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Validation of Risk Prediction Models to 
Detect Asymptomatic Carotid Stenosis
Michiel H. F. Poorthuis, MD*; Alison Halliday, MS, FRCS*; M. Sofia Massa, PhD*; Paul Sherliker, BA*;  
Rachel Clack, BA; Dylan R. Morris, MBBS, D.Phil; Robert Clarke, FRCP; Gert J. de Borst, MD, PhD;  
Richard Bulbulia, MD, FRCS†; Sarah Lewington, DPhil†

BACKGROUND: Significant asymptomatic carotid stenosis (ACS) is associated with higher risk of strokes. While the prevalence 
of moderate and severe ACS is low in the general population, prediction models may allow identification of individuals at 
increased risk, thereby enabling targeted screening. We identified established prediction models for ACS and externally 
validated them in a large screening population.

METHODS AND RESULTS: Prediction models for prevalent cases with ≥50% ACS were identified in a systematic review (975 
studies reviewed and 6 prediction models identified [3 for moderate and 3 for severe ACS]) and then validated using data from 
596 469 individuals who attended commercial vascular screening clinics in the United States and United Kingdom. We as-
sessed discrimination and calibration. In the validation cohort, 11 178 (1.87%) participants had ≥50% ACS and 2033 (0.34%) 
had ≥70% ACS. The best model included age, sex, smoking, hypertension, hypercholesterolemia, diabetes mellitus, vascular 
and cerebrovascular disease, measured blood pressure, and blood lipids. The area under the receiver operating characteristic 
curve for this model was 0.75 (95% CI, 0.74–0.75) for ≥50% ACS and 0.78 (95% CI, 0.77–0.79) for ≥70% ACS. The prevalence 
of ≥50% ACS in the highest decile of risk was 6.51%, and 1.42% for ≥70% ACS. Targeted screening of the 10% highest risk 
identified 35% of cases with ≥50% ACS and 42% of cases with ≥70% ACS.

CONCLUSIONS: Individuals at high risk of significant ACS can be selected reliably using a prediction model. The best-performing 
prediction models identified over one third of all cases by targeted screening of individuals in the highest decile of risk only.

Key Words: atherosclerosis ■ carotid artery stenosis ■ external validation ■ ischemic stroke ■ prevention ■ risk prediction model  
■ targeted screening

Transient ischemic attack (TIA) or ischemic stroke 
is the first presentation of cardiovascular dis-
ease in about 25% of the cases,1,2 and 15% to 

20% of ischemic stroke cases are associated with 
extracranial carotid artery stenosis.3–5 Carotid steno-
sis is also a predictor for coronary events and vascu-
lar death.6 The prevalence of moderate (≥50%) and 
severe (≥70%) asymptomatic carotid stenosis (ACS) 
in the general population has been estimated to be 
2.0% and 0.5%, respectively.7

Because of this low overall prevalence, population-
level screening for ACS with duplex ultrasound is not 

recommended in current guidelines.8–11 However, 
targeted screening of high-risk individuals might be 
worthwhile,11 and risk stratification tools or prediction 
models have been developed to provide individual-
ized risk estimation for ACS. Before recommending 
targeted screening, risk prediction tools should be 
assessed for discrimination, calibration, and likely 
ability to detect false-positive and false-negative 
cases in an independent external population. We 
conducted a systematic review of published stud-
ies of prediction models for ACS and then externally 
validated these models in a large contemporary 
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population of screenees in the United States and 
United Kingdom.

METHODS
Systematic review according to a predefined protocol to 
identify established risk prediction models. This protocol 
has been registered in an international registry for sys-
tematic reviews (PROSPERO [International Prospective 
Register of Systematic Reviews]): CRD42019108136. 
The study adhered to the Preferred Reporting Items for 
Systematic reviews and Meta-Analyses (PRISMA) rec-
ommendations (Table S1) and the CHecklist for critical 
Appraisal and data extraction for systematic Reviews of 
prediction Modelling Studies (CHARMS).12,13

Data Sharing
Data from large population-based studies conducted 
by the Nuffield Department of Population Health can 
be shared with bona fide researchers on application 
to the principal investigators of this study. Details of 
the departmental data access policy can be found at 
https://www.ndph.ox.ac.uk/data-access.

Search Strategy and Eligibility Criteria
We used comprehensive electronic strategies and in-
corporated a validated research search filter to search 

Medline (via PubMed interface) and EMBASE (via 
OVID EMBASE interface) on March 1, 2019, for stud-
ies reporting on development and validation of predic-
tion models for risk of significant ACS in general or 
screened populations (Data S1).14 We included studies 
that (1) addressed development and/or validation of 
diagnostic prediction models to detect ACS of 50% 
or greater, (2) assessed prediction models in both 
general and high-risk populations but not in diseased 
populations at higher risk of ACS, (3) involved a cross-
sectional study design, and (4) were published in peer-
reviewed journals without any language restrictions.

Screening Process and Data Extraction
Two authors (M.H.F.P. and M.S.M.) independently 
screened all titles and abstracts of the retrieved ref-
erences and subsequently independently reviewed 
full-text copies for final inclusion in this study. We per-
formed backward citation searching using the bibliog-
raphies of included studies.

Two authors (M.H.F.P. and M.S.M.) independently 
extracted the following data from the included stud-
ies reporting the development of a prediction model, 
based on the CHARMS checklist: source of data, set-
ting study, geographic area (country and continent), 
study years, sample size, modeling method (eg, logis-
tic model), number of participants with missing data, 
handling of missing data, investigation of satisfaction 
of modeling assumptions, selection methods for pre-
dictor selection, shrinkage of predictor weights, num-
ber of outcome events, number of participants, degree 
of stenosis, number and type of predictors (diagnostic 
variables) used in the final model, number of outcome 
events per variable, presentation of model, and model 
performance (calibration and validation). In studies that 
reported internal validation of prediction models, we 
extracted the following additional data: method of in-
ternal validation (eg, cross-validation, bootstrap), and 
whether the model was adjusted or updated after in-
ternal validation. In studies reporting external validation 
of a prediction model, we extracted the following addi-
tional data: type of external validation (eg, geographical 
and/or temporal distinct population), whether authors 
of the external validation also developed the original 
model, and performance of the model before or after 
model recalibration.

Critical Appraisal
Prediction modeling studies were assessed for risk of 
bias and applicability using the Prediction model Risk 
Of Bias Assessment Tool (PROBAST).15 The assess-
ment of risk of bias involved 4 domains: participants, 
predictors, outcome, and analysis. Risk of bias was 
judged as low, high, or uncertain for each domain. 
The assessment of applicability involved 3 domains: 

CLINICAL PERSPECTIVE

What Is New?
•	 Established risk prediction models to detect cases 

at high risk of asymptomatic carotid stenosis were 
validated in a contemporary screening population 
in the United States and United Kingdom.

What Are the Clinical Implications?
•	 Risk prediction models can be used for targeted 

screening for asymptomatic carotid stenosis, 
and cardiovascular risk management can be 
initiated or intensified to prevent complications 
of asymptomatic carotid stenosis.

Nonstandard Abbreviations and Acronyms

ACS	 asymptomatic carotid stenosis
DBP	 diastolic blood pressure
HDL-C	 high-density lipoprotein cholesterol
LDL-C	 low-density lipoprotein cholesterol
SBP	 systolic blood pressure
TC	 total cholesterol
TIA	 transient ischemic attack

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=108136
https://www.ndph.ox.ac.uk/data-access
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participants, predictors, and outcome. Applicability 
was judged as low, high, or uncertain for each domain. 
Each distinct model included in the article was evalu-
ated separately.16

External Validation Cohort
A cohort of 0.6 million self-referred and self-funded in-
dividuals who attended commercial vascular screen-
ing clinics between 2008 and 2013 in the United 
States and the United Kingdom was used for exter-
nal validation. All individuals completed a standard-
ized questionnaire including questions about their age; 
sex; height and weight; history of vascular disease 
(peripheral arterial disease, TIA, stroke, coronary ar-
tery disease, and congestive heart failure); history of 
hypertension; history of diabetes mellitus; smoking 
history; and use of antiplatelet, antihypertensive, and 
lipid-lowering medication. Standard blood pressure 
cuffs and sphygmomanometers were used, with sys-
tolic pressure measured using a Doppler probe, and 
peripheral arterial disease was assessed with ankle-
brachial pressure index assessment.

Most participants underwent carotid duplex screen-
ing, conducted by trained staff using dedicated vascu-
lar ultrasound instruments (GE LOGIQ e). The highest 
peak systolic velocity and end-diastolic velocity of both 
the common carotid arteries and the internal carotid 
arteries were measured.

