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PPROLOGUE 
A not so uncommon conversation between a neurologist and a vascular surgeon 

Neurologist  
It is good to hear your interest goes beyond the scalpel, my dear 
colleague. It seems we have work to do in improving primary 
prevention of ischaemic stroke in this specific group of patients. 
However, active tracing cases with asymptomatic stenosis in the 
population is like trying to find a needle in a haystack. 

In addition, I am always worried that interventions to remove the 
carotid stenosis are routinely offered to patients with asymptomatic 
carotid stenosis. To me, it seems that medical therapy is sufficient – at 
least in most cases. 

Vascular surgeon
That is good news, because medical therapy will reduce the risk of 
vascular events, especially because ischaemic strokes related to carotid 
stenosis tend to be more disabling and are more often fatal. Preventive 
therapy is therefore mandated, but not all patients with asymptomatic 
carotid stenosis are on best medical therapy. On the contrary, in over 
half of patients with ischaemic stroke related to carotid stenosis there is 
considerable scope to improve preventive therapy. 

Vascular surgeon  
You are right. Population-level screening is not cost-effective and 
will bring about many false-positive and false-negative cases. 
However, a screening targeted to those people at high risk might 
be another option and we could investigate whether that is 
worthwhile. This has also been suggested for atrial fibrillation – the 
other main cause of ischaemic strokes. Here an age criterion of 65 
years and older is suggested as threshold for pulse palpation to 
detect irregular pulse. 

With regard to the carotid interventions, it very much depends on 
the country you are consulting a medical doctor. The large majority 
of carotid interventions are performed on asymptomatic patients in 
for example the United States of America, whereas in Sweden 
these patients are not operated on at all. In the Netherlands, we are 
on the conservative side as well, with around 3% of carotid 
interventions performed on asymptomatic cases. So, it is far from 
routinely offered to asymptomatic patients in the Netherlands. 

Medical therapy might well be sufficient in most cases with 
asymptomatic stenosis, but we hope we are able to select those 
patients with a net clinical benefit of intervention in addition to 
medical therapy. But it is clear that guidance for careful patient 
selection in contemporary practice is lacking. 

Neurologist  
Oh hi there, a dissertation with research on asymptomatic carotid 
stenosis. Good heavens. What a surprise. I thought this subject was all 
sorted ages ago.  

We occasionally see a symptomatic patient with contralateral 
asymptomatic carotid stenosis when performing a duplex ultrasound at 
our TIA service, but they are on medical therapy for their ipsilateral 
event regardless of the duplex findings. 

Prologue8



NNeurologist  
Absolutely! Let us crack on and get this sorted… definitely! 

NNeurologist  
We have a rather important gap in evidence to guide contemporary 
clinical decision making for these patients. Ideally, we should predict 
who is at high risk of having carotid stenosis and atrial fibrillation 
combined with predicting who has the highest risk to develop 
ischaemic strokes and who has most benefit from intervention. That 
might identify a subgroup of patients with the highest absolute gains of 
prevention. 

Vascular surgeon  
Exactly, the net clinical benefit in contemporary practice. That is what we 
hoped to address in this dissertation. Maybe more timely than expected 
at first glance? 

Vascular surgeon  
Risk prediction models can indeed be used to target screening to 
those at highest risk. These have been suggested for atrial 
fibrillation, but validation of these models is necessary before 
implementation.  

It is surprising how little reliable evidence has been published about 
stroke rates in medically treated cases. This prevents us informing 
patients about the absolute gains they might receive from a carotid 
intervention. The stroke risk is presumably low for most patients, 
but the risk of developing a stroke might be high in a subgroup of 
these patients – possibly even higher than for some symptomatic 
patients to whom we offer a carotid procedure! 

In this high-risk subgroup of patients, the risk might outweigh the 
hazards of an operation (while avoiding many operations that may 
be of only marginal clinical benefit). We should keep in mind that 
procedural hazards have declined over time as well and are not the 
same for each patient (and surgeon) either. 

Neurologist  
Targeted screening is an interesting suggestion. This has not received 
much attention in the literature. An age criterion will surely improve 
the yield of screening because it is an important predictor, but you 
also want to detect stenosis early in younger people, because these can 
benefit longer from preventive therapy. How about combining several 
predictors together in a risk model?  

