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ABSTRACT
Background and purpose Symptomatic intracranial 
atherosclerotic stenosis (sICAS) is associated with 
a considerable risk of recurrent stroke despite 
contemporarily optimal medical treatment. Severity 
of luminal stenosis in sICAS and its haemodynamic 
significance quantified with computational fluid dynamics 
(CFD) models were associated with the risk of stroke 
recurrence. We aimed to develop and compare stroke risk 
prediction nomograms in sICAS, based on vascular risk 
factors and these metrics.
Methods Patients with 50%–99% sICAS confirmed in CT 
angiography (CTA) were enrolled. Conventional vascular 
risk factors were collected. Severity of luminal stenosis 
in sICAS was dichotomised as moderate (50%–69%) and 
severe (70%–99%). Translesional pressure ratio (PR) and 
wall shear stress ratio (WSSR) were quantified via CTA- 
based CFD modelling; the haemodynamic status of sICAS 
was classified as normal (normal PR&WSSR), intermediate 
(otherwise) and abnormal (abnormal PR&WSSR). All 
patients received guideline- recommended medical 
treatment. We developed and compared performance of 
nomograms composed of these variables and independent 
predictors identified in multivariate logistic regression, in 
predicting the primary outcome, recurrent ischaemic stroke 
in the same territory (SIT) within 1 year.
Results Among 245 sICAS patients, 20 (8.2%) had 
SIT. The D2H2A nomogram, incorporating diabetes, 
dyslipidaemia, haemodynamic status of sICAS, 
hypertension and age ≥50 years, showed good calibration 
(P for Hosmer- Lemeshow test=0.560) and discrimination 
(C- statistic 0.73, 95% CI 0.60 to 0.85). It also had better 
performance in risk reclassification and provided larger 
net benefits in decision curve analysis, compared with 
nomograms composed of conventional vascular risk factors 
only, and plus the severity of luminal stenosis in sICAS. 
Sensitivity analysis in patients with anterior- circulation 
sICAS showed similar results.
Conclusions The D2H2A nomogram, incorporating 
conventional vascular risk factors and the haemodynamic 
significance of sICAS as assessed in CFD models, could 
be a useful tool to stratify sICAS patients for the risk of 
recurrent stroke under contemporarily optimal medical 
treatment.

INTRODUCTION
Intracranial atherosclerotic stenosis (ICAS) 
is a common cause of ischaemic stroke and 
transient ischaemic attack (TIA) throughout 
the world, with a high risk of stroke relapse.1 
Medical treatment, including antithrom-
botic therapy and risk factor management, 
had significantly lowered the risk of stroke 
recurrence in symptomatic ICAS (sICAS) 
patients in the last two decades.2–5 However, 
the residual risk of recurrent stroke and TIA 
in sICAS under ‘optimal’ medical treatment 
by the latest guidelines is still nonnegligible,6 
for instance, up to 11% in the first year after 
an index minor stroke or TIA in the recent 
subgroup analysis of the population- based 
Oxford Vascular Study (OXVASC).7 There-
fore, it is imperative to identify high- risk 
sICAS patients, to prompt early intervention 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Patients with symptomatic intracranial atheroscle-
rotic stenosis (sICAS) are at a considerable risk of 
recurrent stroke even with guideline- recommended 
medical treatment. Haemodynamic significance of 
sICAS quantified with computational fluid dynamics 
(CFD) model was associated with the stroke risk.

WHAT THIS STUDY ADDS

 ⇒ We developed the D2H2A nomogram to predict stroke 
risk in sICAS, incorporating diabetes, dyslipidaemia, 
haemodynamic status of sICAS by CFD model, hy-
pertension and age ≥50 years. It had good perfor-
mance in predicting same- territory ischaemic stroke 
within 1 year, in sICAS patients.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The D2H2A nomogram, incorporating conventional 
vascular risk factors and the haemodynamic signifi-
cance of sICAS, could yield a useful tool for risk strat-
ification of sICAS under optimal medical treatment.
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and more effective secondary stroke prevention in rele-
vant patients.6