A blood sample was collected from a subset of 
participants for selected plasma biochemical mea-
surements using point-of-care testing methods 
(Alere Cholestech LDX System, Alere Inc, Waltham, 
MA). Plasma levels of total cholesterol, high-density 
lipoprotein-cholesterol, and triglycerides were mea-
sured by enzymatic methods. Low-density lipoprotein-
cholesterol was estimated using the Friedewald 
formula (low-density lipoprotein=total cholesterol−
high-density lipoprotein−triglycerides / 5).

Predicted Outcomes
We externally validated the prediction models for both 
moderate or severe ACS:

1.	 Moderate or severe ACS; estimated stenosis of ≥50% 
(on the basis of peak systolic velocity ≥125  cm/s 
at either side or 0  cm/s for occluded arteries); and

2.	Severe ACS, estimated stenosis of ≥70% (on the 
basis of peak systolic velocity ≥230 cm/s at either 
side or 0 cm/s for occluded arteries).

Statistical Analysis (External Validation)
Selected characteristics of the external validation cohort 
were summarized using standard methods. We used 
the same external validation population for all external 

validation analyses to enable comparisons between dif-
ferent prediction models. Participants who provided a 
blood sample and had a duplex ultrasound performed 
were included in analyses. For most predictors, the per-
centage of participants with missing data was <12%, 
except for measured diastolic blood pressure (31.8%) 
(Table S2). Missing data were imputed using chained 
equations and we created 20 imputed data sets with 
200 iterations.17 Total cholesterol/high-density lipopro-
tein cholesterol ratio was calculated before imputation.18 
Postimputation rounding was applied for limited-range 
variables (systolic blood pressure, diastolic blood pres-
sure, total cholesterol/high-density lipoprotein cholesterol 
ratio, high-density lipoprotein-cholesterol, low-density 
lipoprotein-cholesterol, and height), if needed.19

The regression formula reported for each model was 
applied to the external validation cohort to calculate 
the probability of ≥50% and ≥70% ACS per participant. 
These individual probabilities were used for assessing 
the predictive performance. We contacted authors to 
provide the regression formula if it was not reported. 
If the authors did not report or could not provide the 
regression formula, we calculated a sum score (total 
points) for each participant by summing the scores as-
signed to each predictor in the original reports (referred 
to as a “score chart”). We used the sum score to assess 
the predictive performance.

We examined the performance of discrimination 
and calibration in the different prediction models. 
Discrimination is the ability of the prediction model to 
distinguish between participants with and without the 
disease outcomes, assessed using the area under 
the receiver operating characteristic (AUROC) curve. 
AUROC curve values were calculated per imputed 
data set and results were subsequently pooled using 
Rubin’s rules.20,21

Calibration is the agreement between predicted and 
observed risk and was assessed with calibration plots. 
For the models that provided the regression formula, we 
estimated the mean probability per participant across 
the 20 imputed data sets, and subsequently we split 
the predicted risks in deciles. We then calculated mean 
predicted and observed probability with corresponding 
95% CIs per decile. In contrast, for the models that did 
not provide the regression formula, we used the pre-
dicted probability per sum score as reported in the orig-
inal reports, and we calculated the observed probability 
with corresponding 95% CI in the validation cohort.

Differences between the prevalence of the pre-
dicted outcome in the development cohorts and the 
validation cohort are known to influence calibration. 
For this reason, we recalibrated the prediction models 
to the prevalence of the predicted outcome in the vali-
dation cohort by reestimating the intercept.22 We fitted 
a logistic model with a fixed calibration slope and the 
intercept as the only free parameter.22
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STATA version 15.1 was used for all statistical analyses, 
and R version 3.5.1 was used for constructing the figures.

Clinical Application
Clinical application of the prediction model with the 
best discrimination was assessed using 2 approaches. 
The first approach assessed targeted screening of the 
10% and 20% cases at highest predicted risk of having 
significant ACS. For this, we calculated test character-
istics for the highest decile and the highest 2 deciles 
of predicted risk. The second approach assessed tar-
geted screening with a fixed level of sensitivity. For this, 
test characteristics were calculated for 2 levels of sen-
sitivity (closest to sensitivity 80% and 90%).

Sensitivity Analyses
We performed additional external validation of the predic-
tion models: (1) in complete cases, (2) participants without 
a history of prior TIA or stroke using imputed data sets, 
and (3) participants without a history of prior cardiovas-
cular disease (ie, stroke, TIA, myocardial infarction, and 
peripheral arterial disease) using imputed data sets.

Ethical Approval
The University of Oxford Medical Sciences Inter-Divisional 
Research Ethics Committee approved the study. All indi-
viduals provided written consent for the data collected at 
the screening visit to be used for research purposes.

Role of the Funding Source
The study funders had no role in study design, data 
collection, analysis, or interpretation, drafting the re-
port. The corresponding author had full access to all 
data in the study and had final responsibility for the 
decision to publish the report.

RESULTS
We screened 923 unique reports identified by literature 
searching, assessed the full texts of 102 reports for eli-
gibility, and included 5 studies (Figure 1 and Table S3).  
Four studies involved model development studies, of 
which 1 performed additional external validation of an 
existing prediction model.23–26 One study was an exter-
nal validation study.27 Overall, 6 prediction models for 
the prevalence of significant ACS were developed.23–26 
Characteristics of model development are provided in 
Table 1 and Table S4.

Three prediction models were developed to detect 
ACS ≥50%,23,24,26 1 model was developed to detect ACS  
≥60%,25 and 2 models were developed to detect ACS 
≥70%.23,26 The risk predictors included age, sex, smok-
ing, hypertension, hypercholesterolemia, diabetes 

mellitus, myocardial infarction, stroke or TIA, height, 
measured blood pressure, and blood lipids. The num-
ber of predictors included in the prediction models 
varied from 4 to 8. Two models used clinical charac-
teristics, and 4 models used blood measurements in 
addition to clinical characteristics. An overview of the 
predictors used in prediction models is provided in 
Table S5. The number of cases used to develop the 
prediction models varied from 394 to 23 706; the num-
ber of events varied from 18 to 465, and the number of 
cases per predictor varied from 2.6 to 59.8.

The overall risk of bias was low in 2 models and high in 
4 models. Concerns with the applicability of the prediction 
models was deemed low in 3 models, unclear in 2 mod-
els, and high in 1 model. An overview of the risk of bias 
and the applicability per model is provided in Table S6.

Predictive Performance
Discriminative performance, as assessed by the 
AUROC curves varied from 0.81 to 0.88 in the deri-
vation cohorts, and from 0.71 to 0.87 in the internal 
validation cohorts, respectively (Figure 2).23–27 Only 1 
study provided calibration plots.26

In 2 studies, 10 external validation analyses were 
performed.26,27 In Yan et al, 6 external validation anal-
yses were performed using both ≥50% and ≥70% 
ACS as outcomes.26 The number of cases used for 
external validation in their study was 5010, of which 
64 (1.3%) had ≥50% ACS, and 38 (0.8%) had ≥70% 
ACS. The AUROC curve ranged from 0.63 to 0.68. 
No (re)calibration was performed. A cohort from 
China used for external validation was geographically 
and temporally distinct from the derivation cohorts. 
In Suri et al, 4 external validation analyses were per-
formed using ≥50% and ≥75% ACS as predicted 
outcomes.27 The number of cases used for exter-
nal validation in their study was 5449, of which 227 
(4.2%) had ≥50% ACS and 52 (1.0%) had ≥75% ACS. 
The AUROC curve ranged from 0.56 to 0.60. No (re)
calibration was performed. The validation cohort was 
from the United States, as were the derivation co-
horts of the validated models and the data of valida-
tion cohort were older than the derivation cohorts.

External Validation
The validation cohort consisted of 596  469 partici-
pants, of whom 11 178 (1.87%) participants had ≥50% 
ACS and 2033 (0.34%) participants had ≥70% ACS. 
Baseline characteristics of the validation cohort are 
provided in Table 2.

Discrimination for outcome ≥50% ACS

The model with the best discrimination showed an 
AUROC curve of 0.749 (95% CI, 0.744–0.753).23 The 
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discriminative performance was fair in 3 other models 
with an AUROC curve of 0.727 (95% CI, 0.722–0.732), 
0.704 (95% CI, 0.700–0.709) and 0.703 (95% CI, 

0.699–0.708).25,26 The discriminative performance was 
poor in 1 model with an AUROC curve of 0.673 (95% CI, 
0.668–0.678).24

Figure 1.  Flowchart of literature review to identify the included studies.
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Discrimination for outcome ≥70% ACS

The model with the best discrimination showed an 
AUROC curve of 0.779 (95% CI, 0.770–0.789).23 The 
discriminative performance was fair in 3 other mod-
els with an AUROC curve of 0.759 (95% CI, 0.749–
0.770), 0.731 (95% CI, 0.721–0.742) and 0.701 (95% CI, 
0.690–0.712).25,26 The discriminative performance was 
poor in 1 model with an AUROC curve of 0.689 (95% 
CI, 0.677–0.701)24 (Figure 2 and Table S7).