Preventive therapy can be initiated or intensified in these early 
detected cases, but a net clinical benefit is crucial when offering an 
additional carotid intervention. The question remains, however 
whether it is at all possible in the contemporary era of good medical 
therapy with low stroke rates in medically treated cases to achieve a 
net clinical benefit? 
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GGENERAL INTRODUCTION 

Stroke is the second leading cause of death and disability worldwide.1 Around 12 million people 

suffer a stroke annually and over 100 million people live with the consequences of a stroke resulting 

in stroke-related disability-adjusted life years. Stroke has two main causes that both result in 

disruption of the cerebral blood flow: ischaemia and haemorrhage. Ischaemia is caused by a lack 

of blood flow necessary to deliver oxygen and nutrients to the brain and haemorrhage is caused by 

excess of blood outside the blood vessels leading to compression of surrounding tissue. In 

approximately 80% of stroke the cause is ischaemic in nature and the remaining 20% is 

haemorrhagic. The main subtypes of brain ischaemia are thrombosis, embolism and systemic 

hypoperfusion. 

Fifteen to twenty percent of ischaemic strokes are related to narrowing of the extracranial carotid 

artery, also known as carotid artery stenosis.2 It is often classified, along with other pathologies, 

such as dissection, Takayasu arteritis, giant cell arteritis, and fibromuscular dysplasia, as large 

vessel disease of the extrancranial vessels. These pathologies are types of thrombotic strokes where 

blood clots are formed in the artery and block access to particular regions of the brain. 

Another fifteen to twenty percent of ischaemic strokes is related to atrial fibrillation (AF), the most 

common cardiac arrhythmia.3 In such cases, the thrombus is formed in the left atrial appendage 

of the heart and particles of debris are transported along the blood stream until they get stuck and 

also disrupt arterial blood flow. This subtype of ischaemic stroke is therefore often called 

cardioembolic stroke. 

Ischaemic strokes related to carotid stenosis and AF tends to be more disabling or fatal compared 

with other ischaemic stroke subtypes.4-6 In addition, the risk of recurrence is also higher with these 

subtypes.5,6 This led to an interest in prevention strategies aiming to prevent the onset of ischaemic 

strokes (primary prevention) or reduce the impact after the ischaemic stroke occurred, i.e. stroke 

recurrence (secondary prevention). Primary and secondary prevention strategies aim to optimise 

modifiable risk factors. These include lifestyle changes and medical and interventional treatments. 

Current guidelines for primary prevention of cardiovascular disease (CVD) have implemented risk 

prediction models to predict the incidence of CVD.7,8 These models include patient characteristics 

that are associated with increased risks. They aim to tailor prevention strategies to individualized 

risk predictions. These risk prediction models do not include AF and carotid stenosis as predictors, 

since many people with these conditions go undetected. This is because these conditions can be 

asymptomatic or paroxysmal AF is not detected at the time of assessment. AF and carotid stenosis 

however warrant disease-specific interventions to prevent CVD. 
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PPrevalence and sequelae of extracranial carotid artery stenosis 

The prevalence of moderate (≥50%) and severe (≥70%) asymptomatic carotid stenosis in the 

general population has been estimated to be 1.5-2.0% and 0.5%, respectively.9,10 The prevalence is 

higher in men and older people.11 Other risk factors include smoking, hypertension, 

hypercholesterolaemia, diabetes mellitus and vascular disease in other arterial beds of the 

circulation.12 In particular patients with lower-extremity arterial disease have a high prevalence of 

asymptomatic carotid artery stenosis.13 People with carotid stenosis are at increased risk of 

ischaemic stroke,14 myocardial infarction (MI) and premature death.15  

The risk of ischaemic stroke and the best approach to prevent such strokes in patients with 

asymptomatic carotid stenosis provokes heated debates in the literature, especially about the role 

of carotid revascularisation. The risk of stroke has declined over the last decades presumably as a 

result of improved medical preventive therapy. This gave rise to disputes about the net benefit of 

carotid revascularisation in addition to medical therapy. We will further discuss this issue in 

chapter 12 of this disseration. 

Primary and secondary prevention in patients with carotid stenosis 

Prevention strategies in patients with carotid stenosis include lifestyle interventions, medical 

therapy and carotid revascularisation. The aim is to prevent strokes and MIs by controlling 

modifiable risk factors or removing the stenosis. Lifestyle interventions include a healthy diet, 

smoking cessation and physical activity and are indicated for patients with carotid stenosis, 

regardless of their symptomatic status. The net benefit of these additional prevention strategies is 

determined by the inherent risks of side effects of antithrombic therapy, i.e., haemorrhage, and 

procedural complications after carotid revascularization. 

