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Intracranial arterial calcification and recurrent stroke 
and mortality: clinical associations and AI-based 
detection
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Intracranial arterial calcification (IAC) is a common radiological finding 
detected incidentally on computed tomography (CT) scans in the general 
population. Such arterial calcification measured on CT scans can serve 
as a reliable marker of atherosclerosis. In a study of 2,495 White partici-
pants from the Rotterdam Study, over 80% had intracranial carotid artery 
calcification [1]. Calcification of the internal carotid artery has been as-
sociated with stroke risk; greater calcification has been associated with 
a higher stroke risk [2]. Given that substantial numbers of IS patients are 
at high risk of stroke recurrence (41% within 5 years) and death (17% 
within 5 years) [3], it is crucial to accurately identify high-risk patients 
and optimise stroke prevention strategies.

Currently, head computed tomography angiography (CTA) is a  com-
monly used clinical stroke imaging tool that can detect intracranial 
large-vessel occlusion (LVO) and cervical carotid or vertebral artery dis-
ease, as well as intravascular calcification [4]. The presence of IAC involv-
ing the intima (known as intimal calcification) is associated with athero-
sclerosis, while medial calcification (affecting the internal elastic lamina) 
may result in impaired vessel physiology and changes in pulse pressure, 
and ultimately increased rupture risk [5]. A recent meta-analysis found 
that the presence of IAC was associated with an increased risk of stroke 
(OR = 1.54, 95% CI: 1.06-2.24, p = 0.001) [6]. Compared to non-contrast 
CT, head CTA offers improved vessel delineation and contrast resolution, 
enabling more accurate identification and localisation of intracranial ar-
terial calcifications, but it remains unclear whether IAC assessed by CTA 
predicts recurrent IS and all-cause mortality in post-IS patients.

Meanwhile, the conventional assessment of IAC mainly relies on man-
ual interpretation, which can pose challenges such as subjectivity. The 
existing methods for assessing IAC severity vary widely and lack consis-
tency, and a more objective method is required to enhance comparisons 
between studies involving different populations [7]. With the rapid ad-
vancement of artificial intelligence (AI) technology, deep learning (DL) has 
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made breakthroughs in a  wide range of applica-
tions in the field of stroke research [8, 9]. There-
fore, the development of DL-driven automated IAC 
detection models for head CTA may improve both 
the accuracy and efficiency of IAC identification 
and assessment, as well as provide new imaging 
tools for risk stratification and individualised treat-
ment for patients after IS. 

In this pilot proof-of-concept study, we inves-
tigated the prognostic significance of IAC in pa-
tients with IS, and developed a DL model for auto-
mated detection of IAC based on AI.

Methods. Detailed methods are provided in the 
online Supplementary Material.

Thirty-seven patients were included. Among 
those, 21 (56.8%) had IAC, while 16 (43.2%) had 
no calcification. The mean age ± SD of the study 
population was 58.08 ±18.20 years, with a  sig-
nificantly older mean age in the IAC group (70.10 
±10.84 years vs. 42.31 ±13.07 years, p < 0.001). 
The proportion of females and mean BMI was 
comparable between the two groups. 

In terms of comorbidities, patients with cal-
cification had a  significantly higher prevalence 
of hypertension, a  history of atrial fibrillation 

(AF) and coronary artery disease, compared to 
those without calcification. Other comorbidities 
showed no significant differences between the 
two groups. Regarding medication use, direct oral 
anticoagulant (DOAC) and antiplatelet agent use 
were numerically higher in the calcification group, 
although statistical significance was not reached. 
Warfarin use was also higher in the calcification 
group, but the difference did not reach statistical 
significance. The detailed results are shown in 
Supplementary Table SI. 

Study outcomes. During a  median follow-up 
period of 0.62 [IQR 0.03–2.64] years, 19 patients 
experienced recurrent IS, with a higher proportion 
observed in the calcification group than in the non-
IAC group (66.7% vs. 31.2%, p = 0.071). The differ-
ence suggests a potential association between IAC 
and risk of recurrent IS, although it was not sta-
tistically significant. Regarding all-cause mortality, 
a total of 5 patients died during the follow-up pe-
riod. The mortality rate was numerically higher in 
the calcification group than in the non-calcification 
group. Details are shown in Figure 1.

In the Kaplan-Meier survival analysis, patients 
with IAC had a significantly lower survival proba-

Figure 1. Study outcomes in patients with and without ICA. Kaplan-Meier survival analysis for recurrent ischaemic 
stroke (A) and all-cause mortality (B). Detailed data for ischaemic stroke and all-cause mortality are shown in (C)
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bility for recurrent IS compared to those without 
IAC (log-rank p = 0.020) (Figure 1). The survival 
curves demonstrated an early and sustained di-
vergence, indicating a higher risk of recurrent IS 
in patients with calcification. Although the surviv-
al curve of the IAC group for all-cause mortality 
showed a slight trend toward lower survival prob-
ability, this was not statistically significant (log-
rank p = 0.258).

Associations of calcification and study 
outcomes. In an unadjusted Cox proportional 
hazards model, patients who had IAC had a sig-
nificantly higher hazard of IS recurrence than 
those without IAC (HR = 3.17, 95% CI: 1.13–8.88,  
p = 0.029); see Supplementary Table SII. This asso-
ciation was further strengthened after adjusting 
for age and sex (HR = 16.52, 95% CI: 2.50–109.30, 
p = 0.004), suggesting that IAC may be an inde-
pendent prognostic factor for IS recurrence. For 
the risk of all-cause mortality, the HR in the un-
adjusted model was 3.30 (95% CI: 0.37–29.53,  
p = 0.286) in the IAC group. The association was 
not statistically significant after adjustment for 
age and sex.

