomeningeal pathway, and since peak 
collateral flow occurs after the arterial phase, delayed-phase CTA-SI 
could be  more advantageous for estimating collateral circulation 
(Figure  3). The dual-phase CTA employed in this study added a 
delayed-phase scan based on conventional head-and-neck CTA, 
enabling more accurate assessment of the ischemic range and 
collateral circulation (Figure 3).

Collateral circulation is an essential determinant of clinical 
outcomes after acute intracranial large-vessel occlusion (20, 21). Poor 
collateral status is associated with larger follow-up infarct volumes, 
increased mortality, and unfavorable functional prognosis. Among the 
patients included in this study, those with collateral circulation grades 
2 and 3 had a lower incidence of ICH, malignant brain edema, and 
mortality than patients with grades 0 and 1, which is consistent with 
previous studies (22). Considering the inclusion of patients with 
anterior-circulation large-vessel occlusion with large ischemic lesions 
(baseline CTA-SI ASPECTS <6), this study defined mRS ≤ 3 (instead 
of mRS ≤ 2) at 90 days after thrombectomy as a favorable outcome. 
The incidence rates of favorable outcomes at 90 days in patients with 
collateral circulation grades 0 and 1 were 0 and 8.33%, respectively, 
indicating that even though the target vessel was successfully opened 
in a short period of time, the original large ischemic area quickly 
transformed into an infarct. Therefore, the treatment time window for 
these patients may be much less than 6 h. For patients with better 
collateral circulation (grades 2 and 3), the incidence rates of favorable 
outcomes at 90 days were only 29.41 and 36.36%, respectively. This 
finding further demonstrates the importance of minimizing 
preoperative delay for patients with anterior-circulation large-vessel 
occlusion accompanied by large ischemic lesions who present within 
6 h of onset.

TABLE 2 Clinical and safety outcomes.

Collateral grade 90-d mRS  ≤  3 (%) Any ICH within 
48  h (%)

Malignant cerebral 
edema (%)

All-cause 90-day 
mortality

Grade 0 0 (0/15) 73.33 (11/15) 100 (15/15) 53.33 (8/15)

Grade 1 8.33 (2/26) 57.69 (15/26) 76.92 (20/26) 30.77 (8/26)

Grade 2 29.41 (5/17) 29.41 (5/17) 35.29*# (6/17) 0* (0/17)

Grade 3 36.36 (4/11) 18.18 (2/11) 0*# (0/11) 0* (0/11)

mRS, modified Rankin score; ICH, intracranial hemorrhage.
Group comparisons were corrected by Bonferroni adjustment, and p < 0.05/6 = 0.0083 was considered significant.
* and # indicate a statistically significant difference compared to grades 0 and 1, respectively.

FIGURE 2

Trends of clinical and safety outcomes after the operation stratified by collateral circulation grade. mRS, modified Rankin score; ICH, intracranial 
hemorrhage.
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In recent years, the use of perfusion imaging techniques has been 
expanding to more and more hospitals. These techniques have 
improved prognostication in acute ischemic stroke and enabled the 
identification of patients with treatment targets well beyond the 
conventional time window for intravenous thrombolysis or 
endovascular treatment or both (23–26). However, perfusion imaging 
techniques do not directly provide information on collateral 
circulation, and to some extent increase the examination time, leading 
to delayed treatment. This is particularly not recommended for acute 
ischemic stroke patients with poor collateral circulation who present 
within 6 h of onset (14). Therefore, this study employed dual-phase 
CTA for the preoperative workup of stroke patients with a large 
ischemic region in the anterior circulation who presented within 6 h 
of onset. Dual-phase CTA may have some advantages in this 
population, especially in terms of not requiring too much additional 
examination time.

It is worth noting that compared to previous research (4), this 
study has a relatively high ICH rate, especially in the grade 0 and 
1 groups. This is attributable to the rapid progression of large 
ischemic lesions with poor collateral circulation to infarction, 
leading to an increased likelihood of reperfusion hemorrhage 
after target vessel recanalization. The high ICH rate is also 
attributable to the relatively high rate of intravenous thrombolysis 
bridging endovascular therapy in the patients included in this 
study (Table 1). This study included patients who were screened 
prior to mechanical thrombectomy based on the CTA-SI 
ASPECTS primarily identifying large ischemic lesions by using 
the filling defect area on the arterial-phase CTA-SI images. Such 

lesions often do not show severe or extensive density changes on 
NCCT during the ultra-early infarct stage or even within 4.5 h of 
onset. In fact, this is one of the key points that this research 
revealed: neither NCCT nor single arterial-phase CTA-SI could 
accurately reflect the infarct core; NCCT might underestimate 
the core, while CTA-SI might overestimate it. However, 
considering that this study was single-center study with a small 
sample size, a clear conclusion could not be  drawn yet, and 
further in-depth research is needed in the future.

Limitations

First, the acquisition of arterial- and delayed-phase data by head-
and-neck CTA is influenced by the CT scanning equipment, and the 
optimal display time of the collateral circulation is affected by the 
location of the large-vessel occlusion, the variability of contrast 
injection, the compensatory capacity, and the extent of collateral 
vessels. Consequently, the selection of CTA-data acquisition time 
points in this study requires further optimization (27). Second, image 
resolution may affect the accuracy of the assessment of the collateral 
circulation status, and further optimization and adjustments to the 
image resolution are needed (28). Third, collateral grading necessitates 
manual judgment, which is inevitably influenced by the subjectivity 
of the evaluator and can vary based on the experience of the 
radiologist. Finally, this study is a retrospective, single-center study, 
and the small sample size limited the ability to draw definitive and 
causal conclusions.

FIGURE 3

A case of left middle cerebral artery occlusion 4  h after onset. (A) Digital subtraction angiography (DSA) in the early arterial phase indicates left middle 
cerebral artery occlusion (red arrow). (B,C) Arterial-phase CTA source images show the ischemic region in the left temporal lobe (red circles). (D) DSA 
in the late arterial phase shows compensatory vessels of the anterior cerebral artery (red arrow). (E,F) Delayed-phase CTA source images indicate that 
the ischemic region has been filled by the compensatory vessels (red circles).
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Conclusion

Dual-phase head-and-neck CTA could more comprehensively 
display the ischemic range and local collateral status after intracranial 
large-vessel occlusion. Collateral grading based on dual-phase CTA 
offers a simple and rapid method for the preoperative evaluation of 
patients with acute anterior-circulation stroke with a large area of 
ischemic focus prior to mechanical thrombectomy. This is especially 
important for patients who present within the 6-h time window.
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