Anti-thrombotic therapy 

In patients with asymptomatic carotid stenosis, antiplatelet therapy is currently recommended.16 

The preventive effect of aspirin was seen in the observational Asymptomatic Carotid Emboli Study 

(ACES),17 but not in the Asymptomatic Carotid Bruit trial that randomised 372 patients between 

375 mg enteric-coated aspirin daily versus placebo.18 Antiplatelet therapy therefore provokes 

conflicting opinions in patients in whom asymptomatic carotid stenosis is the first manifestation 

of CVD and who have no indication for antiplatelet therapy because of CVD in other territories. 

In patients with symptomatic carotid stenosis, secondary stroke prevention trials are used the 

determine optimal prevention strategies. In patients with an ischaemic stroke or TIA (not related 

to AF), antiplatelet drugs have been shown to reduce the risk of thrombotic events by approximately 

one quarter.19 Different antiplatelet drugs have been studied in randomised clinical trials (RCTs). 
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Aspirin was compared to placebo and a reduction of around 15% was found in a meta-analysis of 

eleven trials.20 It showed a net benefit when comparing the risk of haemorrhagic stroke to 

ischaemic stroke.21 The dose of aspirin was associated with haemorrhagic complication rates.22,23  

The Clopidogrel versus Aspirin in Patients at Risk of Ischemic Events (CAPRIE) trial included over 

19,000 patients with stroke, MI or PAD and showed that clopidogrel is more effective than aspirin 

in reducing risks of ischaemic events. A relative risk reduction of the composite of ischaemic 

stroke, MI or vascular death of 8.7% (95% CI 0.3%-16.5%; p=0.043) was found. The effect in the 

subgroup of stroke patients showed no benefit of clopidogrel, but subgroups of trials do not always 

provide a good basis to determine the benefit of treatment for individual patients.24  

In the Prevention Regimen for Effectively Avoiding Second Strokes (PRoFESS) noninferiority trial, 

over 20,000 patients with non-cardioembolic ischemic stroke compared the combination of 

aspirin and dipyridamole to clopidogrel alone and showed comparable rates of recurrent stroke.25 

LLipid-lowering therapy 

No randomised trials have been performed on the effect of lipid-lowering therapy in patients with 

asymptomatic carotid stenosis. However, in the Asymptomatic Carotid Surgery Trial (ACST-1), 

the subgroup of patients who were on lipid-lowering therapy and allocated to deferral of CEA had 

a 10-year stroke risk of 13.4% versus 24.1% in patients who did not use lipid-lowering therapy. 

This might suggest that lipid-lowering therapy could reduce long-term stroke risk. 

Recommendations for dose and/or intensity of lipid-lowering therapy are typically derived from 

primary and secondary cardiovascular disease prevention strategies.26 These include high-

intensity treatment goals of low-density lipoprotein (LDL) levels of <1.8 mmol/L or a 50% 

reduction of LDL by either 40-80 mg atorvastatin or 20-40 mg rosuvastatin. 

Antihypertensive therapy 

No RCTs have been performed on the effect of antihypertensive therapy in patients with 

asymptomatic carotid stenosis. Recommendations about antihypertensive therapy are also based 

on primary cardiovascular disease prevention strategies27,28 and include treatment for patients 

with hypertension to maintain long-term arterial blood pressure <140/90 mmHg. 

Carotid revascularisation 

RCTs in the 1980s and 1990s showed that successful carotid revascularization by CEA reduced 

the long-term risk of stroke by approximately fifty percent in patients with asymptomatic or not 

recently symptomatic carotid stenosis (primary prevention)29-32 and recently symptomatic carotid 

stenosis (secondary prevention).33-36 The generalisability of these findings to contemporary 
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practice is limited, since the improvements of medical therapy affect the stroke risk in patients 

with carotid disease. This led to a decrease in absolute gains that individual patients might receive 

from CEA in addition to medical therapy. 

For asymptomatic carotid stenosis, some have argued that the number of carotid-related strokes 

prevented by adequate medical therapy is too high to warrant additional carotid revascularisation, 

while others advocated that the residual ipsilateral stroke risk warrants carotid revascularisation. 

The identification of patients with a residual ipsilateral stroke risk and also a net clinical benefit 

of an additional CEA is of crucial importance, but limited progress has been made. We will 

further discuss this issue in Chapter 12 of this dissertation. For symptomatic patients,  CEA is 

usually recommended for patients with severe 70-99% stenosis37 and may also be beneficial in 

male patients with moderate 50-69% stenosis.38 

The net clinical benefit depends not only on long-term reductions in stroke risk, but procedural 

hazards of carotid revascularisation should also be considered. These hazards have also declined 

since the recruitment of the aforementioned trials.39 Current guidelines recommend to consider 

CEA in patients who have a risk of procedural stroke or death of less than 6% if the carotid 

stenosis caused symptoms recently and 3% in patients without recent symptoms and who also 

have a life expectancy of five years.16 Operationalisation of these risks is however lacking and an 

attempt to quantify these risks by using risk prediction models will be investigated in this 

dissertation. 