Calibration

In the model with the best discrimination, predicted 
probabilities (after recalibration with adjusting the in-
tercept) showed good concordance between the 
predicted prevalence calculated with the prediction 
model and the observed prevalence in the external 
validation cohort. The predicted and observed preva-
lence of ≥50% ACS in the highest decile was 6.4% 
and 6.5%, respectively (Figure  3A).23 The predicted 
and observed prevalence of ≥70% ACS in the high-
est 2 deciles was 1.7% and 1.4%, respectively (Figure 
S1). Other calibration plots are provided as Figures S1 
and S2 for the outcomes ≥70% ACS and ≥50% ACS, 
respectively.

Application of the Prediction Model With 
the Best Discrimination
Application for outcome ≥50% ACS

First, we assessed targeted screening in the highest 
decile and highest 2 deciles of predicted risk. Prevalence 
of ≥50% ACS in the highest decile of predicted risk was 
6.5% with a number needed to scan (NNS) of 15. Targeted 
screening of the highest decile identified 34.8% of cases 
with ≥50% ACS. Prevalence in the 2 highest deciles of 
predicted risk was 4.8% with an NNS of 21. Targeted 
screening of the 2 highest deciles identified 55.0% of 
cases with ≥50% ACS (Figure 3B and Table S8).

Second, we assessed targeted screening with fixed 
levels of sensitivity. For this, test characteristics were 
calculated for 2 levels of sensitivity (≈80% and 90%). 
Observed prevalences of ≥50% ACS were 2.78% and 
3.38% for the sensitivity of 90.0% and 79.5%. The cor-
responding specificity was 40.0% and 56.6%, respec-
tively (Table S8).

Application for outcome ≥70% ACS

Prevalence of ≥70% ACS in the highest decile of pre-
dicted risk was 1.4% with an NNS of 70. Targeted 
screening of the highest decile identified 41.7% of cases 
with ≥70% ACS. Prevalence in the 2 highest deciles of 
predicted risk was 0.98% with an NNS of 102. Targeted 
screening of the 2 highest deciles identified 62.1% of 
cases with ≥70% ACS (Figure S3 and Table S8).Ta
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Using fixed levels of sensitivity (≈80% and 90%), 
observed prevalences of ≥70% ACS were 0.8% and 
0.5% for the sensitivity of 76.8% and 92.0%. The cor-
responding specificity was 65.1% and 40.0%, respec-
tively (Table S8).

Sensitivity Analysis
Validation in subsets with complete cases, cases with-
out a history of TIA or stroke, showed comparable 
results. Validation in the subset of cases without a his-
tory of cardiovascular disease showed a lower AUROC 
(Figure S4 and Table S9).

DISCUSSION
The present study validated prediction models in an 
external population to identify a cohort of individuals 
at high risk of asymptomatic carotid stenosis (ACS). In 
the model with the best discrimination, the observed 

prevalence of ACS in the decile at highest risk was 6.5% 
(≥50% ACS) and 1.4% (≥70% ACS) with an NNS of 15 
and 70, respectively. Targeted screening of individuals in 
the highest decile of risk reliably identified 35% of cases 
with ≥50% ACS and 42% of cases with ≥70% ACS.

Early identification of ACS cases allows the initiation 
or intensification of cardiovascular risk management 
using triple medical therapy (ie, antithrombotic, antihy-
pertensive, and lipid-lowering medication) to decrease 
the risk of cardiovascular disease. Carotid intervention 
might further decrease the risk of stroke in selected 
cases. Clinical and imaging features associated with 
an increased risk of stroke in patients with medically 
treated ACS, such as silent brain infarction, contralat-
eral stroke, or TIA, plaque echolucency, intraplaque 
hemorrhage, microemboli, and reduced cerebrovas-
cular reserve, have been identified.10,28 Risk stratifica-
tion tools, using a wide range of predictors, have been 
developed to estimate long-term stroke and cardiovas-
cular disease risk in cases with ACS, but these have 

Figure 2.  Discriminative performance of risk prediction models.
The symbols represent the AUROC curves of the included prediction models and the vertical bars represent the 95% CIs. The values 
of the AUROC curves and 95% CIs are provided in Table S6. The models of Jacobowitz et al24 and Qureshi et al25 were originally 
developed for >50% ACS and ≥60% ACS, respectively. Suri et al, 2008 used ≥50% ACS and ≥75% ACS as outcomes for the external 
validation.27 The AUROC curves of 2 external validations for ≥50% ACS in the models developed for ≥70% ACS by de Weerd et al23 
and Yan et al26 and 2 external validations for ≥70% ACS in the models developed for ≥50% ACS by the same authors are omitted in 
this figure. ACS indicates asymptomatic carotid stenosis; and AUROC, area under receiver operating characteristic.
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not been validated with current medical treatment.29,30 
Reliable and validated risk stratification tools might 
help further refine the use of targeted screening for 
ACS by identifying cases at higher risk for stroke and 
cardiovascular disease.

We found that discrimination was less for partic-
ipants without cardiovascular disease, but targeted 
screening could also include participants with a his-
tory of cerebrovascular or cardiovascular disease, 
since not all of these participants were taking ade-
quate preventive treatments. Annual ipsilateral risk of 
stroke in ACS cases on medical therapy in previous 
randomized controlled trials varied between 1.4% 
and 2.4%.31–33 More recent studies have reported 
lower risks attributable to improving risk factor man-
agement.29 Annual risk of ipsilateral ischemic stroke 
and TIA in cases with >50% ACS and a history of TIA 
or minor stroke in another territory with consequent 
use of secondary prophylaxis was as low as 0.34% 
and 1.78%, respectively.34

The discrimination of the best model was fair and 
calibration good, despite differences between the orig-
inal derivation and our validation cohort. Differences 
in duplex protocols, (eg, unilateral or bilateral screen-
ing), and differences in the methods of measurement 
of degree of stenosis between populations may have 
contributed to lower external performance in this large 
external validation cohort. Duplex screening does not 
assess intracranial stenosis, and extracranial calcified 
vessels can hamper reliable assessment. Different 
criteria for assessment of stenosis are available, but 

validity of duplex ultrasound performed by experi-
enced sonographers is good,35 and peak systolic ve-
locity, while it is a simple measurement, may be useful 
as a screening tool to identify cases for more intensive 
evaluation.

The present study had several strengths. We 
conducted an extensive literature search to iden-
tify existing models and previous external valida-
tion according to a prespecified protocol. We used 
a large cohort for external validation and all models 
were validated using the same participants, allowing 
us to directly compare their predictive performance. 
Missing data in the validation population were limited 
for most variables, and our findings were unaffected 
by missing values. Multiple imputation was used to 
handle missing data, which is preferred to complete-
case analysis. A direct match between predictors in 
the models and the external validation cohort was 
available for all predictors of externally validated 
models. Bilateral examination of the carotid arter-
ies was performed and stenoses of either side were 
used as outcome. Our sensitivity analyses showed 
that exclusion of participants with previous stroke or 
TIA and exclusion of participants with previous car-
diovascular disease did not influence the findings of 
the main analysis substantially.

