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Abstract 

Objective  To determine the association of carotid plaque features with collateral circulation status in elderly patients with moderate to 

severe carotid stenosis. Methods  Elderly patients (> 60 years) with moderate to severe carotid stenosis were recruited and categorized into 

good and poor collateral circulation groups, and underwent magnetic resonance imaging and computed tomography imaging. The carotid 

plaque features including lipid-rich necrotic core, intraplaque hemorrhage, calcification, and fibrous cap rupture (FCR) were evaluated, and 

maximum wall thickness, normalized wall index (NWI), and luminal stenosis were measured. The association between these variables and 

collateral circulation status was analyzed. Results  Of the 97 patients (78 males, mean age: 69.0 ± 6.1 years), 19 (19.6%) had poor collat-

erals. The poor collateral group had a significantly higher NWI (93.7% ± 5.0% vs. 89.0% ± 7.9%, P = 0.011), a greater extent of stenosis 

(80.0% ± 11.4% vs. 75.3% ± 9.4%, P = 0.036) and FCR (84.2% vs. 55.1%, P = 0.020) compared with good collateral group. Carotid NWI 

(OR = 3.83, 95% CI: 1.36–10.82, P = 0.011) and more FCR (OR = 6.77, 95% CI: 1.35–33.85, P = 0.020) were associated with poor collat-

eral circulation after adjustment for the confounding factors. The combination of NWI, FCR, systolic blood pressure, and triglycerides had 

the highest area- under-the-curve (AUC = 0.85) for detection of poor collaterals. Conclusions  Carotid plaque features, specifically NWI 

and FCR, are independently associated with poor collateral circulation, and the combination of carotid plaque features and traditional risk 

factors has a stronger predictive value for poor collateral circulation than plaque features alone. 
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1  Introduction 

Stroke, which is one of the leading causes of death 
worldwide, has a higher likelihood of occurring in the eld-
erly.[1] Further, compared with younger patients, the elderly 
ones develop more disabilities and have poorer quality of 
life after stroke.[2] It has been suggested that the compensa-
tory capability of collateral circulation declines with ag-
ing,[3,4] and this may play a role in the poor outcome of eld-
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erly patients after stroke. Therefore, assessment of the col-
lateral circulation status prior to stroke may be helpful for 
accurately predicting the clinical outcomes in elderly pa-
tients. 

As the secondary collateral pathway, leptomeningeal an-
astomoses (LMA) are capillary networks that connect distal 
branches of different cerebral arteries to provide alternative 
routes for blood flow in patients with ischemic stroke.[5] 
LMA can maintain cerebral blood flow when the primary 
collateral flow (consisting of the circle of Willis) is insuffi-
cient and may, therefore, protect brain tissue against irre-
versible damage.[6,7] A number of studies have shown that 
better function of LMA is associated with smaller infarct 
volume, a lower risk of intracerebral hemorrhage after sys-
temic thrombolysis or endovascular therapies, and eventu-
ally, better clinical outcomes.[8,9] LMA is influenced by 
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hemodynamic fluctuations in the upstream arteries, for ex-
ample, gradual stenosis and sudden occlusion,[5] and re-
searchers believe that patients with chronic artery stenosis, 
such as carotid atherosclerosis, could gradually develop 
better LMA than those with sudden artery occlusion.[10,11] 
However, the incipient development of collaterals does not 
guarantee their persistence in patients with carotid athero-
sclerosis.[7] Previous studies have suggested that several 
factors may affect the endurance of collateral flow, such as 
distal fragmentation of a thrombus and traditional vascular 
risk factors including age, statin use, and systolic blood 
pressure (SBP).[12,13] However, the relationship between the 
lesion characteristics of upstream arteries, especially the 
features of carotid plaques, and the amount of collateral 
flow is still unclear in patients with chronic carotid stenosis. 
Investigating the plaque-related factors associated with the 
deterioration of collateral circulation would be beneficial to 
develop a treatment strategy that can prevent adverse out-
comes in these patients, and the present study has, therefore, 
undertaken this line of investigation. 

For characterizing atherosclerosis in the upstream carotid 
arteries of LMA, vessel wall imaging with magnetic reso-
nance (MR) is an ideal non-invasive approach, as this tech-
nique has been histologically validated and widely used in 
clinical settings. We hypothesized that carotid plaque fea-
tures might be associated with deterioration of the LMA. 
Therefore, in the present study, we sought to investigate the 
association between carotid plaque features and collateral 
circulation status, and to identify the factors associated with 
collateral circulation in elderly patients with moderate to 
severe carotid stenosis. 