Conventional vascular risk factors associated with 
vascular diseases including ICAS, such as older age, 
hypertension, diabetes and dyslipidaemia,8 9 have been 
key components of established risk scores in risk stratifi-
cation of ischaemic stroke or certain subgroups of stroke 
patients, for example, those with atrial fibrillation.10 11 
However, there has been no well- established stroke risk 
prediction tool targeting sICAS patients. Numerous 
studies had revealed severe (70%–99%) luminal stenosis 
as an important predictor for stroke recurrence in 
sICAS,12–14 which has been a dominating indicator in 
guiding treatment strategies in clinical practice and in 
therapeutic trials, for example, medical versus interven-
tional treatment, or dual versus mono antiplatelet treat-
ment.6 Yet, other factors such as cerebral haemodynamics 
could also affect stroke risks in sICAS,15 warranting 
further investigations. For instance, our previous study 
had associated haemodynamic metrics of sICAS, quanti-
fied using CT angiography (CTA)- based computational 
fluid dynamics (CFD) modelling, with the 1- year stroke 
risk.16

In this study, we aimed to develop and compare risk 
prediction models (in nomograms), composed of conven-
tional vascular risk factors only, plus the severity of luminal 
stenosis in sICAS, or plus the haemodynamic features of 
sICAS obtained with CFD modelling, for stroke risk strat-
ification in sICAS.

METHODS
Study design and subjects
We analysed data from the SOpHIA (Stroke Risk and 
Hemodynamics in Intracranial Atherosclerotic Disease) 
study, a cohort study investigating cerebral haemody-
namics in Chinese patients with sICAS using CTA- based 
CFD models at three teaching hospitals in China.16 All 
participants provided informed consent.

Ischaemic stroke or TIA patients admitted within 
1 week of onset, with the index stroke/TIA attributed 
to 50%–99% ICAS in intracranial segment of internal 
carotid artery, M1 middle cerebral artery, V4 vertebral 
artery or basilar artery confirmed in CTA, were enrolled. 
The stroke aetiology was diagnosed by experienced 
neurologists based on the medical history, stroke symp-
toms, ICAS location and the topology of infarction(s). We 
excluded patients with (1) the index stroke/TIA caused 
by restenosis within a stented artery or tandem stenosis 
of intra- and extracranial arteries; (2) non- atherosclerotic 
stenosis (eg, vasculitis, dissection or Moyamoya disease) 
or known arteriovenous malformation or aneurysm; (3) 
potential cardioembolic stroke (such as atrial fibrillation) 
or undetermined stroke aetiology; (4) scheduled inter-
ventional procedures for the sICAS; (5) prior interven-
tional or surgical treatment of intracranial or extracranial 
arteries within 1 month and (6) severe comorbidity or lost 

to follow- up. More details of the study design and inclu-
sion/exclusion criteria were provided in our previous 
work.16

Clinical and imaging data collection
Baseline data were collected, including demographics 
(age and sex), vascular risk factors (current smoking, 
hypertension, diabetes, dyslipidaemia, prior ischaemic 
stroke/TIA) and blood pressure at admission. Percentage 
of luminal stenosis in sICAS was assessed in CTA by the 
Warfarin- Aspirin Symptomatic Intracranial Disease 
(WASID) method,17 considered as moderate (50%–69%) 
or severe (70%–99%). Leptomeningeal collateral status 
was assessed by comparing the laterality of distal small 
vessels in the anterior/posterior cerebral artery territo-
ries in two- dimensional (axial and coronal) reconstruc-
tions of CTA images as described previously, in patients 
with anterior- circulation sICAS.18 In brief, presence of 
more prominent distal small vessels in ipsilesional ante-
rior and/or posterior cerebral artery territories than 
contralateral side was considered of good leptomenin-
geal collaterals; otherwise, poor leptomeningeal collat-
erals.18