The present study also had several limitations. 
First, even though the external validation data were 
prospectively collected, it was not primarily de-
signed for research purposes. Second, participants 
were self-referred and self-funded, which may limit 

Table 2.  Selected Characteristics of Participants in the External Validation Cohort, by Severity of ACS

Participants With  
<50% ACS 
(n=585 291)

Participants With  
50% to 69% ACS 

(n=9145)

Participants  
With ≥70% ACS 

(n=2033)*
All Participants 

(n=596 469)

Age, y 62.0±10.0 68.7±8.9 68.3±8.8 62.2±10.1

Sex (male) 208 285 (35.6) 3442 (37.6) 1009 (49.6) 212 736 (35.7)

Current or former smoker 207 329 (40.0) 4865 (61.0) 1245 (69.2) 213 439 (40.4)

Never smoker 311 192 (60.0) 3112 (39.0) 555 (30.8) 314 859 (59.6)

Hypertension 202 768 (36.0) 5185 (58.9) 1166 (60.6) 209 119 (36.4)

Diabetes mellitus 44 986 (8.2) 1577 (18.3) 312 (16.4) 46 875 (8.4)

Coronary heart disease† 26 997 (5.1) 1262 (14.9) 344 (18.6) 28 603 (5.3)

Stroke/TIA 17 154 (3.3) 758 (9.0) 274 (15.0) 18 186 (3.4)

Peripheral arterial disease 16 370 (2.8) 1184 (13.4) 424 (21.8) 17 978 (3.1%)

Height, m 1.68±0.1 1.67±0.1 1.69±0.1 1.68±0.1

SBP, mm Hg 132±19.5 142±21.8 146±23.5 132±19.6

DBP, mm Hg 78±9.8 76±10.2 78±11.5 78±9.8

HDL-C, mmol/L 1.4±0.5 1.3±0.5 1.3±0.4 1.4±0.5

LDL-C, mmol/L 3.0±0.9 3.0±1.1 3.0±1.1 3.0±0.9

TC/HDL-ratio 4.0±1.6 4.2±1.7 4.4±2.0 4.0±1.6

Values are mean±SD for continuous variables and n (%) for categorical variables. DBP indicates diastolic blood pressure; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; and TIA, transient ischemic attack.

*In this group, 500 participants had a presumed occlusion.
†Coronary heart disease is defined as previous myocardial infarction or a coronary intervention (bypass, angioplasty, or stenting).
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the generalizability to other (screened) populations. 
In addition, some predictors were not included in 
established risk prediction models, such as social 
status, possibly hampering reliable prediction in spe-
cific groups of patients. Third, data on medical his-
tory and height were assessed by self-reporting and, 
hence, may be susceptible to recall bias. Fourth, 
data from duplex measurement of the internal carotid 
artery and common carotid artery were not recorded 
separately.

Risk prediction models with good calibration are 
needed to improve the efficiency of targeted screen-
ing programs by identifying those at greatest risk, but 
future research should determine the long-term pre-
dictors of stroke and cardiovascular disease and de-
termine the number of events that could be prevented 
by using more intensive medical treatment.

In conclusion, the present study showed that most 
prediction models had modest discrimination but 
could reliably identify a cohort of cases at high risk of 
ACS. The prevalence of ACS in the decile(s) at highest 
predicted risk of ACS was considerably higher than 

the overall prevalence, thereby substantially reducing 
the number of individuals needed to screen to detect 
ACS. Further research should determine the optimum 
thresholds required for a targeted screening by con-
sidering the number needed to screen, the diagnostic 
yield, the absolute reduction of stroke risk by prophy-
lactic treatment, and cost-effectiveness of different 
approaches.
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Supplemental Methods. Search strategy Medline 

(via PubMed interface) 

1. "Carotid Stenosis"[Mesh]

2. "Carotid stenosis"[tiab] OR "Carotid artery stenosis"[tiab] OR "Carotid artery occlusion"[tiab] OR

"Carotid artery stenoses"[tiab]

3. #1 OR #2

4. (Validat$ OR Predict$.ti. OR Rule$) OR (Predict$ AND (Outcome$ OR Risk$ OR Model$)) OR

((History OR Variable$ OR Criteria OR Scor$ OR Scoring$ OR Characteristic$ OR Finding$ OR

Factor$) AND (Predict$ OR System$ OR Model$ OR Decision$ OR Identif$ OR Prognos$)) OR

(Decision$ AND (Model$ OR Clinical$ OR Logistic Models/)) OR (Prognostic AND (History OR

Variable$ OR Criteria OR Scor$ OR Characteristic$ OR Finding$ OR Factor$ OR Model$))14

5. "Mass Screening"[Mesh] OR Screen*[tiab]

6. Prevalence[Mesh] OR prevalenc* OR communit*[tiab]

7. "Population"[MeSH Terms] OR population*[tiab]

8. #5 OR #6 OR #7

9. #3 AND #4 AND #8

------------ 

286 references identified on March 1, 2019 

EMBASE (via OVID EMBASE interface) * 

1. exp carotid artery stenosis/

2. (carotid artery or carotid artery atherosclerosis or carotid artery disease or carotid artery

diseases).ti,ab,kw.

3. stenos*.ti,ab,tw.

4. 2 AND 3

5. 1 OR 4

6. predict.ti.

7. (validat* or rule*).ti,ab.

8. (predict* and (outcome* or risk* or model*)).ti,ab.

9. ((history or variable* or criteria or scor* or characteristic* or finding* or factor*) and (predict* or

model* or decision* or identif* or prognos*)).ti,ab.

10. decision*.ti,ab. and statistical model/

*https://www.nice.org.uk/guidance/ng50/documents/search-strategies 

Data S1.



11. (decision* and (model* or clinical*)).ti,ab.

12. (prognostic and (history or variable* or criteria or scor* or characteristic* or finding* or factor* or

model*)).ti,ab.

13. (stratification or discrimination or discriminate or c statistic or "area under the curve" or auc or

calibration or indices or algorithm or multivariable).ti,ab.

14. receiver operating characteristic/

15. 6 OR 7 OR 8 OR 9 OR 10 OR 11 OR 12 OR 13 OR 14

16. exp mass screening/

17. Screening.ab,ti,kw.

18. exp prevalence/

19. Prevalence.ab,ti,kw.

20. 16 OR 17 OR 18 OR 19

21. 5 AND 15 AND 20

22. letter.pt. or letter/

23. note.pt.

24. conference abstract.pt.

25. editorial.pt.

26. case report/ or case study/

27. (letter or comment*).ti.

28. 22 OR 23 OR 24 OR 25 OR 26 OR 27

29. animal/ not human/

30. nonhuman/

31. exp animal experiment/

32. exp experimental animal/

33. animal model/

34. exp rodent/

35. (rat or rats or mouse or mice).ti.

36. 29 or 30 or 31 or 32 or 33 or 34 OR 35

37. 28 OR 36

38. 21 NOT 37

------- 

764 references identified on March 1, 2019 



Table S1. PRISMA checklist 12 

Section/topic # Checklist item Reported 

TITLE 

Title 1 Identification as a systematic review, meta-analysis, or both. NA 

ABSTRACT 

Structured summary 2 Structured abstract including background, objectives, data 

sources, study eligibility criteria, methodological assessment, 

synthesis method, results, conclusions and implications of 

key findings.  

✓ 

INTRODUCTION 

Rationale  3 Describe the rationale for the review in the context of what is 

already known.  
✓ 

Objectives 4 Provide an explicit statement of questions being addressed 

with reference to participants, interventions, outcomes (PICO 

design).  

✓ 

METHODS 

Protocol and registration 5 Indicate if a review protocol exists, and where it can be 

accessed.  
✓ 

Eligibility criteria 6 Specify study characteristics and report characteristics (such 

as years considered, language, publication status) used as 

criteria for eligibility.  

✓ 

Information sources 7 Describe all information sources (such as databases with 

dates of coverage, contact with study authors, experts) in the 

search, and the date of last search.  

✓ 

Search 8 Present full electronic search strategy, including limits used, 

such that it could be repeated.  
✓ 

Study selection 9 State the process for selecting studies (i.e., screening, 

eligibility) and make sure that this is done by 2 authors.  
✓ 

Data collection 10 Describe method of data extraction from reports (e.g., piloted 

forms, independently, in duplicate) and any processes for 

obtaining and confirming data from investigators.  

✓ 

Data items 11 List and define all variables for which data were sought (e.g., 

PICOS, funding sources) and any assumptions and 

simplifications made.  

✓ 

Risk of bias in 

individual studies 

12 Describe methods used for assessing risk of bias of 

individual studies (including specification of whether this 

was done at the study or outcome level), and how this 

information is to be used in any data synthesis.  

✓ 

Summary measures 13 State the principal summary measures (e.g., risk ratio, 

difference in means).  
✓ 

Synthesis of results 14 Describe the methods of handling data and combining results 

of studies, if done, including measures of consistency (e.g., 

I2) for each meta-analysis.  

NA 

Risk of bias across 

studies  
15 Specify any assessment of risk of bias that may affect the 

cumulative evidence (e.g., publication bias, selective 

reporting within studies).  

✓ 

Additional analyses 16 Describe methods of additional analyses (e.g., sensitivity or 

subgroup analyses, meta-regression), if done, indicating 

which were pre-specified.  

✓ 

RESULTS 

Study selection 17 Give numbers of studies screened, assessed for eligibility, 

and included in the review, with reasons for exclusions at 

each stage, illustrated with a flow diagram.  

✓ 

Study characteristics 18 For each study, present characteristics for which data were 

extracted (e.g., study size, PICOS, follow-up period) and 

provide the citations.  