2  Methods 

2.1  Study population 

This prospective study consecutively enrolled patients 
aged over 60 years with moderate to severe carotid artery 
stenosis (50%–99%) who were referred to our hospital for 
carotid endarterectomy. The exclusion criteria were as fol-
lows: (1) history of cardiogenic stroke and hemorrhagic 
stroke; (2) moderate to severe carotid artery stenosis in bi-
lateral carotid arteries; (3) intracranial artery stenosis ≥ 50%; 
(4) history of vascular intervention treatment, such as stent-
ing, clip or coil placement for aneurysms; (5) heart failure; 
(6) renal dysfunction [glomerular filtration rate (GFR) < 60 
mL/min]; (7) allergic reaction to iodine-based contrast 
agents; and (8) contraindications for MR imaging. All the 
included patients underwent computed tomography perfu-
sion (CTP) scan for brain and MR vessel wall imaging for 

extracranial carotid arteries. The following clinical informa-
tion was collected from the clinical records at baseline: age, 
gender, history of hypertension, hyperlipidemia, smoking, 
and diabetes. The study protocol was approved by the Eth-
ics Committee of Peking University Third Hospital, Beijing, 
China; and all the patients provided their written informed 
consent before participation in this study. 

2.2  CT imaging protocol 

The brain was imaged using a 256-row wide-body de-
tector CT scanner (Revolution CT, GE Healthcare, Wauke-
sha, Wisconsin, USA). Routine brain non-contrast enhanced 
CT (NCCT) was performed before CTP to rule out in-
tracerebral hemorrhage. After NCCT, volumetric CTP was 
conducted for the whole brain with the following parame-
ters: 16-cm coverage at the z-axis; slice thickness, 0.5 mm; 
and tube voltage, 80 kV. Nonionic contrast agent (370 mgI/mL, 
Omnipaque 350, GE Healthcare, Shanghai, China) was in-
jected intravenously using an automatic injector with a bo-
lus of 40 mL administered at a rate of 4.5 mL/s, this was 
followed by the 40 mL saline flush administered at a rate of 
4.5 mL/s. The CTP scan was initiated 8 s after contrast agent 
injection, and the following protocol was used: 10 cycles at 
a current of 100 mA and a 2-s time interval between two 
cycles, followed by seven cycles at a current of 75 mA and 
a 4-s time interval between two cycles. The total image ac-
quisition time was 56 s, and the total absorbed radiation 
dose was 5.4 mSv. 

2.3  MR imaging 

All the patients underwent carotid MR vessel wall imag-
ing with a 3.0T MR scanner (uMR770, UIH, Shanghai, 
China) with a custom-designed 8-channel carotid coil, and 
the following sequences were acquired: (1) 3D time-of- 
flight image with repeat time (TR) and echo time (TE) of 
17.6 ms and 6.7 ms, respectively, flip angle of 8°, and slice 
thickness of 2 mm; (2) 2D T1-weighted image with TR and 
TE of 850 ms and 13.4 ms, respectively, and slice thickness 
of 2 mm; (3) 2D T2-weighted image with TR and TE of 
2000 ms and 96.6 ms, respectively, and slice thickness of 2 
mm; and (4) simultaneous non-contrast angiography and 
intraplaque hemorrhage (SNAP) image with TR and TE of 
9.6 ms and 4.0 ms, respectively, flip angle of 12°, and slice 
thickness of 1 mm. All imaging sequences were acquired 
under the same field of vision (140 mm × 140 mm), spatial 
resolution (0.55 mm × 0.55 mm), and longitudinal coverage 
(32 mm). The carotid imaging was centered at the bifurca-
tion of the index carotid artery which was defined as the 
artery with moderate to severe stenosis. 
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2.4  Analysis of CTP source images 

The source CTP images were utilized to generate the 
multiphase computed tomography angiography (mCTA) 
images via three steps.[14,15] In Step 1, the early arterial 
phase (6 s before the peak arterial phase), the peak arterial 
phase, and the peak venous phase were selected according 
to the time density curve. In Step 2, the CTA images of 
these three phases were reconstructed into thin slices with a 
thickness of 0.625 mm each. In Step 3, maximum intensity 
projection was used to display the vessels in each phase of 
the mCTA images. Based on the mCTA images, the lepto-
meningeal collateral flow was scored on a 6-point scale by 
two neuroradiologists with more than three years of experi-
ence in neurovascular imaging.[14] The scores were deter-
mined based on consensus between the two neuroradiolo-
gists, and when there was a disagreement between them, 
another neuroradiologist with more than five years of ex-
perience determined the score. All three neuroradiologists 
were blinded to the clinical information and carotid artery 
images of the patients. Based on the scores, the patients 
were divided into those with good collateral circulation (if 
the score was 4–5) and those with poor collateral circulation 
(if the score was 0–3).[16,17] 