Assessment of haemodynamics in sICAS
We built a CFD model based on CTA images in each 
case, to simulate blood flow across the sICAS and to 
quantify its haemodynamic significance with two metrics, 
translesional pressure ratio (PR) and wall shear stress 
ratio (WSSR). The detailed methodology of CFD model-
ling and PR/WSSR quantification was presented in our 
previous work.16 18–20 In brief, translesional PR was meas-
ured as a ratio of mean pressures at poststenotic and 
prestenotic arterial segments, and WSSR as a ratio of 
mean WSS at the stenotic throat and prestenotic arterial 
segment. In patients with ≥2 spatially separated, poten-
tially qualifying sICAS lesions in one artery, poststenotic 
pressure for PR was measured distal to the most distal 
lesion, and WSS at the stenotic throat was measured at 
the lesion with the highest degree of luminal stenosis. 
A lower PR indicated a larger translesional pressure 
gradient, and hence possibly restricted antegrade flow, 
across the sICAS; and a higher WSSR indicated signifi-
cantly elevated WSS on the lesion. We dichotomised PR 
as ‘normal’ and low (‘abnormal’) PR (> vs ≤median) and 
WSSR as ‘normal’ and high (‘abnormal’) WSSR (< vs 
≥4 th quartile). Both PR ≤median and WSSR ≥4 th quartile 
were associated with recurrent relevant ischaemic stroke 
in the SOpHIA cohort.16 WSSR ≥4 th quartile was also 
considered of ‘high’ WSS in studies using CFD models to 
investigate carotid artery and coronary artery diseases.21 22 
The haemodynamic status of sICAS was further classified 
by simultaneously considering PR and WSSR, as normal 
(normal PR and WSSR), intermediate (normal PR and 
high WSSR, or low PR and normal WSSR) and abnormal 
(low PR and high WSSR).
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Treatment, follow-up and outcome
All patients were treated with optimal medical therapy 
as recommended by contemporary guidelines23 and 
were followed up for 1 year via face- to- face interview at 
a neurology outpatient clinic or telephone interview. 
Medications prescribed on discharge were recorded. The 
primary outcome was recurrent ischaemic stroke in the 
same territory (SIT) within 1 year, with new infarct(s) on 
brain CT/MRI at recurrence; or by a neurologist based 
on newly developed neurological deficits relevant to the 
SIT and lasting >24 hours, when no brain imaging was 
available for the diagnosis.16

Statistical analysis
Medians (IQR) and numbers (percentage) were 
presented for descriptives. The associations between the 
baseline characteristics as continuous or categorical vari-
ables and the primary outcome were first analysed with 
Mann- Whitney U test, χ2, Fisher’s exact or linear- by- linear 
association tests, as well as univariate logistic regression. 
Variables with p<0.1 in univariate logistic regression were 
then entered in multivariate logistic regression, to detect 
independent predictors of the primary outcome. Contin-
uous variables (eg, age and blood pressure) were trans-
formed into categorical variables in the analyses. ORs and 
the 95% CIs were obtained.

Three risk prediction nomograms for the primary 
outcome were developed: (1) Nomogram I, with conven-
tional vascular risk factors only, including age ≥50 years, 
history of hypertension, diabetes and dyslipidaemia8 9; 
(2) Nomogram II, with conventional vascular risk factors 
above+dichotomised severity of luminal stenosis in sICAS; 
and (3) Nomogram III, with conventional vascular risk 
factors+the haemodynamic status of sICAS+other inde-
pendent predictors of the primary outcome identified 
with multivariate logistic regression, if any. Weights of 
different factors in the risk prediction nomograms were 
assigned based on the coefficients of the variables in multi-
variate logistic regression. Calibration of a nomogram was 
assessed by the Hosmer- Lemeshow test and a calibration 
plot of observed versus nomogram- predicted probability 
with 1000 bootstrap resamples. Discrimination of a nomo-
gram was quantified by the C- statistic, with 0.6–0.7, >0.7–
0.8 and >0.8, respectively, indicating a moderate, good 
and strong discriminative power. Risk reclassification of 
different nomograms was assessed by the net reclassifi-
cation improvement (NRI) and integrated discrimina-
tion improvement (IDI) indices.24 25 NRI is an index that 
measures the reclassification improvement of one nomo-
gram compared with another. IDI is the difference in esti-
mated probabilities of the individuals with and without 
the event between two nomograms. Positive NRI or IDI 
with statistical significance (p<0.05) indicates improve-
ment in risk reclassification of one nomogram over 
another. Decision curve analysis (DCA) was conducted 
to evaluate the net benefits of different nomograms by 
plotting against a range of threshold probabilities.26 
The net benefit was calculated with true positives minus 

weighted false positives, with the weight derived from 
given threshold probabilities (ie, risk of SIT within 1 year 
in sICAS in this study). Sensitivity analysis was conducted 
to detect the nomogram’s performance in patients with 
anterior- circulation sICAS.

All statistical analyses were conducted using SPSS V.26.0 
(IBM) and the R software V.4.0.3 (The R Foundation for 
Statistical Computing, Vienna, Austria), with a two- sided 
p<0.05 considered statistically significant.