Furthermore, operator characteristics are increasing recognised as important determinants of 

procedural outcomes and further improve the net clinical benefit of intervention. Finally, an 

analysis of the timing and procedural stroke subtype helps inform safe discharge policies and 

may critically review reporting of in-hospital complication rates after CEA. 

Prevalence and sequelae of AF 

The prevalence of AF in the general population has been estimated to be around 3% in adults 

aged 20 years and older.40 Risk factors include age, sex, hypertension, obesity, diabetes mellitus, 

heart failure, coronary artery disease, valvular heart disease, and chronic kidney disease. People 

with AF are at increased risk of ischaemic stroke41-43 and premature death,44 but also heart failure, 

left ventricular dysfunction, cognitive decline and vascular dementia. 

It is clear that carotid stenosis and AF are so-called risk modifiers that mandate additional 

prevention strategies. We will describe the disease-specific prevention strategies in the next 

paragraphs. 
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PPrevention of stroke in patients with AF 

Antithrombotic treatment is the cornerstone of stroke prevention in patients with nonvalvular AF.45 

Warfarin and other vitamin K antagonists were the first anticoagulants used. More recently, non-

vitamin K antagonist oral anticoagulants (NOAC) have shown to be suitable alternatives and their 

efficacy and safety is well established. Different types of NOACs have become available of which 

apixaban, dabigatran, rivaroxaban and edoxaban have been compared to warfarin in RCTs. 

In the Apixaban for Reduction in Stroke and Other Thrombo-embolic Events in Atrial Fibrillation 

(ARISTOTLE) randomised trial, patients were allocated to apixaban 5 mg twice daily or warfarin.46 

Apixaban showed a 21% reduction of stroke or systemic embolism. The risk of haemorrhagic stroke 

and intracranial haemorrhage were lower in patients using apixaban. 

In the Randomized Evaluation of Long-Term Anticoagulation therapy (RE-LY) trial, patients were 

allocated to dabigatran 110 mg or 150 mg twice daily or warfarin.47 Dabigatran 110 mg and warfarin 

showed similar rates of stroke and systemic embolism, but dabigatran showed lower rates of major 

haemorrhage. Dabigatran 150 mg showed lower rates of stroke and systemic embolism than 

warfarin but similar rates of major haemorrhage. 

The Rivaroxaban Once Daily Oral Direct Factor Xa Inhibition Compared with Vitamin K 

Antagonism for Prevention of Stroke and Embolism Trial in Atrial Fibrillation (ROCKET-AF) 

compared rivaroxaban 20mg once daily with warfarin.48 The intention-to-treat analysis showed that 

rivaroxaban was non-inferior, while the per-protocol analysis showed a 21% reduction in stroke or 

systemic embolism. 

Finally, the Effective Anticoagulation with Factor Xa Next Generation in Atrial Fibrillation – 

Trombolysis in Myocardial Infarction 48 (ENGAGE AF-TIMI 48) trial compared edoxaban 60mg 

daily (and 30 mg daily) to adjusted-dose warfarin.49 Edoxaban 60 mg showed a 21% reduction of 

stroke or systemic embolism and a 20% reduction of major bleeding. 

Oral anticoagulation should be initiated in man with AF and a CHA2DS2-VASc score of two or 

more and women with AF and a score of three or more.50,51 Other treatment approaches for AF, 

such as left atrial appendage occlusion and exclusion as measures to prevent strokes in AF patient 

is beyond the scope of this dissertation. 

Screening for undetected carotid stenosis 

The importance of detecting asymptomatic carotid stenosis is stressed by a study that reported 

387 patients with carotid-stenosis related TIAs. Less than half of patients were taking statins and 
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less than 60% were on antiplatelet therapy.52 This represents potential missed opportunities for 

stroke prevention by initiation or intensification of medical therapy.  

Population-level screening for undetected asymptomatic carotid stenosis with duplex ultrasound 

is not recommended in current guidelines.16,53-55 Reasons include the low overall prevalence of 

asymptomatic carotid stenosis in the general population.  