Model performance of IAC segmentation and 
score calculation. To evaluate the segmentation 
performance, a five-fold cross-validation approach 
was applied. Our model achieved a Dice Similarity 
Coefficient (DSC) of 0.73, with a standard devia-
tion of 0.01, indicating consistent segmentation 
performance across the cross-validation folds. 
Supplementary Figures S1, and S2 present ex-
amples of IAC segmentation, demonstrating the 
model’s ability to delineate calcifications. The out-
put of the score calculation in this study is shown 
in Supplementary Table SIII. These results provide 
a  preliminary basis for future IAC score calcula-
tions, although further validation is needed before 
clinical application. 

Discussion. Our study demonstrated that pa-
tients with IAC had a higher incidence of recur-
rent stroke than those without IAC, and Cox pro-
portional hazards models showed that IAC was 
independently associated with a  higher hazard 
of IS recurrence. However, no significant associ-
ation was observed between IAC and all-cause 
mortality. In addition, we developed an IAC seg-
mentation model for the automatic detection of 
IAC on head CTA images. This model achieved 
a DSC of 0.73 ±0.01. These results provide a pre-
liminary basis for future IAC score calculations, 
although further validation is needed before clin-
ical application.

IAC may contribute to the risk of IS through 
several interrelated mechanisms. Arterial calcifica-
tion can impair cerebral haemodynamics and lead 
to arterial stiffness [10]. Moreover, intimal IAC is 
more closely linked to luminal stenosis, eccentric 

plaques and increased plaque burden, as well as 
intraplaque haemorrhage, which increases plaque 
vulnerability and risk of plaque rupture, leading 
to thrombosis and embolism [11]. As shown by 
Fujimoto et al., vascular calcification burden is 
strongly associated with inflammation, with ar-
eas of early to intermediate calcification showing 
higher inflammatory activity and plaque vulnera-
bility [12]. These findings suggest the hypothesis 
that IAC increases the risk of IS by promoting an 
inflammatory and thrombotic environment. 

Several studies have examined the relation-
ship between IAC (evaluated on plain CT) and the 
risk of stroke recurrence and death in post-stroke 
populations. Wu et al. found that higher IAC (mea-
sured using Agatston method) was significantly 
associated with an increased risk of stroke re-
currence (HR per 1-SD increase = 1.30, 95% CI: 
1.08–1.56, p = 0.005) and post-stroke death (HR 
per 1-SD increase = 1.44, 95% CI: 1.06–1.96, p = 
0.019) [13]. Magdič et al. reported vertebrobasilar 
arterial calcification to be significantly associated 
with higher risk of stroke recurrence (HR = 3.13, 
95% CI: 1.35–7.20), while no significant associa-
tion was observed with all-cause mortality [14]. 
Similarly, Lee et al. showed that severe IAC was 
associated with an increased risk of early (within 
14 days) stroke recurrence compared with no IAC 
(HR = 2.00, 95% CI: 1.07–3.71, p = 0.029), but no 
association with all-cause mortality was observed 
(HR = 0.54, 95% CI: 0.19–1.53, p = 0.224) [15]. Ko-
ton et al. also found no association between IAC 
and mortality after IS (at 1 month and 1 year) in 
the model adjusted for age and stroke severity 
[16]. Our findings are broadly in line with those 
of previous studies, in which IAC was significantly 
associated with an increased risk of stroke recur-
rence, but not with all-cause mortality. 

When looking at other studies using AI to as-
sess IAC, Mahdian et al. used cone-beam CT to 
identify intracranial carotid calcification (DSC: 
0.46 ±0.11) [17]. Our model achieved a higher DSC 
on CTA. The detection of IAC using AI can be of 
great value in overcoming the limitations of man-
ual assessment. One clinical application of our 
DL model will be to facilitate early identification 
of patients with IAC, which may in turn aid deci-
sion-making in terms of appropriate primary and 
secondary prevention measures. In addition, the 
automated IAC identification and grading could 
be integrated into the automated diagnostic pro-
cess for head CTA, providing extra clinical value 
without additional cost. If integrated into the clin-
ical workflow, the model may improve efficiency 
and facilitate the early identification of high-risk 
post-stroke patients. Our automated IAC model 
could potentially be integrated into hospital med-
ical systems. 
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This study provides new insights into the prog-
nostic value of IAC in patients with IS, contributing 
to the current debate about its clinical significance. 
By combining clinical outcome analysis with an 
AI-driven approach, we were able to gather infor-
mation on both the association between IAC and 
clinical outcomes and automated detection of 
IAC, potentially improving the efficiency of clinical 
workflows and reducing inter-observer variability. 
However, this study has several limitations. First, 
unmeasured confounders such as inflammatory 
markers and dynamic changes in disease status 
may have affected the results. Second, the limit-
ed sample size restricted the statistical power of 
the study. Third, while all seven AF patients in our 
study had evidence of IAC, we were not able to ex-
plore the potential link between IAC and AF due to 
the small sample size. Fourth, the approach used 
to quantify IAC burden in our study was explor-
atory in nature, aiming to provide a  preliminary 
framework for assessing calcification severity. 
While this method facilitated initial risk stratifica-
tion, it has not yet been standardised or externally 
validated. Further refinement of the IAC quanti-
fication method and scoring system, as well as 
external validation of the DL model, is essential.

In conclusion, IAC may be an independent pre-
dictor of recurrent IS in patients with IS. Our AI-
based automated IAC detection model achieved 
preliminary segmentation performance, but fur-
ther validation is needed to establish its accuracy 
and clinical utility. 
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