✓



Risk of bias within 

studies  
19 Present data on risk of bias of each study and, if available, 

any outcome level assessment.  
✓ 

Results of individual 

studies  
20 For all outcomes considered (benefits or harms), present, for 

each study: (a) simple summary data for each intervention 

group (b) effect estimates and confidence intervals, ideally 

with a forest plot.  

✓ 

Synthesis of results 21 Present results of each meta-analysis done, including 

confidence intervals and measures of consistency.  
NA 

Risk of bias across 

studies  
22 Present results of any assessment of risk of bias across 

studies.  
✓ 

Additional analysis 23 Give results of additional analyses, if done (e.g., sensitivity 

or subgroup analyses, meta-regression).  
✓ 

DISCUSSION 

Summary of evidence 24 Summarize the main findings including the strength of 

evidence for each main outcome; consider their relevance to 

key groups (e.g., healthcare providers, users, and policy 

makers).  

✓ 

Limitations 25 Discuss limitations at study and outcome level (e.g., risk of 

bias), and at review-level (e.g., incomplete retrieval of 

identified research, reporting bias).  

✓ 

Conclusions 26 Provide a general interpretation of the results in the context 

of other evidence, and implications for future research.  
✓ 

FUNDING 

Funding 27 Describe sources of funding for the systematic review and 

other support (e.g., supply of data); role of funders for the 

systematic review.  

✓



Table S2. Missing data per variable 

Variable Percentage of participants 

with missing 

Age 0 

Sex 0 

Current or former smoker 11.4 

Never smoked 11.4 

Hypertension 3.69 

Diabetes mellitus 6.22 

Coronary heart disease 8.91 

Stroke/TIA 9.90 

Peripheral arterial disease 1.70 

Height 1.79 

SBP 0.48 

DBP 31.8 

HDL-C  0.3 

LDL-C 8.6 

TC/HDL-ratio 0.3 
DBP indicates diastolic blood pressure; HDL-C, high-density lipoprotein 

cholesterol; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood 

pressure; TC, total cholesterol; TIA, transient ischemic attack.
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1. Abd Allah et al, 201036 * 

2. Aboyans et al, 200937 * 

3. Admani et al, 199138 * 

4. Ahn et al, 199139 * 

5. Aizenberg, 201640 * 

6. Alexandrov, 200341 * 

7. Ansari et al, 201142 * 

8. Archbold et al, 200143 * 

9. Ascher et al, 200144 * 

10. Ballard et al, 200745 * 

11. Barvalia et al, 201446 * 

12. Belcaro et al, 200047 * 

13. Berens et al, 199248 * 

14. Berger et al, 201349 * 

15. Bosevski et al, 200750 * 

16. Bosevski et al, 201551 * 

17. Carnicelli et al, 201452 * 

18. Carnicelli et al, 201353 * 

19. Carsten et al, 199954 * 

20. Chiquete et al, 201455 * 

21. Chua et al, 200756 * 

22. Chou et al, 201857 * 

23. Colgan et al, 198858 † * 

24. Cull et al, 201159 * 

25. de Weerd et al, 201423 * 

26. Derdeyn et al, 199660 * 

27. Derdeyn et al, 199561 * 

28. Di Carli et al, 200562 * 

29. Duval et al, 200663 * 

30. Ellis et al, 199264 * 

31. Elmore et al, 200365 * 

32. Engelhardt et al, 200566 * 

33. Eugene et al, 199967 * 

34. Fabris et al, 199468 * 

35. Felberg et al, 200269 * 

36. Fernandes et al, 201670 * 

37. Ghanaati et al, 200971 * 

38. Giral et al, 199972 * 

39. Gao et al, 201173 * 

40. Greco et al, 201374 * 

41. Hedblad et al, 199875 * 

42. Helfre et al, 201776 * 

43. Hogberg et al, 201477 * 

44. Hoshino et al, 201878 * 

45. Howard et al, 199679 * 

46. Hua et al, 201480 

47. Hughes et al, 201081 *
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48. Jacobowitz et al, 200324 * 

49. Joakimsen et al, 200082 * 

50. Jonas et al, 201483 * 

51. Kakkos et al, 201484 * 

52. Karnon et al, 200785 * 

53. Kazemi-Bajestani et al, 201386 * 

54. Kazum et al, 201687 * 

55. Lacroix et al, 200688 * 

56. Lassila et al, 199789 * 

57. Lee et al, 199790 * 

58. LeFevre et al, 201491 * 

59. Li et al, 201392 * 

60. Liang et al, 201493 * 

61. Lim et al, 201194 * 

62. Lim et al, 200695 * 

63. Martin et al, 200496 * 

64. Mathiesen et al, 200197 * 

65. Meng et al, 201798 * 

66. Moneta et al, 198999 * 

67. Mostaza et al, 2009100 * 

68. Niederkorn et al, 1991101 * 

69. Obuchowski et al, 1997102 * 

70. O’Leary et al, 1993103 * 

71. O’Leary et al, 1992104 * 

72. Paprottka et al, 2017105 * 

73. Park et al, 2006106 * 

74. Prati et al, 1992107 † * 

75. Prati et al, 2006108 * 

76. Qiu et al, 2016109 * 

77. Qureshi et al, 200125 * 

78. Rockman et al, 2013110 * 

79. Rockman et al, 2004111 * 

80. Rodriguez Saldana et al, 1998 * 

81. Roh et al, 2011112 * 

82. Ryglewicz et al, 1998113 * 

83. Saleem et al, 2008114 * 

84. Savji et al, 2013115 * 

85. Shah et al, 2014116 * 

86. Silaghi et al, 2013117 * 

87. Smolen et al, 2007118 * 

88. Solomon et al, 1997119 * 

89. Stein et al, 2015120 * 

90. Suri et al, 200827 * 

91. Sutton-Tyrrel et al, 1993121 * 

92. Touzé et al, 2008122 * 

93. Walters et al, 1993123 * 

94. Weisman et al, 2015124 * 

95. Whitty et al, 1998125 * 

96. Willeit et al, 1993126 * 

97. Woo et al, 2017127 *
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98. Wyman et al, 2006128 * 

99. Yan et al, 201826 * 

100. Yin et al, 1998129 * 

101. Yu et al, 2009130 * 

102. Zorach et al, 2016131 * 

† These articles were identified through cross-checking the reference lists of the studies included. 

ACS indicates asymptomatic carotid artery stenosis.  



Table S4. Characteristics of included model derivation and/or internal validation studies 

Predicted 

outcome 

Data source No. events / 

No. total 

patients 

Modelling 

method 

Handling of 

missing data 

Selection 

methods for 

predictor 

selection 

Correction 

for 

overoptimism 

Number 

of 

predictive 

factors 

Presentation of 

risk model 

First author, year 

of publication 

1. ≥70%

ACS

Renqiu Stroke 

Screening Study, 

China 

18 / 3006 

(0.6%) 

Logistic No details provided Backward No 7 Regression 

coefficients and 

web calculator 

Yan et al, 201826 

Model 1 

2. ≥50%

ACS

33 / 3006 

(1.1%) 

Logistic No details provided Backward No 8 Regression 

coefficients and 

web calculator 

Model 2 

3. ≥70%

ACS

4 observational 

studies: Sweden, 

Norway, Germany, 4 

communities in the 

US 

127 / 23706 

(0.5%) 

Logistic Imputation (single 

regression 

technique) 

Based on the 

predictors for 

moderate 

stenosis 

Yes 8 Original model, 

scoring chart 

de Weerd et al, 

201423 

Model 1 

4. ≥50%

ACS

465 / 23706 

(2.0%) 

Logistic Imputation (single 

regression 

technique) 

Backward Yes 8 Original model, 

scoring chart 

Model 2 

5. >50%

ACS

Screening, NY, US 38 / 394 

(9.6%) 

Logistic and X2 

analysis* 

Not stated Based on 

univariate 

analysis 

No 4 Original model Jacobowitz et al, 

200324 

6. ≥60%

ACS

Screening, NY, US 239 / 1331 

(18%) 

Logistic Not stated Based on 

univariate 

analysis 

No 4 Original model Qureshi et al, 

200125 

ACS indicates asymptomatic carotid artery stenosis. 

* Logistic regression and X2 analysis were not used to weight the diagnostic variables in the prediction model.