The United States Preventive Services Task Force (USPSTF) recommends against population-

level screening because the low prevalence in the general population, but also absense of 

evidence of an incremental benefit of intensification of medical therapy and limited 

generalisability of trial findings to contemporary practice that leads to an overestimation of 

benefits of CEA.56 

Recommendation for screening of subgroups at higher risk of asymptomatic carotid stenosis are 

inconsistent. The Society for Vascular Surgery (SVS) advise targeted screening of patients with 

multiple risk factors that include lower extremity arterial disease, people aged 65 years or above, 

or with a history of one or more of coronary heart disease (CHD), smoking or 

hypercholesterolemia.55 The “14 Society” guidelines recommends that targeted screening in 

patients with symptomatic lower extremity arterial disease, coronary heart disease or 

atherosclerotic aortic aneurysm may be considered.53 The European Society for Vascular Surgery 

(ESVS) advise targeted screening in patients with multiple vascular risk factors.16 In contrast, the 

American Heart Association (AHA) recommends against screening.54  

The prevalence of asymptomatic carotid stenosis in subgroups of patients with risk factors will be 

higher, but it is striking that only separate risk factors are used and not combinations. Risk 

prediction models use combinations of predictors and provide prevalences for subgroups with 

different risk factor profiles. These can be used to define a cohort of patients at higher risk of 

asymptomatic carotid stenosis. These risk prediction models enable targeted or selective 

screening of people at high risk and will therefore reduce the number needed to screen (NNS). 

SScreening for undetected AF 

Studies show considerable scope for improvement of stroke prevention in patients with AF, since 

AF is often undetected.40 AF is newly diagnosed at the time of the event in at least half of cases 

with cardioembolic strokes.57,58 

Population-level screening for undetected AF in people without cardiovascular disease using 

electrocardiogram (ECG) is not recommended in current guidelines. The overall prevalence of AF 

in the general population and especially in younger people is considered too low to make 

population-level screening worthwhile.50 
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Screening populations at high risk of AF is advised by the European Society for Cardiology 

(ESC).50 Opportunistic screening by pulse taking or ECG is recommended in people aged 65 

years or above and systematic ECG screening may be considered in people aged 75 or above or 

those at high risk of stroke.50 These recommendations are based on the SAFE trial that found a 

60% improvement in AF detection with opportunistic or systematic screening compared with 

routine practice over a period of 12 months.59,60 Implementation of systematic AF screening in 

people who are asymptomatic is not recommended by the USPSTF, because cost implications 

and lack of evidence that systematic screening is more effective than usual practice.61,62 

Other selection criteria to target screening for undetected AF have been suggested, such as 

CHADS2 and CHA2DS2-VASc, since this would allow a risk prediction model for prediction of AF 

diagnosis and risk stratification of outcomes, such as stroke or systemic thromboembolism.63 

This approach has shown to be particularly cost-effective.64-66 
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AAREAS OF UNCERTAINTY 

There remain several evidence gaps around the current understanding of the epidemiology of 

carotid artery stenosis and AF and the optimal prevention strategies to prevent ischaemic strokes. 

While the prevalence and risk factors of asymptomatic carotid stenosis in the general population 

have been studied extensively,9,11 the translation of these patterns into targeted screening for 

undetected asymptomatic carotid stenosis and AF in high risk populations by applying risk 

prediction modelling to contemporary large datasets is lacking. This might have contributed to 

inconsistent recommendations about screening in current guidelines. Risk prediction models 

might be used to target screening to those at high risk of asymptomatic carotid stenosis and AF, 

but risk prediction models need to be validated for discrimination and calibration in large 

contemporary datasets before implementation. 

In patient in whom carotid artery stenosis is detected, it is currently unclear what antithrombotic 

regime is appropriate. There is also considerable disagreement around the net clinical benefit of 

carotid revascularisation in patients with asymptomatic carotid stenosis in contemporary practice 

with effective medical therapy. It has been suggested that medical therapy reduces the stroke risk 

to such an extent that carotid revascularization should not be offered at all or only in selected 

cases.14,16 We will discuss the selection of those patients who may receive enough absolute benefit 

in terms of reduction of stroke risk to warrant carotid revascularisation in contemporary practice 

and the lack of validated risk prediction models to stratify such patients in the Chapter 12 of this 

dissertation. 

Similarly, in patients with symptomatic carotid stenosis, substantial uncertainty exists whether 

carotid endarterectomy should be offered routinely to all symptomatic patients or whether 

symptomatic patients with low and intermediate risk of stroke should be managed with medical 

therapy.  