2.5  Analysis of carotid MR image 

The MR vessel wall images of index carotid arteries were 
reviewed by two trained radiologists with more than two 
years of experience in cerebrovascular imaging, with the 
help of a software (Vessel Explorer 2, TSimaging Health-
care, Beijing, China). The reviews were based on consensus 
between the two, and if there was any disagreement be-
tween them, another neuroradiologist with more than five 
years of experience re-evaluated the images and helped 
them to reach the consensus. The radiologists were blinded 
to the clinical information and intracranial collateral circula-
tion status of the patients. The image quality was assessed 
on a 4-point scale (1 = poor, 2 = marginal, 3 = good, and 4 = 
excellent), and images with a score of 1 were excluded from 
the analysis.[18] The lumen and wall boundaries were manu-
ally outlined, and the plaque burden of the lumen area (LA), 
wall area (WA), total vessel area (TVA), maximum wall 
thickness (Max WT), and normalized wall index (NWI = 
WA/TVA × 100%) were measured and calculated. The 
compositions and the surface features of carotid plaques, 
such as calcification (CA), intraplaque hemorrhage (IPH), 
lipid-rich necrotic core (LRNC), and fibrous cap rupture 
(FCR), were evaluated based on the published criteria.[19] 

2.6  Statistical analysis 

Continuous variables are presented as mean ± SD, and 

categorical variables are presented as percentage. Carotid 
plaque burden and compositional features were compared 
between patients with good and poor collateral circulation 
by the Mann-Whitney U-test or Pearson’s chi-square test. 
Univariate and multivariate logistic regression analyses 
were used to determine the odds ratio (OR) and the corre-
sponding 95% confidence interval (CI) of plaque features 
for identifying poor collateral circulation before and after 
adjustment for the confounding factors. Receiver operating 
characteristic (ROC) analysis was conducted to calculate the 
area-under-the-curve (AUC) of the plaque features for 
identifying poor collateral circulation. All statistical tests 
were two-sided, and P-value < 0.05 was considered to be sta-
tistically significant. The statistical analyses were performed 
by using the SPSS 16.0 software (SPSS, Chicago, IL, USA). 

3  Results 

3.1  Comparison of carotid plaque features and 
collateral circulation status 

This study included 97 patients, and of them, 86 (88.7%), 
82 (84.5%), 65 (67.0%), and 59 (60.8%) had carotid CA, 
LRNC, IPH, and FCR, respectively. The mean values of 
NWI, Max WT, and stenosis of the index carotid arteries 
were 89.9% ± 7.8%, 5.7 ± 1.5 mm, and 77.3% ± 10.3%, 
respectively. 

Compared to patients with good collateral circulation, 
patients with poor collateral circulation had a significantly 
higher NWI (93.7% ± 5.0% vs. 89.0% ± 7.9%; P = 0.011), 
more severe stenosis (80.0% ± 11.4% vs. 75.3% ± 9.4%, P 
= 0.036), and more extensive rupture of the fibrous cap 
(84.2% vs. 55.1%; P = 0.020). A representative set of im-
ages showing the different plaque features in the two groups 
can be found in Figure 1. No significant differences were 
found in other plaque features between patients with poor 
and good collateral circulation (P > 0.05 for all comparisons, 
as shown in Table 2). 