Table S4. Characteristics of included model derivation and/or internal validation studies (continued) 

Discrimination Calibration First author, year of 

publication 

AUROC curve Sensitivity / 

specificity 

Calibration 

plot 

Hosmer-

Lemeshow test 

Observed-expected 

ratio 

1. 0.806 (95% CI 0.724-

0.889) 

- Yes P > 0.05 High correlation 

between observed 

and predicted risk: r 

= 0.924, P < 0.001 

Yan et al, 201826 

Model 1† 

2. 0.785 (95% CI 0.705-

0.864) 

- Yes P > 0.05 High correlation 

between observed 

and predicted risk: r 

= 0.955, P < 0.001 

Model 2† 

3. 0.87 (0.85-0.90)* Yes - P = 0.071 - de Weerd et al, 201423 

Model 1‡ 

4. 0.82 (0.80-0.84)* Yes - P = 0.585 - Model 2‡ 

5. - - - - - Jacobowitz et al, 200324 

6. 0.706 (0.620-0.792) - - - - Qureshi et al, 200125 

AUROC curve indicates area under receiver operating characteristic curve. 

* This AUROC curve was calculated after bootstrapping techniques were applied. † Model 1 refers to the model that was developed

with predicted outcome 70-100% ACS and model 2 refers to the model that was developed with predicted outcome 50-100% ACS. ‡

Model 1 refers to the model that was developed with predicted outcome >70% ACS and model 2 refers to the model that was developed

with predicted outcome >50% ACS.



Table S5. Predictors (diagnostic variables) used in the prediction models 

Risk predictors Yan et al, 201826 

(Model: ≥50% ACS) 

Yan et al, 201826 

(Model: ≥70% ACS) 

De Weerd et al, 201423 

(Both models) 

Jacobowitz et 

al, 200324 

Qureshi et al, 

200125 

Age* * * * * 

Sex * * * 

Current smoking * * * 

Hypertension * 

Hypercholesterolemia * * 

Diabetes mellitus * 

History of stroke/TIA * * 

Coronary artery disease * 

Cardiac disease * 

History of vascular disease† * 

History of peripheral arterial disease * * 

Height (per cm increase) * * 

SBP‡ * * 

DBP§ * * 

HDL (per mmol/L increase) * * 

LDL (per mmol/L increase) * 

TC/HDL ratio * 

ACS indicates asymptomatic carotid stenosis; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol; LDL, low-density lipoprotein 

cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TIA, transient ischemic attack. 

* Age was defined as per year increase (in Yan et al, 2018), categorized in four groups (in de Weerd et al, 2014) and dichotomized in >65 years and ≤65 years

(in Qureshi et al, 2001). † History of vascular disease is defined as a medical history of either coronary heart disease or stroke. ‡ SBP was defined as per mmHg

increase (in Yan et al, 2018), categorized in three groups (in de Weerd et al, 2014). § DBP was defined as per mmHg increase (in Yan et al, 2018), categorized

in three groups (in de Weerd et al, 2014).



Table S6. Risk of bias assessment using PROBAST 

First author, year of 

publication 

Risk of bias Applicability Overall 
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1. Yan et al, 201826

Model 1* 

- ? ? - + + ? - ?

2. Model 2* - ? ? - + + ? - ?

3. de Weerd et al, 201423

Model 1†
 

+ + + + + + + + +

4. Model 2†
 + + + + + + + + + 

5. Jacobowitz et al, 200324 - ? + - - + + - - 

6. Qureshi et al, 200125 + + + - + + + - + 

PROBAST indicates Prediction model Risk Of Bias ASessement Tool. 

+ indicates low risk of bias / low concern regarding applicability; - indicates high risk of bias / high concern

regarding applicability; and ? indicates unclear risk of bias / unclear concern regarding applicability.

An overview of all steps per prediction model is available on request.

* Model 1 refers to the model that was developed with predicted outcome 70-100% ACS and model 2 refers

to the model that was developed with predicted outcome 50-100% ACS. † Model 1 refers to the model that 

was developed with predicted outcome >70% ACS and model 2 refers to the model that was developed with 

predicted outcome >50% ACS. 



Table S7. Discrimination of each prediction model in the original cohort and validation cohorts 

First author,  

year of publication 

Model development study Previous external validations 

Predicted outcome 

in original model 

AUROC curve (95% CI) 

in derivation cohort 

AUROC curve (95% CI) in 

internal validation cohort 

Predicted outcome of 

external validation 

AUROC curve (95% CI) 

1. Yan et al, 201826 Model 1* 70-100% ACS 0.785 (0.705-0.864) 0.846 (0.756-0.937)‡ - - 

2. Model 2* 50-100% ACS 0.806 (0.724-0.889) 0.804 (0.719-0.889)‡ - - 

3. de Weerd et al, 201423Model 1† >70% ACS - 0.87 (0.85-0.90)§ 70-100% ACS 0.672 (0.630-0.657)26 

4. Model 2† >50% ACS - 0.82 (0.80-0.84)§ 50-100% ACS 0.680 (0.668-0.694)26 

5. Jacobowitz et al, 200324 >50% ACS - - 70-100% ACS 0.670 (0.657-0.683)26 

50-100% ACS 0.648 (0.635-0.661)26 

75-100% ACS 0.60 (0.52-0.68)27 

50-100% ACS 0.60 (0.56-0.64)27 

6. Qureshi et al, 200125 ≥60% ACS - 0.706 (0.620-0.792)|| 70-100% ACS 0.643 (0.630-0.656)26 

50-100% ACS 0.626 (0.612-0.639)26 

75-100% ACS 0.58 (0.50-0.67)27 

50-100% ACS 0.56 (0.53-0.60)27 

ACS indicates asymptomatic carotid artery stenosis; AUROC curve, area under receiver operating characteristic curve; CI, confidence interval. 

* Model 1 refers to the model that was developed with predicted outcome 70-100% ACS and model 2 refers to the model that was developed with predicted outcome 50-100%

ACS. † Model 1 refers to the model that was developed with predicted outcome >70% ACS and model 2 refers to the model that was developed with predicted outcome >50%

ACS. ‡ Model was internally validated using split sample with random division of participants: 60% was assigned to the derivation cohort and 40% was assigned to the validation

cohort. § Model was internally validated with bootstrapping techniques to correct for overoptimism. || Model was internally validated using split sample with random division of

participants after excluding patients with history of transient ischemic attack, stroke, or carotid artery surgery: 66% was used for the derivation cohort and 33% was used for the

validation cohort.



Table S7. Discrimination of each prediction model in the original cohort and validation cohorts (continued) 

First author,  

year of publication 

Our external validation 

Predicted outcome 

in original model 

Predicted outcome of 

our external validation 

AUROC curve (95% CI) Predicted outcome of 

our external validation 

AUROC curve (95% CI) 

1. Yan et al, 201826 Model 1* 70-100% ACS ≥50% ACS 0.704 (0.700-0.709) ≥70% ACS 0.731 (0.720-0.742) 

2. Model 2* 50-100% ACS ≥50% ACS 0.727 (0.722-0.732) ≥70% ACS 0.759 (0.749-0.770) 

3. de Weerd et al, 201423 Model 1† >70% ACS ≥50% ACS 0.749 (0.744-0.753) ≥70% ACS 0.779 (0.770-0.789) 

4. Model 2† >50% ACS ≥50% ACS 0.749 (0.744-0.753) ≥70% ACS 0.779 (0.770-0.789) 

5. Jacobowitz et al, 200324 >50% ACS ≥50% ACS 0.673 (0.668-0.678) ≥70% ACS 0.689 (0.677-0.701) 

6. Qureshi et al, 200125 ≥60% ACS ≥50% ACS 0.703 (0.699-0.708) ≥70% ACS 0.701 (0.690-0.712) 

ACS indicates asymptomatic carotid artery stenosis; AUROC curve, area under receiver operating characteristic curve; CI, confidence interval. 

* Model 1 refers to the model that was developed with predicted outcome 70-100% ACS and model 2 refers to the model that was developed with predicted outcome 50-

100% ACS. † Model 1 refers to the model that was developed with predicted outcome >70% ACS and model 2 refers to the model that was developed with predicted

outcome >50% ACS.



Table S8. Clinical application of the prediction model with the best 

discrimination Outcome ≥50% ACS 

Sensitivity Specificity PPV NPV True 

positive 

False 

negative 

False 

positive 

True 

negative 

Observed 

prevalenc

e 

NNS 

Highest decile of predicted risk of ≥50% ACS 

34.8% 90.5% 6.51% 98.6% 3,885 7,293 55,762 529,529 6.51% 15 

Highest two deciles of predicted risk of ≥50% ACS 

55.0% 79.2% 4.81% 98.9% 6,149 5,029 121,676 463,615 4.81% 21 

Two different levels of sensitivity for the outcome ≥50% ACS 

79.5% 56.6% 3.38% 99.3% 8,882 2,296 254,033 331,258 3.38% 30 

90.0% 40.0% 2.78% 99.5% 10,060 1,118 351,171 234,120 2.78% 36 

ACS indicates asymptomatic carotid artery stenosis; NNS, number needed to screen; NPV, negative predictive value; PPV, positive predictive value. 