The net clinical benefit however does not only depend on stroke (recurrence) risk, but also on 

procedural hazards. Procedural hazards have declined since the recruitment of the trials that 

determined the efficacy of CEA.39 Hospital volume, operator volume, and operator speciality have 

also been suggested as predictors of procedural complications, but reported associations are 

inconsistent. These predictors might be important to consider by whom patients should be 

treated and can also inform credentialing processes in future RCTs that determine the efficacy of 

carotid revascularisation. 

Before implementation measures to reduce the risk of procedural stroke or death after CEA, it is 

important to perform a detailed analysis of the timing of such events and stroke subtype. This 
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might inform clinicians when and how to reduce procedural strokes.67 Such an analysis is also 

important for research purposes, because it might critically review the reporting of in-hospital 

complication rates after CEA and help inform safe discharge policies, since it is unclear whether 

in-hospital procedural hazards reflect true risks after CEA. 

Risk prediction models might help inform patients about procedural hazard and possibly patient 

selection for CEA by providing individualised risk estimations by taking several patient and 

disease characteristics into account. Before implementation of such risk prediction models in 

clinical practice, it is essential to assess their predictive performance and clinical applicability. 

This validation to assess discrimination and calibration should be performed in generalizable 

external observational data with representative absolute procedural risks of patients who 

underwent CEA. 
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TTHESIS OUTLINE AND OBJECTIVES 

In this thesis, the prevalence of carotid stenosis and AF, two main causes of ischaemic stroke, and 

the treatment of carotid stenosis is scrutinised.  

Part 1 focuses on the prediction of asymptomatic carotid stenosis and comprises three chapters. 

Risk prediction models might identify individuals at higher risk of asymptomatic carotid stenosis, 

thereby enabling targeted screening. Early identification of asymptomatic carotid stenosis allows 

the initiation or intensification of preventive therapy to reduce risk of the CVD. In chapter 2, a 

systematic review of published studies of prediction models for asymptomatic carotid stenosis is 

conducted and these models are externally validated in a large contemporary screened population. 

In chapter 3, a novel risk prediction model to detect asymptomatic carotid stenosis in a large 

contemporary screened population is derived. In chapter 4, a systematic review to identify 

established risk prediction models to detect asymptomatic carotid stenosis in patients with lower 

extremity arterial disease is conductced, a novel risk prediction model is developed and externally 

validated in two independent populations.  

Part 2 focuses on identification of risk factors and prediction of AF and comprises two chapters. In 

chapter 5, it is determined whether either body mass index or waist circumference alone, or in 

combination, better estimates the risk of AF in men and women. In chapter 6, the utility of 

established models to predict prevalent AF in a large contemporary screened population is 

compared. 

Part 3 focuses on combined prediction of the prevalence of AF and asymptomatic carotid stenosis 

to optimise risk stratification for primary prevention of CVD. In chapter 7, the yield and accuracy 

of screening along with the prediction of 10-year risk of cardiovascular disease using the pooled 

risk equations is assessed. This might identify individuals in whom disease-specific prevention 

strategies should be considered if AF or asymptomatic carotid stenosis is found and who benefit 

from closer follow-up to improve compliance. 

Part 4 focuses on the identification of risk factors and prediction of procedural outcomes after 

treatment of carotid stenosis to improve the net clinical benefit. In chapter 8, the relationship 

between operator and hospital volume and procedural outcomes after CEA and carotid artery 

stenting (CAS) is investigated. In chapter 9, the relationship between operator speciality and 

procedural outcomes after CEA and CAS is analysed. In chapter 10, the frequency and timing of 

procedural stroke and death in patients who underwent CEA for asymptomatic carotid stenosis is 

described. In chapter 11, the predictive performance of risk prediction model to predict the risk of 
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procedural stroke and death after CEA in a large contemporary population, thereby enabling patient 

selection for CEA, is assessed. 
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The following objectives were formulated: 

1) To identify established risk prediction models to detect asymptomatic carotid stenosis in

the population and assess their performance (external validation) in a large contemporary

screened population (Chapter 2)

2) To derive a novel risk prediction model to detect asymptomatic carotid stenosis in a large

contemporary screened population (Chapter 3)

3) To identify established risk prediction models for asymptomatic carotid stenosis in

patients with lower extremity arterial disease, then develop a new risk prediction model

and, finally, validate this model in two independent populations (Chapter 4)

4) To determine precise estimates of the risk of AF by body mass index and waist

circumference alone, or in combination in men and women (Chapter 5)

5) To systematically identify and compare the utility of established models to predict AF

(Chapter 6)