3.2  Association between carotid plaque features and 
collateral circulation status 

Univariate logistic regression analysis showed that NWI 
(OR = 2.96, 95% CI: 1.18–6.92, P = 0.021, increment = 
10% of NWI), Max WT (OR = 1.42, 95% CI: 1.01–2.00, P 
= 0.043), and FCR (OR = 4.34, 95% CI: 1.17–16.11, P = 
0.028) were significantly correlated with poor collateral 
circulation. After adjustment for the confounding risk fac-
tors of age, gender, SBP, and triglycerides (TG), the asso-
ciation of NWI (OR = 3.83, 95% CI: 1.36–10.82, P = 0.011, 
increment = 10% of NWI) and FCR (OR = 6.77, 95% CI: 
1.35–33.85, P = 0.020) with poor collateral circulation  
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Figure 1.  Images of severe right carotid stenosis patients with good and poor collateral circulation. (A): Three-phase CTA images for 
a 71-year-old female patient who had good collateral circulation and an atherosclerotic plaque (arrows) in the right carotid bifurcation with 
an NWI of 78.6%; and (B): three-phase CTA images for a 65-year-old male patient who had poor collateral circulation, and a vulnerable 
atherosclerotic plaque (arrows) in the proximal right internal carotid artery with fibrous cap rupture (arrowhead) and an NWI of 93.2%. CTA: 
computed tomography angiography; MR: magnetic resonance; NWI: normalized wall index; SNAP: simultaneous non-contrast angiography 
and intraplaque hemorrhage; TOF: time of flight; T1W: T1-weighted; T2W: T2-weighted. 

Table 1.  Baseline characteristics of the patients. 

Characteristic All patients (n = 97) Good collaterals (n = 78) Poor collaterals (n = 19) P-value 

Age, yrs 68.4 ± 6.1 68.3 ± 6.2 69.0 ± 6.1 0.659 

Male 82 (84.5%) 95 (86.4%) 23 (88.5%) 0.955 

Smoking 74 (54.4%) 59 (53.6%) 15 (57.7%) 0.916 

Diabetes 38 (39.2%) 41 (37.3%) 13 (50.0%) 0.415 

Hypertension 53 (54.6%) 65 (59.1%) 14 (53.8%) 0.082 

SBP, mmHg 135.5 ± 17.8 138.2 ± 16.9 124.5 ± 17.2 0.005 

DBP, mmHg 78.2 ± 9.8 78.8 ± 9.9 75.7 ± 8.9 0.200 

Hyperlipidemia 30 (30.9%) 33 (30.0%) 8 (30.8%) 0.534 

HDL, mmol/L 1.1 ± 0.3 1.1 ± 0.2 1.1 ± 0.3 0.617 

LDL, mmol/L 2.2 ± 0.9 2.2 ± 0.8 2.4 ± 1.0 0.206 

TG, mmol/L 1.4 ± 0.9 1.3 ± 0.6 1.7 ± 0.9 0.077 

TC, mmol/L 3.8 ± 1.1 3.7 ± 1.0 4.0 ± 1.6 0.564 

CRP, mg/L 3.7 ± 9.2 2.6 ± 5.0 2.2 ± 0.9 0.906 

Data are presented as means ± SD or n (%). CRP: C-reactive protein; DBP: diastolic blood pressure; HDL: hyper-density lipoprotein; LDL: low-density lipo-

protein; SBP: systolic blood pressure; TC: total cholesterol; TG: triglycerides. 

 

remained statistically significant, whereas the association 
between Max WT (OR = 1.44, 95% CI: 0.98–2.14, P = 
0.067) and poor collateral circulation was considerable but 
not statistically significant. After further adjustment for 
NWI, FCR was still significantly associated with poor col-
lateral circulation (OR = 6.48, 95% CI: 1.18–35.63, P = 

0.032). Table 3 shows the detailed results for the association 
between carotid plaque features and collateral circulation 
status. 

3.3  ROC analysis 

Figure 2 summarizes the results of ROC analysis. The  
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Table 2.  Carotid plaque features in different collateral circulation status groups. 

Variable All patients (n = 97) Good collaterals (n = 78) Poor collaterals (n = 19) P-value 

Carotid stenosis, %     

Index side  77.3 ± 10.3 75.3 ± 9.4  80.0 ± 11.4 0.036 

Contralateral side  26.8 ± 15.4  26.8 ± 14.5  32.5 ± 17.8 0.184 

NWI, % 89.9 ± 7.8 89.0 ± 7.9 93.7 ± 5.0 0.011 

Max WT, mm  5.7 ± 1.5  5.6 ± 1.3  6.3 ± 1.8 0.090 

CA 86 (88.7%) 68 (87.2%) 18 (94.7%) 0.352 

LRNC 82 (84.5%) 66 (84.6%) 16 (84.2%) 0.965 

IPH 65 (67.0%) 52 (66.7%) 13 (68.4%) 0.884 

FCR 59 (60.8%) 43 (55.1%) 16 (84.2%) 0.020 

Data are presented as means ± SD or n (%). CA: calcification; FCR: fibrous cap rupture; IPH: intraplaque hemorrhage; LRNC: lipid-rich necrotic core; Max 

WT: maximum wall thickness; NWI: normalized wall index. 

Table 3.  Association between carotid plaque features and collateral circulation status. 