RESULTS
Among 302 potentially eligible patients with sICAS 
confirmed in CTA, 36 were excluded due to failure in vessel 
geometry extraction (complex geometry, severe calcifica-
tion, subtotal arterial occlusion or poor image quality), 17 
failure in blood flow simulation in achieving convergence 
in solving fluid equations and 4 lost to follow- up. Overall, 
245 patients were analysed, with a median age of 61 years 
(IQR 53–69) and 63.7% males; 191 and 54 patients had 
anterior- circulation and posterior- circulation sICAS, 
respectively. The median interval between symptom onset 
and CTA exam was 6 days (IQR 3–11) (table 1).

Twenty (8.2%) patients had a primary outcome of SIT 
within 1 year. Baseline characteristics of those with or 
without the primary outcome are summarised in table 1. 
Compared with patients without SIT, those with SIT were 
more likely to have a history of dyslipidaemia (p=0.062), 
while demographics and other clinical characteristics 
were similar between the two groups. In addition, the 
risks of SIT were similar in those with moderate and 
severe luminal stenosis in sICAS (7.5% vs 8.9%; p=0.688). 
Regarding the haemodynamic status of sICAS, those with 
SIT were more likely to have an abnormal haemodynamic 
status (35.0% vs 14.7%) but less likely to have a normal 
haemodynamic status (15.0% vs 43.5%; p for linear- by- 
linear association=0.004). Among those with anterior- 
circulation sICAS (n=181), the leptomeningeal collateral 
status at baseline tended to be different between those 
with and without SIT (p=0.065). Moreover, medications 
prescribed at discharge (including dual or mono anti-
platelet, statins, antihypertensives and antidiabetics) 
were similar between those with and without the primary 
outcome (with more detailed data provided previously).16

Calibration and discrimination of nomograms I and II
Nomograms I and II incorporating conventional vascular 
risk factors without and with severity of luminal stenosis in 
sICAS, had good calibration in this cohort (p=0.123 and 
0.064, respectively, for the Hosmer- Lemeshow test) and 
moderate discrimination for the primary outcome (C- sta-
tistic 0.65, 95% CI 0.51 to 0.80; and 0.67, 95% CI 0.53 to 
0.82).

Development, calibration and discrimination of nomogram III
In univariate logistic regression, the haemodynamic status 
of sICAS was significantly associated with the primary 
outcome (p for trend=0.005), with a highest risk of SIT in 
patients with abnormal haemodynamic status (17.5%; OR 
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6.93, 95% CI 1.69 to 28.35, p=0.007), followed by interme-
diate (9.6%; OR 3.48, 95% CI 0.93 to 13.02, p=0.065) and 
normal status (3.0%; reference category). The history of 
dyslipidaemia (p=0.070) tended to be associated with the 
primary outcome in univariate logistic regression, and 
other factors including the severity of luminal stenosis in 
sICAS were not significantly associated with the primary 
outcome. In multivariate logistic regression, both history 
of dyslipidaemia and haemodynamic status of sICAS were 
independent predictors of the primary outcome (table 2).

Therefore, haemodynamic status of sICAS and history 
of dyslipidaemia, in addition to the conventional vascular 
risk factors, were incorporated in the risk prediction 
nomogram III, forming the D2H2A nomogram (Diabetes 
(two points), Dyslipidaemia (five points), Haemodynamic 

status of sICAS (7 and 10 points, respectively, for interme-
diate and abnormal status), Hypertension (one points), 
and Age ≥50 years (three points); figure 1). The D2H2A 
nomogram had good calibration in this cohort, according 
to the Hosmer- Lemeshow test (p=0.560); and the calibra-
tion plot showed good agreement between nomogram- 
based prediction and actual observation of SIT (figure 2). 
It also had good discrimination for the primary outcome 
(C- statistic 0.73, 95% CI 0.60 to 0.85).