6) To determine the yield and accuracy of screening for AF and carotid stenosis along with

cardiovascular risk stratification using the pooled risk equations (Chapter 7)

7) To examine the association between operator or hospital volume and procedural

outcomes of carotid revascularisation (Chapter 8)

8) To examine the association between operator speciality and procedural outcomes of

carotid revascularization (Chapter 9)

9) To assess frequency and timing of procedural complications after CEA for asymptomatic

carotid stenosis (Chapter 10)

10) To identify established risk prediction models for procedural stroke or death after CEA

and assess their performance (external validation) in a large contemporary population of

patients who underwent CEA (Chapter 11)
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AABSTRACT 

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 assessed 

discrimination and calibration. In the validation cohort, 11 178 (1.87%) participants had ≥50% 

ACS and 2033 (0.34%) had ACS ≥70%. 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% 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. 
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IINTRODUCTION 

Transient ischemic attack (TIA) or ischemic stroke is the first presentation of cardiovascular 

disease in about 25% of the cases,1,2 and 15-20% of ischemic stroke cases are associated with 

extracranial carotid artery stenosis.3-5 Carotid stenosis is also a predictor for coronary events and 

vascular 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  

Due to 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 individualized 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 studies of prediction models for ACS and then externally validated these 

models in a large contemporary population of screenees in the USA and UK. 
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MMETHODS 

This systematic review and meta-analysis was conducted according to a predefined protocol that 

has been registered in an international registry for systematic reviews (PROSPERO): 

CRD42019108136. The study adhered to the Preferred Reporting Items for Systematic Reviews 

and Meta-analyses (PRISMA) recommendations (Table S1) and the Critical Appraisal and Data 

Extraction for Systematic Reviews of Prediction Modelling Studies (CHARMS) checklist.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 incorporated a validated research search filter to 

search Medline (via PubMed interface) and EMBASE (via OVID EMBASE interface) on March 1, 

2019 for studies reporting on development and validation of prediction models for risk of ACS in 

general or screened populations (Methods 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 (MHFP and MSM) independently screened all titles and abstracts of the retrieved 

references and subsequently independently reviewed full-text copies for final inclusion in this 

study. We performed backward citation searching using the bibliographies of included studies.  

Two authors (MHFP and MSM) independently extracted the following data from the included 

studies reporting the development of a prediction model, based on the CHARMS checklist: source 

of data, setting study, geographic area (country and continent), study years, sample size, modelling 

method (eg, logistic model), number of participants with missing data, handling of missing data, 
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investigation of satisfaction of modelling assumptions, selection methods for predictor selection, 

shrinkage of predictor weights, number 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, model performance (calibration and 

validation). In studies that reported internal validation of prediction models, we extracted the 

following additional data: method of internal validation (e.g., cross-validation, bootstrap); whether 

the model was adjusted or updated after internal validation. In studies reporting external validation 

of a prediction model, we extracted the following additional data: type of external validation (e.g., 

geographical and/or temporal distinct population); whether authors of the external validation also 

developed the original model; performance of the model before or after model recalibration. 

CCritical appraisal 

Prediction modelling studies were assessed for risk of bias and applicability using the Prediction 

model Risk Of Bias ASsessment Tool (PROBAST).15 The assessment of risk of bias involved four 

domains: participants; predictors; outcome and analysis. Risk of bias was judged as low, high, or 

uncertain for each domain. The assessment of applicability involved three domains: participants; 

predictors and outcome. Applicability was judged as low, high, or uncertain for each domain. Each 

distinct model included in the article was evaluated separately.16 

External validation cohort 

A cohort of 0.6M self-referred and self-funded individuals who attended commercial vascular 

screening clinics between 2008 and 2013 in the United States and the United Kingdom was used 

for external validation. All individuals completed a standardized questionnaire including questions 

about their age, sex, height and weight, history of vascular disease (peripheral arterial disease, 

transient ischemic attack, stroke, coronary artery 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 systolic pressure (SBP) measured using a Doppler probe, 

and peripheral arterial disease (PAD) was assessed with ankle-brachial pressure index assessment. 
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Most participants underwent carotid duplex screening, conducted by trained staff using dedicated 

vascular ultrasound instruments (GE LOGIQ e®). The highest peak systolic velocity (PSV) and end- 

diastolic velocities (EDV) 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 

measurements using point-of-care testing methods (Alere Cholestech LDX® system, Alere Inc, 

Waltham MA, USA). Plasma levels of total cholesterol, high-density lipoprotein-cholesterol (HDL-

C), and triglycerides were measured by enzymatic methods. Low-density lipoprotein-cholesterol 

(LDL-C) was estimated using the Friedewald formula (LDL = total cholesterol – HDL – 

triglycerides/5). 