Poor collaterals 

Univariate regression Multivariate regression*  

OR 95% CI P-value 
 

OR 95% CI P-value 

Index carotid stenosis# 1.60 0.962.68 0.074  1.69 0.953.02 0.075 

NWI† 2.96 1.187.44 0.021  3.83 1.3610.82 0.011 

Max WT 1.42 1.012.00 0.043  1.44 0.982.14 0.067 

FCR 4.34 1.1716.11 0.028  6.77 1.3533.85 0.020 
*Refer to the logistic regression was conducted before and after adjusting for the traditional risk factors, including age, gender, systolic blood pressure and 

triglycerides. #Refer to a reduction of 10%. †Refer to a increment of 10%. CI: confidence index; FCR: fibrous cap rupture; Max WT: maximum wall thickness; 

NWI: normalized wall index; OR: odds ratio. 

 

 

Figure 2.  ROC curves for different variables associated with 
poor collateral circulation. The ROC curves indicate that the 
combination of NWI, FCR, SBP, and TG had the highest AUC for 
detection of poor collateral circulation. AUC: area-under-the-curve; 
FCR: fibrous cap rupture; NWI: normalized wall index; ROC: 
receiver operating characteristic; SBP: systolic blood pressure; TG: 
triglycerides. 

AUC values of NWI and FCR as indicators of poor collat-
eral circulation were 0.69 (95% CI: 0.56–0.82) and 0.65 
(95% CI: 0.52–0.77), respectively. The AUC value of NWI 
combined with FCR was higher at 0.73 (95% CI: 0.61–0.85). 
Further, when NWI was combined with FCR, SBP, and TG, 
the AUC reached 0.85 (95% CI: 0.76–0.95). 

4  Discussion 

The present study used mCTA and MR vessel wall im-
aging to examine the association between carotid plaque 
features and cerebral collateral circulation status in patients 
aged over 60 years with unilateral moderate to severe ca-
rotid stenosis. The findings showed that NWI and FCR were 
independently associated with poor collateral circulation. In 
addition, we found that the combination of NWI, FCR, SBP, 
and TG was a stronger indicator of poor collateral circula-
tion than NWI or FCR alone or the combination of NWI 
and FCR. Our findings indicate that carotid plaque features 
determined by MR vessel wall imaging, particularly NWI 
and FCR, might be independent indicators of poor collateral 
circulation in elderly patients with unilateral moderate to 
severe carotid stenosis. 

The finding that NWI was an independent indicator of 
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poor collateral circulation implies that the progression of 
carotid plaque burden may occur in parallel with the dete-
rioration of LMA. It has been hypothesized that deteriora-
tion of LMA might be a secondary consequence of in-
creased resistance to blood flow caused by small-vessel dis-
ease (SVD).[20] Plaque burden is a marker of the severity of 
atherosclerosis, which is a multifocal disease that affects the 
entire vasculature.[21] Jung, et al.[22] found that 71.8% of 
patients with SVD or intracranial large-vessel disease had 
coexisting carotid atherosclerotic diseases, and Denisa, et 
al.[23] proved that patients with SVD had significantly larger 
carotid plaque burden (P = 0.0093). This phenomenon may 
be due to that atherosclerosis in extracranial carotid arteries 
and intracranial small vessels is associated with the same 
risk factors, such as hypertension, hyperlipidemia, and dia-
betes.[24] Hence, the significant association of plaque burden 
with the deterioration of LMA may be explained by its as-
sociation with the extent of atherosclerotic disease. 

In this study, we also found that Max WT was signifi-
cantly associated with poor collateral circulation before 
adjustment for confounding factors, but the association was 
weakened after adjustment for age, gender, SBP, and TG. 
This result indicates that Max WT is influenced by demo-
graphic factors, such as age and gender. In contrast, NWI is 
a normalized metric of plaque burden that is largely inde-
pendent of individual differences in vessel size.[25] Thus, our 
results indicate that NWI, as a measure of carotid plaque 
burden, may be an indicator of collateral circulation status. 