Table S8. Clinical application of the prediction model with the best discrimination (continued)  

Outcome ≥70% ACS 

Sensitivity Specificity PPV NPV True 

positive 

False 

negative 

False 

positive 

True 

negative 

Observed 

prevalenc

e 

NNS 

Highest decile of predicted risk of ≥70% ACS 

41.7% 90.1% 1.42% 99.8% 848 1,185 58,799 535,637 1.42% 70 

Highest two deciles of predicted risk of ≥70% ACS 

62.1% 78.5% 0.98% 99.8% 1,263 770 127,566 466,870 0.98% 102 

Two different levels of sensitivity for the outcome ≥70% ACS 

76.8% 65.1% 0.75% 99.9% 1,561 472 207,361 387,075 0.75% 133 

92.0% 40.0% 0.52% 99.9% 1,870 163 356,506 237,930 0.52% 192 

ACS indicates asymptomatic carotid artery stenosis; NNS, number needed to screen; NPV, negative predictive value; PPV, positive predictive value. 



Table S9. Sensitivity analyses 

Prediction 

model 

AUROC (95% CI) for ≥50% ACS AUROC (95% CI) for ≥70% ACS 

Complete-case 

analysis 

Without patients 

with previous 

TIA or stroke 

Without patients 

with previous 

CVD 

Complete-case 

analysis 

Without patients 

with previous 

TIA or stroke 

Without patients 

with previous 

CVD 

1. Yan et al,

201826 Model

1*

0.697 (0.692-

0.702) 

0.692 (0.687-

0.698) 

0.668 (0.662-

0.675) 

0.723 (0.711-

0.735) 

0.715 (0.703-

0.728) 

0.686 (0.670-

0.702) 

2. Model 2* 0.715 (0.708-

0.720) 

0.714 (0.709-

0.720) 

0.687 (0.680-

0.693) 

0.758 (0.744-

0.771) 

0.743 (0.731-

0.755) 

0.708 (0.692-

0.724) 

3. De Weerd et al,

201423Model 1†
 

0.745 (0.739-

0.751) 

0.740 (0.735-

0.745) 

0.719 (0.713-

0.724) 

0.783 (0.770-

0.795) 

0.770 (0.759-

0.781) 

0.747 (0.733-

0.761) 

4. Model 2† 0.745 (0.739-

0.751) 

0.740 (0.735-

0.745) 

0.719 (0.713-

0.724) 

0.783 (0.770-

0.795) 

0.770 (0.759-

0.781) 

0.747 (0.733-

0.761) 

5. Jacobowitz et

al, 200324

0.673 (0.667-

0.678) 

0.668 (0.662-

0.673) 

0.644 (0.638-

0.651) 

0.689 (0.675-

0.702) 

0.680 (0.667-

0.694) 

0.647 (0.629-

0.664) 

6. Qureshi et al,

200125

0.702 (0.696-

0.707) 

0.699 (0.694-

0.704) 

0.679 (0.673-

0.685) 

0.698 (0.686-

0.710) 

0.695 (0.683-

0.707) 

0.668 (0.652-

0.683) 

ACS indicates asymptomatic carotid artery stenosis; AUROC curve, area under receiver operating characteristic curve; CI, confidence interval; CVD, cardiovascular disease; TIA, transient 

ischemic attack. 

* Model 1 refers to the model that was developed with predicted outcome 70-100% ACS and model 2 refers to the model that was developed with predicted outcome 50-100% ACS. † Model

1 refers to the model that was developed with predicted outcome >70% ACS and model 2 refers to the model that was developed with predicted outcome >50% ACS. 



Figure S1. Calibration plots for outcome ≥70% ACS 

Risk groups 

Predicted prevalence 

(%) 

8 22 42 

Number of patients with 

≥50% ACS 

702 960 371 

Observed prevalence in 

validation cohort (%) 

0.19 0.47 1.56 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. A Calibration plot of external validation of the prediction model developed by Qureshi et 

al, 2001 (originally developed for ≥60% ACS).25 It shows the predicted and observed prevalence of 

≥70% ACS. The boxes represent the risk groups as provided in the original article and vertical lines 

represent the 95% confidence intervals. 



Risk groups 

Predicted prevalence 

(%) 

1.8 5.8 13.5 16.7 66.7 

Number of patients with 

≥50% ACS 

308 585 724 362 54 

Observed prevalence in 

validation cohort (%) 

0.14 0.27 0.53 1.48 3.42 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. B Calibration plot of external validation of the prediction model developed by Jacobowitz 

et al, 2003 (originally developed for >50% ACS).24 It shows the predicted and observed prevalence of 

≥70% ACS. The boxes represent the risk groups as provided in the original article and vertical lines 

represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.01 0.03 0.05 0.07 0.11 0.16 0.24 0.35 0.56 1.65 

Number of patients 

with ≥50% ACS 

10 33 43 77 88 120 181 218 414 849 

Observed prevalence in 

validation cohort (%) 

0.02 0.06 0.07 0.13 0.16 0.19 0.32 0.40 0.60 1.42 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. C Calibration plot of external validation of the prediction model (originally developed for 

≥70% ACS) developed by de Weerd et al, 2014.23 It shows the predicted and observed prevalence of 

≥70% ACS (before recalibration). The boxes represent one decile of predicted risk and the vertical 

lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.01 0.03 0.05 0.08 0.12 0.17 0.25 0.36 0.58 1.72 

Number of patients 

with ≥50% ACS 

10 33 43 77 88 120 181 218 415 848 

Observed prevalence in 

validation cohort (%) 

0.02 0.06 0.07 0.13 0.16 0.19 0.32 0.40 0.60 1.42 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. D Calibration plot of external validation of the prediction model for ≥70% ACS developed 

by de Weerd et al, 2014.23 It shows the predicted and observed prevalence of ≥70% ACS (after 

recalibration with adjusting the intercept). The boxes represent one decile of predicted risk and the 

vertical lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.22 0.42 0.64 0.86 1.16 1.49 1.94 2.51 3.46 6.75 

Number of patients 

with ≥50% ACS 

10 33 44 76 88 128 180 216 413 845 

Observed prevalence in 

validation cohort (%) 

0.02 0.06 0.07 0.13 0.16 0.20 0.31 0.40 0.61 1.42 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. E Calibration plot of external validation of the prediction model (originally developed for 

≥50% ACS) developed by de Weerd et al, 2014.23 It shows the predicted and observed prevalence of 

≥70% ACS (before recalibration). The boxes represent one decile of predicted risk and the vertical 

lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.04 0.07 0.11 0.14 0.20 0.25 0.33 0.43 0.60 1.21 

Number of patients 

with ≥50% ACS 

10 33 44 76 88 128 180 216 412 846 

Observed prevalence in 

validation cohort (%) 

0.02 0.06 0.07 0.13 0.16 0.20 0.31 0.40 0.60 1.42 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. F Calibration plot of external validation of the prediction model (originally developed for 

≥50% ACS) developed by de Weerd et al, 2014.23 It shows the predicted and observed prevalence of 

≥70% ACS (after recalibration with adjusting the intercept). The boxes represent one decile of 

predicted risk and the vertical lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.01 0.02 0.05 0.08 0.14 0.22 0.36 0.63 1.27 6.49 

Number of patients with 

≥50% ACS 

24 54 76 114 129 141 209 248 351 688 

Observed prevalence in 

validation cohort (%) 

0.04 0.09 0.13 0.19 0.22 0.24 0.35 0.42 0.59 1.15 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. G. Calibration plot of external validation of the prediction model (originally developed for 

≥70% ACS) developed by de Yan et al, 2018.26 It shows the predicted and observed prevalence of 

≥70% ACS (before recalibration). The boxes represent one decile of predicted risk and the vertical 

lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.00 0.01 0.02 0.03 0.05 0.07 0.12 0.21 0.43 2.48 

Number of patients with 

≥50% ACS 

24 54 76 114 129 141 209 248 351 687 

Observed prevalence in 

validation cohort (%) 

0.04 0.09 0.13 0.19 0.22 0.24 0.35 0.42 0.59 1.15 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. H Calibration plot of external validation of the prediction model (originally developed 

for ≥70% ACS) developed by de Yan et al, 2018.26 It shows the predicted and observed prevalence 

of ≥70% ACS (after recalibration with adjusting the intercept). The boxes represent one decile of 

predicted risk and the vertical lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.02 0.06 0.10 0.15 0.22 0.32 0.46 0.71 1.23 4.45 

Number of patients 

with ≥50% ACS 

21 49 51 93 120 149 180 214 338 818 

Observed prevalence in 

validation cohort (%) 

0.04 0.08 0.09 0.16 0.20 0.25 0.30 0.36 0.57 1.37 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. I Calibration plot of external validation of the prediction model (originally developed for 

≥50% ACS) developed by de Yan et al, 2018.26 It shows the predicted and observed prevalence of 

≥70% ACS (before recalibration). The boxes represent one decile of predicted risk and the vertical 

lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.01 0.02 0.04 0.06 0.09 0.14 0.20 0.30 0.52 2.01 

Number of patients with 

≥50% ACS 

21 49 51 93 120 149 180 214 338 818 

Observed prevalence in 

validation cohort (%) 

0.04 0.08 0.09 0.16 0.20 0.25 0.30 0.35 0.57 1.37 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. J Calibration plot of external validation of the prediction model (originally developed 

for ≥50% ACS) developed by de Yan et al, 2018.26 It shows the predicted and observed prevalence 

of ≥70% ACS (after recalibration with adjusting the intercept). The boxes represent one decile of 

predicted risk and the vertical lines represent the 95% confidence intervals. 