Comparisons of the nomograms in risk reclassification and 
DCA
Compared with nomograms I and II, the D2H2A nomo-
gram had positive NRI and IDI indices (all p<0.05; 
table 3), indicating substantial improvement in risk 

Table 1 Baseline characteristics of the patients

Characteristics
Overall
N=245

Primary outcome: recurrent ischaemic 
stroke in the same territory

P value
Yes
(n=20)

No
(n=225)

Age, years 0.748

  <50 38 (15.5) 2 (10.0) 36 (16.0)

  ≥50 207 (84.5) 18 (90.0) 189 (84.0)

Sex 0.898

  Female 89 (36.3) 7 (35.0) 82 (36.4)

  Male 156 (63.7) 13 (65.0) 143 (63.6)

Conventional vascular risk factors

  Current smoking 98 (40.0) 8 (40.0) 90 (40.0) 1.000

  Hypertension 168 (68.6) 16 (80.0) 152 (67.6) 0.251

  Diabetes 85 (34.7) 10 (50.0) 75 (33.3) 0.133

  Dyslipidaemia 135 (55.1) 15 (75.0) 120 (53.3) 0.062

  Prior ischaemic stroke/TIA 37 (15.1) 5 (25.0) 32 (14.2) 0.198

Mean blood pressure at admission, mm Hg* 0.688

  <110 133 (54.3) 10 (50.0) 123 (54.7)

  ≥110 112 (45.7) 10 (50.0) 102 (45.3)

Interval from symptom onset to CTA, days 6 (3–11) 5 (3–16) 6 (3–11) 0.453

Severity of luminal stenosis in sICAS 0.688

  Moderate (50%–69%) 133 (54.3) 10 (50.0) 123 (54.7)

  Severe (70%–99%) 112 (45.7) 10 (50.0) 102 (45.3)

Haemodynamic status of sICAS 0.004

  Normal 101 (41.2) 3 (15.0) 98 (43.5)

  Intermediate 104 (42.5) 10 (50.0) 94 (41.8)

  Abnormal 40 (16.3) 7 (35.0) 33 (14.7)

Anterior- circulation sICAS 191 (78.0) 18 (90.0) 173 (76.9) 0.261

Leptomeningeal collateral status in patients with anterior- circulation sICAS† 0.065

  Good 69 (38.1) 10 (58.8) 59 (36.0)

  Poor 112 (61.9) 7 (41.2) 105 (64.0)

*Mean blood pressure was estimated as 1/3 systolic blood pressure plus 2/3 diastolic blood pressure.
†Leptomeningeal collateral status was assessed in 181 patients among the overall 191 patients with anterior- circulation sICAS.
CTA, CT angiography; sICAS, symptomatic intracranial atherosclerotic stenosis; TIA, transient ischaemic attack.
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reclassification by the D2H2A nomogram. DCA showed 
that the D2H2A nomogram yielded a larger net benefit 
than nomogram I over a range of 0%–2% and 4%–33% in 
the risk of the primary outcome (figure 3A), and a larger 
net benefit than nomogram II over 0%–3%, 5%–9% and 
12%–33% in the risk of the primary outcome (figure 3B). 
For instance, with an 8% 1- year risk of SIT in the study 
population (suggested in the current study), the net 
benefits of nomograms I, II and D2H2A were 0.021, 0.020 

and 0.031, respectively, meaning the D2H2A nomogram 
would identify 10 and 11 additional at- risk patients per 
1000 patients compared with nomograms I and II respec-
tively, without increasing false- positive predictions.

Sensitivity analysis
In patients with anterior- circulation sICAS, the leptome-
ningeal collateral status (p=0.072) and the haemody-
namic status of sICAS (p for trend=0.014) were likely to 
associate with the primary outcome in univariate logistic 
regression (online supplemental table 1). In multivariate 

Table 2 Logistic regression analyses of the primary outcome

Variables

Univariate Multivariate*

OR 95% CI P value OR 95% CI P value

Age ≥50 years 1.71 0.38 to 7.71 0.482

Male 1.07 0.41 to 2.78 0.898

Current smoking 1.00 0.39 to 2.54 1.000

Hypertension 1.92 0.62 to 5.95 0.258

Diabetes 2.00 0.80 to 5.02 0.139

Dyslipidaemia 2.63 0.92 to 7.47 0.070 2.97 1.02 to 8.65 0.047

Prior ischaemic stroke/TIA 2.01 0.68 to 5.91 0.205

Mean blood pressure at admission ≥110 mm Hg 1.21 0.48 to 3.01 0.688

Interval from symptom onset to CTA, days 0.99 0.95 to 1.04 0.747

Severe luminal stenosis in sICAS (70%–99%) 1.21 0.48 to 3.01 0.688

Haemodynamic status of sICAS

  Normal Ref. Ref.