Our study showed that FCR was also an independent in-
dicator of poor unilateral intracranial collateral circulation. 
Researchers believe that the deterioration of LMA may be 
caused by the falling of thrombus from the parent vessel and 
subsequent blockage of the distal branches of the cortical 
artery which provide retrograde collateral flow.[7] In fact, it 
is well known that FCR is the most common cause of 
thrombosis.[21,26] When the fibrous cap ruptured, cap colla-
gen and the highly thrombogenic lipid core are exposed to 
blood and, subsequently, lead to thrombus formation.[27] 
Thrombus and the microemboli dropped from plaque might 
get washed away by blood flow over the culprit lesion, and 
this might result in embolization in the distal branches of the 
cortical artery. There is evidence of the presence of throm-
bus in the distal branches of the cortical artery in patients 
with poor collateral circulation. Qazi, et al.[28] found that 
poor collateral circulation was positively associated with the 
presence of a thrombus. Alves, et al.[29] also found that pa-
tients with poorer collateral circulation had more proximal 
thrombus. Thus, there is some evidence which supports our 
finding that FCR of carotid plaques might be a valuable 
indicator of the collateral circulation status.[26–29] 

The present findings showed a significant association 
between decreased SBP and poor collateral circulation. This 
finding indicates that an excessive reduction in SBP during 
treatment may carry a risk of collateral circulation collapse 
in elderly patients with unilateral moderate to severe carotid 
stenosis. In patients with carotid stenosis, the pressure in the 
stenotic artery and its branches is likely to decreased due to 
the obstruction of blood flow. However, non-stenotic arter-
ies surrounding the stenotic arteries maintain a relatively 
higher pressure, and this causes a pressure gradient between 
non-stenotic arteries and stenotic arteries. This pressure 
gradient may promote a retrograde blood flow from the 
non-stenotic arteries to the stenotic arteries through LMA. 
The magnitude of this pressure gradient is affected by sys-
temic blood pressure, as demonstrated by several clinical 
and animal studies.[5,13,30,31] For example, in monkeys, sys-
temic blood pressure was found to strongly influence flow 
maintenance to deficient areas via LMA.[30] Additionally, 
Rusanen, et al.[31] showed that a moderate elevation in SBP 
in patients suffering from ischemic stroke was strongly as-
sociated with good collateral circulation. 

The present study is one of the first to combine carotid 
plaque features with traditional risk factors for the diagnosis 
of poor intracranial collateral circulation. Our data showed 
that the predictive value of the combination of NWI, FCR, 
SBP, and TG for poor collateral circulation was stronger 
than that of NWI and FCR alone and even the combination 
of NWI and FCR. This finding was expected, because mul-
tiple factors play a role in the formation and maintenance of 
intracranial collateral circulation. In contrast, most previous 
studies focused on assessing the predictive value of a single 
factor for collateral circulation status. For example, Van,  
et al.[32] reported that glucose level, the presence of a pro-
ximal MCA occlusion, and an incomplete ipsilateral poste-
rior circle of Willis are determinants of leptomeningeal col-
lateral flow in a prospective study of acute ischemic stroke 
patients. However, they did not combine these factors to-
gether to predict the risk of poor collateral circulation. Thus, 
the combination of predictors of collateral circulation that 
emerged in this study is important for modification of 
treatment strategy and assessment of clinical outcome. 

4.1  Limitations 

There are several limitations in our study. Firstly, the 
sample size of patients with poor collateral circulation was 
small. A study on a larger sample size should be conducted 
in the future to confirm these findings. Secondly, the collat-
eral circulation status was evaluated on mCTA images ex-
tracted from the source CTP data. However, CTP is associ-
ated with high radiation exposure. In order to tackle this, in 
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the present study, we used 320-row CT with optimized pro-
tocols, such as lower tube voltage (80 kV) and fewer scans, 
in order to reduce the radiation dose to 5.4 mSv, which is 
much lower than the radiation dose of 9.5 mSv that is asso-
ciated with conventional CTP.[33] Thirdly, the three phases 
of mCTA, which were extracted from the CTP source  
images reported by Wu, et al.[15], were not exactly the same 
as those of the original mCTA images. We believe that the 
mismatched timing may not seriously affect our results, but 
the reliability of the mCTA protocol used in our study 
should be verified against that of the original mCTA proto-
col. Last but not least, the plaque components were not 
quantitatively evaluated in the present study, and the role of 
the size of plaque compositions in collateral circulation 
could not be investigated. Therefore, future studies explor-
ing the association between the size of different plaque 
components and collateral circulation status are warranted. 

4.2  Conclusions 

In conclusion, carotid plaque features, particularly nor-
malized wall index and fibrous cap rupture, are independ-
ently associated with poor intracranial collateral circulation, 
and the combination of these plaque features with traditional 
risk factors, such as SBP and TG, has a stronger predictive 
value for poor collateral circulation than each of these fea-
tures alone. Thus, these findings shed light on the indicators 
of intracranial collateral circulation. 
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