Figure S2. Calibration plots for outcome ≥50% ACS 

Risk groups 

Predicted prevalence 

(%) 

8 22 42 

Number of patients with 

≥50% ACS 

3713 5658 1807 

Observed prevalence in 

validation cohort (%) 

1.00 2.79 7.61 

ACS indicates asymptomatic carotid artery stenosis. 

Figure S2. A Calibration plot of external validation of the prediction model developed by Qureshi et 

al, 2001 (originally developed for ≥60% ACS).25 It shows the predicted and observed prevalence of 

≥50% ACS. The boxes represent the risk groups as provided in the original article and vertical lines 

represent the 95% confidence intervals. 



Risk groups 

Predicted prevalence 

(%) 

1.8 5.8 13.5 16.7 66.7 

Number of patients with 

≥50% ACS 

1798 3419 4100 1658 203 

Observed prevalence in 

validation cohort (%) 

0.82 1.60 3.02 6.75 13.26 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. B Calibration plot of external validation of the prediction model developed by Jacobowitz 

et al, 2003 (originally developed for >50% ACS).24 It shows the predicted and observed prevalence of 

≥50% ACS. The boxes represent the risk groups as provided in the original article and vertical lines 

represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.01 0.03 0.05 0.07 0.11 0.16 0.24 0.35 0.56 1.65 

Number of patients with 

≥50% ACS 

130 246 285 480 583 851 1103 1316 2273 3911 

Observed prevalence in 

validation cohort (%) 

0.22 0.41 0.48 0.81 1.07 1.35 1.92 2.41 3.29 6.55 

ACS indicates asymptomatic carotid artery stenosis. 

Figure S2. C Calibration plot of external validation of the prediction model developed by de Weerd et 

al, 2014 (originally developed for ≥70% ACS).23 It shows the predicted and observed prevalence of 

≥50% ACS (before recalibration). The boxes represent one decile of predicted risk and the vertical 

lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.06 0.16 0.29 0.44 0.68 0.98 1.43 2.09 3.34 8.98 

Number of patients 

with ≥50% ACS 

130 246 285 480 584 851 1103 1317 2291 3891 

Observed prevalence in 

validation cohort (%) 

0.22 0.41 0.48 0.81 1.07 1.35 1.92 2.41 3.31 6.52 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. D Calibration plot of external validation of the prediction model developed by de Weerd et 

al, 2014 (originally developed for ≥70% ACS).23 It shows the predicted and observed prevalence of 

≥50% ACS (after recalibration with adjusting the intercept). The boxes represent one decile of 

predicted risk and the vertical lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.22 0.42 0.64 0.86 1.16 1.49 1.94 2.51 3.46 6.75 

Number of patients 

with ≥50% ACS 

130 251 284 480 589 879 1096 1320 2263 3886 

Observed prevalence in 

validation cohort (%) 

0.22 0.42 0.48 0.81 1.07 1.39 1.92 2.42 3.32 6.51 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2. E Calibration plot of external validation of the prediction model for ≥50% ACS developed 

by de Weerd et al, 2014.23 It shows the predicted and observed prevalence of ≥50% ACS (before 

recalibration). The boxes represent one decile of predicted risk and the vertical lines represent the 

95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.21 0.40 0.61 0.82 1.10 1.42 1.85 2.39 3.30 6.44 

Number of patients 

with ≥50% ACS 

131 250 284 480 589 879 1096 1320 2264 3885 

Observed prevalence in 

validation cohort (%) 

0.22 0.42 0.48 0.80 1.07 1.39 1.92 2.42 3.32 6.51 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2 F Calibration plot of external validation of the prediction model for ≥50% ACS developed 

by de Weerd et al, 2014.23 It shows the predicted and observed prevalence of ≥50% ACS (after 

recalibration). The boxes represent one decile of predicted risk and the vertical lines represent the 

95% confidence intervals. Figure also shown as Figure 3A in the manuscript. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.01 0.02 0.05 0.08 0.14 0.22 0.36 0.63 1.27 6.49 

Number of patients 

with ≥50% ACS 

198 368 511 633 771 983 1156 1453 1952 3153 

Observed prevalence in 

validation cohort (%) 

0.33 0.62 0.86 1.06 1.29 1.65 1.94 2.44 3.27 5.29 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2 G Calibration plot of external validation of the prediction model developed by Yan et al, 

2018 (originally developed for ≥70% ACS).26 It shows the predicted and observed prevalence of 

≥50% ACS (before recalibration). The boxes represent one decile of predicted risk and the vertical 

lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.02 0.06 0.11 0.19 0.31 0.50 0.81 1.41 2.83 12.50 

Number of patients with 

≥50% ACS 

198 369 511 632 772 983 1156 1452 1953 3152 

Observed prevalence in 

validation cohort (%) 

0.33 0.62 0.86 1.06 1.29 1.65 1.94 2.43 3.27 5.28 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2 H Calibration plot of external validation of the prediction model developed by de Yan et 

al, 2018 (originally developed for ≥70% ACS).26 It shows the predicted and observed prevalence of 

≥50% ACS (after recalibration with adjusting the intercept). The boxes represent one decile of 

predicted risk and the vertical lines represent the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.02 0.06 0.10 0.15 0.22 0.32 0.46 0.71 1.23 4.45 

Number of patients 

with ≥50% ACS 

202 351 438 523 729 863 1081 1345 1950 3696 

Observed prevalence in 

validation cohort (%) 

0.34 0.59 0.73 0.88 1.22 1.45 1.81 2.25 3.27 6.20 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2 I Calibration plot of external validation of the prediction model for ≥50% developed by 

de Yan et al, 2018.26 It shows the predicted and observed prevalence of ≥50% ACS 

(before recalibration). The boxes represent one decile of predicted risk and the vertical lines represent 

the 95% confidence intervals. 



Deciles of predicted risk 

Predicted prevalence 

(%) 

0.06 0.15 0.26 0.40 0.58 0.83 1.21 1.83 3.15 10.27 

Number of patients with 

≥50% ACS 

202 351 437 524 729 863 1082 1344 1948 3698 

Observed prevalence in 

validation cohort (%) 

0.34 0.59 0.73 0.88 1.22 1.45 1.81 2.25 3.27 6.20 

ACS indicates asymptomatic carotid artery stenosis.

Figure S2 J Calibration plot of external validation of the prediction model for ≥50% ACS 

developed by Yan et al, 2018.26 It shows the predicted and observed prevalence of ≥50% ACS (after 

recalibration with adjusting the intercept). The boxes represent one decile of predicted risk and the 

vertical lines represent the 95% confidence intervals. 



Figure S3. Clinical application of the prediction model with the 

best discrimination 

Graph showing the sensitivity and specificity and corresponding observed prevalence and number 

needed to screen to detect one patient with ≥70% ACS using the prediction model developed by de 

Weerd et al, 2014.23 The square corresponds to targeted screening of patients in the highest decile of 

predicted risk. The prevalence in this decile is 1.42% with a number needed to screen of 70 and 

sensitivity is 41.7%. The circle corresponds to targeted screening of patients in the highest two 

deciles of predicted risk. The prevalence in these deciles is 0.98% with a number needed to screen of 

102 and sensitivity of 62.1%. 



Figure S4. Sensitivity analyses 

The boxes represent the AUROC curve of the analyses and the vertical lines represent the 95% confidence intervals. 

ACS indicates asymptomatic carotid artery stenosis; AUROC curve, area under receiver operating characteristic curve. 