  Intermediate 3.48 0.93 to 13.02 0.065 3.52 0.93 to 13.27 0.063

  Abnormal 6.93 1.69 to 28.35 0.007 7.88 1.89 to 32.87 0.005

*Variables with p<0.1 in univariate logistic regression were included in the multivariate analysis.
CTA, CT angiography; sICAS, symptomatic intracranial atherosclerotic stenosis; TIA, transient ischaemic attack.

Figure 1 The D2H2A nomogram for SIT within 1 year in 
sICAS patients receiving optimal medical treatment. To use 
the D2H2A nomogram, for instance, a 60- year- old (3 points) 
sICAS patient with a history of hypertension (1 point) and 
intermediate haemodynamic status of sICAS (7 points) would 
have 11 points in the D2H2A nomogram, and hence a 5.0% 
probability of having SIT within 1 year under contemporarily 
optimal medical treatment. sICAS, symptomatic intracranial 
atherosclerotic stenosis; SIT, recurrent ischaemic stroke in 
the same territory.

Figure 2 Calibration plot of the D2H2A nomogram for 
recurrent ischaemic stroke in the same territory within 1 year.
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logistic regression, however, only haemodynamic status 
was an independent predictor of 1- year SIT (p for 
trend=0.029; intermediate status: OR 3.80, 95% CI 0.78 
to 18.57, p=0.099; abnormal status: 6.07, 95% CI 1.13 
to 32.67, p=0.036; online supplemental table 1). There-
fore, conventional vascular risk factors and the haemo-
dynamic status of sICAS were included in nomogram III 
(the D2H2A nomogram) in sensitivity analysis in patients 
with anterior- circulation sICAS, the same with the overall 
analyses. It also showed good discrimination (C- statistic 
0.73, 95% CI 0.59 to 0.86) and calibration (p for Hosmer- 
Lemeshow test=0.658) for the primary outcome.

DISCUSSION
In this study, we developed and compared different risk 
prediction models in nomograms for the risk of recurrent 

relevant ischaemic stroke within 1 year, in ischaemic 
stroke or TIA attributed to 50%–99% ICAS with guideline- 
recommended medical treatment. We employed conven-
tional vascular risk factors, dichotomised luminal stenosis 
in sICAS that is commonly used in clinical practice in 
gauging the severity of the lesion, and haemodynamic 
status of sICAS obtained with CTA- based CFD modelling, 
in the nomograms. The D2H2A nomogram, incorporating 
diabetes, dyslipidaemia, haemodynamic status of sICAS, 
hypertension and age ≥50 years, had good discrimina-
tion (C- statistic 0.73) and calibration in both the overall 
cohort and the subgroup with anterior- circulation sICAS. 
Moreover, it improved risk reclassification and provided 
a larger net benefit in identifying true positives (those 
truly at a high risk of stroke relapse), than the other 
two nomograms based on conventional vascular risk 

Table 3 Comparison of nomograms in risk reclassification

Nomograms

Continuous NRI, % Categorical NRI, % IDI, %

Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value

Comparison 1

Nomogram I: conventional 
vascular risk factors only*

Ref. <0.001 Ref. 0.015 Ref. 0.009

Nomogram III: the D2H2A 
nomogram†

70.89 (30.84 to 110.94) 25.11 (4.83 to 45.39) 5.18 (1.29 to 9.08)

Comparison 2

Nomogram II: conventional 
vascular risk factors* + severity 
of luminal stenosis in sICAS

Ref. <0.001 Ref. 0.015 Ref. 0.014

Nomogram III: the D2H2A 
nomogram†

71.56 (29.52 to 113.59) 25.11 (4.83 to 45.39) 4.73 (0.96 to 8.5)

*Conventional vascular risk factors included age ≥50 years, diabetes, dyslipidaemia and hypertension.
†The D2H2A nomogram incorporated diabetes, dyslipidaemia, haemodynamic status of sICAS, hypertension and age ≥50 years.
IDI, integrated discrimination improvement; NRI, net reclassification improvement; sICAS, symptomatic intracranial atherosclerotic stenosis.

Figure 3 DCA for the three nomograms. The DCA shows the net benefits (y axis) of nomograms to stratify subjects for the risk 
of an outcome across a range of threshold probabilities of the outcome (x axis). (A) The reference lines (grey and black dashed 
lines) assume no patient or all patients will have an SIT. The grey and black solid lines illustrate the net benefits of nomograms I 
and D2H2A in risk stratification of sICAS patients, across a range of threshold probabilities of 1 year SIT (x axis). With an 8% risk 
of SIT in the study population (red dashed line), nomograms I and D2H2A, respectively, yielded a net benefit of 0.021 and 0.031, 
suggesting that the D2H2A nomogram would identify 10 more patients at risk of SIT within 1 year per 1000 patients, compared 
with nomogram I. (B) Similarly, nomograms II and D2H2A, respectively, yielded a net benefit of 0.020 and 0.031, suggesting that 
the D2H2A nomogram would identify 11 more patients at risk of SIT within 1 year per 1000 patients, compared with nomogram 
II. DCA, decision curve analysis; sICAS, symptomatic intracranial atherosclerotic stenosis; SIT, recurrent ischaemic stroke in the 
same territory.
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factors±severity of luminal stenosis in sICAS. The findings 
reinforced the important role of focal haemodynamics 
in sICAS in governing the risk of stroke recurrence in 
affected patients, while the D2H2A nomogram could be a 
useful tool for risk stratification of sICAS patients.

Among the conventional vascular risk factors, only 
the history of dyslipidaemia was significantly associated 
with the primary outcome (1- year SIT) in the current 
cohort, which might be explained by the fact that all 
patients received optimal medical treatment and risk 
factor management during 1- year follow- up, according 
to contemporary guidelines. Although we did not record 
medication compliance or long- term blood pressure, 
glucose and lipid levels in all patients during a follow- up, 
medications prescribed at discharge (including dual or 
mono antiplatelet, statins, antihypertensives and anti-
diabetics) were similar between those with and without 
the primary outcome.16 On one hand, this corrobo-
rates the effectiveness of the current medical treatment 
regimen in secondary stroke prevention of sICAS, when 
the 1- year risk of SIT (eg, 8.2% in this cohort) was signifi-
cantly lowered as compared with that in the WASID era 
(up to 12%–15%). The risk of 1- year SIT (5.6%) was 
even lower in minor ischaemic stroke or TIA patients 
with 50%–99% sICAS without atrial fibrillation, in the 
population- based OXVASC study.7 On the other hand, the 
findings also indicate that stroke risk prediction in sICAS 
may not work well with vascular risk factors alone, when 
their effects have been largely controlled with medical 
treatment. Therefore, we need to search for additional 
surrogate markers to identify high- risk sICAS patients 
under the current treatment regimen, as suggested in 
the latest guideline from the American Heart Associa-
tion/American Stroke Association on secondary stroke 
prevention.6

On top of conventional vascular risk factors, the degree 
of luminal stenosis had been independently associated 
with the risk of SIT in sICAS patients, for example, in the 
WASID trial and the Chinese Intracranial Atherosclerosis 
Study.12 13 For a long time, it had been considered as a sole 
indicator in scaling the severity of sICAS and in patient 
selection for therapeutic trials of sICAS. For instance, 
the Stenting and Aggressive Medical Management for 
Preventing Recurrent Stroke in Intracranial Stenosis 
trial was conducted in ‘high- risk’ (70%–99% stenosis) 
sICAS patients, which has provided substantial evidence 
for the currently optimal medical treatment regimen in 
this subgroup of patients, and at the same time closed the 
window for stenting as an initial treatment in secondary 
prevention of sICAS.3 However, it is also evident that 
nearly half (45%) of the SITs in the WASID trial cohort 
occurred in those with moderate (50%–69%) sICAS.12 
In the current cohort, the risks of SIT within 1 year were 
similar in those with moderate and severe luminal stenosis 
in sICAS (7.5% vs 8.9%; p=0.688). Therefore, there have 
been advocates over a more comprehensive assessment of 
sICAS to gauge its ‘severity’ beyond the luminal stenosis 
alone.15 27

Our previous studies had revealed the clinical rele-
vance of haemodynamic features of sICAS via CTA- based 
CFD modelling, in affecting lesion progression and the 
risk of recurrent stroke in sICAS.16 28 29 In this study, the 
risk prediction model (the D2H2A nomogram) based on 
conventional vascular risk factors and haemodynamic 
status of sICAS had significantly better risk reclassifica-
tion and larger net benefits in identifying those truly at 
a high risk of stroke relapse, than the nomogram based 
on conventional vascular risk factors±severity of luminal 
stenosis in sICAS. As reported in our previous work, most 
of the SIT involved multiple infarcts in the borderzone 
and/or cortical regions.16 Thus, hypoperfusion and/or 
artery- to- artery embolism could be the probable mech-
anisms of the recurrent strokes, associated with the 
abnormal haemodynamic status (low PR and high WSSR) 
of sICAS,16 30 31 which cannot be fully accounted for by 
the current medical treatment regimen. These findings 
suggested that the effect of more severe luminal stenosis 
in increasing the risk of stroke recurrence might be less 
prominent than that of the haemodynamic effects of 
the lesion and the corresponding stroke mechanisms, in 
sICAS patients under optimal medical treatment. These 
all echo the rising voices to consider other factors in addi-
tion to the severity of luminal stenosis, and/or to target 
the underlying stroke mechanisms, in therapeutic trials 
for sICAS.8 For instance, it may be worth investigating 
the effects of interventional treatment or more stringent 
medical treatment in those with low PR and/or high 
WSSR, who are at risk of hypoperfusion and/or plaque 
vulnerability and distal embolism.

In this study, we used different methods to assess the 
risk prediction models/nomograms. Compared with 
nomograms I and II, the D2H2A nomogram of conven-
tional vascular risk factors plus haemodynamic status of 
sICAS had better discrimination and calibration, with 
substantially improved risk reclassification for the primary 
outcome. The results were similar in sensitivity analysis in 
patients with anterior- circulation sICAS, who had collat-
eral circulation assessed and adjusted in multivariate 
analysis. Moreover, the decision curve analyses also indi-
cated that the D2H2A nomogram could identify 10 and 11 
additional at- risk patients per 1000 sICAS patients over 
nomograms I and II, respectively, without increasing false- 
positive predictions, given an 8% 1- year risk of SIT as in 
the current cohort. These results have demonstrated the 
potential value of the D2H2A nomogram in risk stratifica-
tion of sICAS identified with 50%–99% luminal stenosis, 
for patient selection in future therapeutic trials and more 
individualised treatment in secondary stroke prevention.

A major limitation of this study was the relatively small 
sample size, and the disproportional numbers of patients 
with anterior- circulation versus posterior- circulation 
sICAS, and those with versus without the primary 
outcome. In addition, the risk prediction nomograms 
were developed and assessed in a three- centre cohort 
study of Chinese patients. Therefore, external validation 
in larger cohorts with more posterior- circulation strokes 
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and outcome events and in other populations is needed 
for generalisation of the findings. Second, as in our 
previous CFD studies, we used a simplified CFD model 
for blood flow simulation in sICAS, and dichotomised 
PR and WSSR respectively using the median and fourth 
quartile according to our previous analyses16 and refer-
ring to CFD studies on carotid artery and coronary artery 
diseases.21 22 However, by far, there are no widely accepted, 
‘standardised’ methodology for CFD modelling in sICAS, 
or established, ‘optimal’ cut- off points for PR and WSSR 
to scale its haemodynamic significance. Further studies 
are warranted to validate the CFD modelling methods 
against other imaging modalities, and to explore for more 
specific cut- off values for the two haemodynamic metrics 
to gauge the haemodynamic significance of sICAS. More-
over, CFD modelling in ICAS relies on the quality of the 
source neurovascular images, and it may be inaccurate or 
infeasible in cases with severe arterial wall calcification or 
subtotal arterial occlusion. These are technical limitations 
of CFD modelling in ICAS that need to be improved in 
future studies. Last but not least, there are other factors 
that may affect stroke risk in sICAS, such as positive/nega-
tive remodeling32 and the plaque characteristics (plaque 
ulceration, morphology and components).33 34 These all 
need to be separately or simultaneously considered in 
future studies developing risk prediction tools in sICAS.

CONCLUSIONS
The D2H2A nomogram, based on conventional vascular 
risk factors in combination with the haemodynamic signif-
icance of sICAS obtained with CFD models, may effec-
tively stratify sICAS patients for the risk of same- territory 
stroke recurrence. On external validation, it could yield 
a useful tool for risk stratification of sICAS, for patient 
selection in future therapeutic trials and more individual-
ised treatment in secondary stroke prevention.
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