PPredicted outcomes 

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

1) Moderate or severe ACS; i.e., estimated stenosis of ≥50% (based on peak systolic velocity (PSV)

≥125 cm/s at either side or 0 cm/s for occluded arteries); and 

2) Severe ACS, i.e., estimated stenosis of ≥70% (based on PSV ≥230 cm/s at either side or 0 cm/s

for occluded arteries).  

Statistical analyses (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 different prediction models. Participants who provided a blood 

sample and had a duplex ultrasound performed were included in analyses. For most predictors, 

the percentage 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 20 data sets 

with 200 iterations.17 Total cholesterol/high-density lipoprotein cholesterol ratio (TC/HDL-ratio) 

was calculated before imputation.18 Post-imputation rounding was applied for limited-range 

variables (SBP, diastolic blood pressure, TC/HDL-ratio, HDL-C, LDL-C, 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 
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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 

assigned 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 receiver operating characteristic 

(AUROC) curve. AUROC curves values were calculated per imputed data set and results were 

subsequently pooled using Rubin’s rules.20,21 

Calibration is the agreement between predicted risk 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% confidence intervals (CI) per decile. In contrast, for the models that did not provide the 

regression formula, we used the predicted probability per sum score as reported in the original 

reports and we calculated the observed probability with corresponding 95% CI in the validation 

cohort. 

Differences between the prevalence of the predicted 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 validation cohort by re-estimating the 

intercept.22 We fitted a logistic model with a fixed calibration slope and the intercept as the only 

free parameter.22  

STATA version 15.1 was used for all statistical analyses and R version 3.5.1 was used for constructing 

the figures. 

CClinical application 

Clinical application of the prediction model with the best discrimination was assessed using two 

approaches. The first approach assessed targeted screening of the 10% and 20% cases at highest 
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predicted risk of having significant ACS. For this, we calculated test characteristics for the highest 

decile and the highest two deciles of predicted risk. The second approach assessed targeted 

screening with a fixed level of sensitivity. For this, test characteristics were calculated for two levels 

of sensitivity (closest to sensitivity 80% and 90%). 

SSensitivity analyses 

We performed additional external validation of the prediction models: 1) in all available cases; 2) 

participants without a history of prior TIA or stroke using imputed data sets; and 3) participants 

without a history of prior cardiovascular disease (i.e., stroke, TIA, MI, and PAD) using imputed 

data sets. 

Ethical approval 

The University of Oxford Medical Sciences Inter-Divisional Research Ethics Committee approved 

the study. All individuals 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 report. The corresponding author had full access to all data in the study and had final 

responsibility for the decision to publish the report. 
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RRESULTS 

We screened 923 unique reports identified by literature searching, assessed the full-texts of 102 

reports for eligibility, and included five studies (Figure 1 and Table S3). Four studies involved 

model development studies, of which one performed additional external validation of an 

existing prediction model.23-26 One study was an external validation study.27 Overall, six 

prediction models for the prevalence of 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 one model was developed to 

detect ACS ≥60%,25 and two models were developed to detect ACS ≥70%.23,26 The risk predictors 

included age, sex, smoking, hypertension, hypercholesterolemia, diabetes, myocardial infarction, 

stroke or TIA, height, measured blood pressure, and blood lipids. The number of predictors 

included in the prediction models varied from four to eight. Two models used clinical 

characteristics and four 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 number 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 two models and high in four models. Concerns with the 

applicability of the prediction models was deemed low in three models, unclear in two models and 

high in one model. An overview of the risk of bias and the applicability per model is provided in 

Table S6. 
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FFigure 1. Flowchart of literature review to identify the included studies  
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TTable 1. Selected characteristics of studies assessing different risk prediction models for 
ACS 

Predicted 
outcomes 

Data sources  Calendar 
year of 
recruitment  

No. of cases / 
participants in 
derivation cohort  

Number of 
included 
predictors  

Number of 
eevents per 
predictor 

First author, 
year of 
publication  

1. 70-100%
ACS

Renqiu Stroke 
Screening 
Study, China 

2012 18 / 3006 (0.6%) 7 2.6 Yan et al, 
201826 
Model 1 

2. 50-100%
ACS

33 / 3006 (1.1%) 8 4.1 Model 2 

3. >70% ACS Four
observational 
studies: 
Sweden, 
Norway, 
Germany, four 
communities in 
the US 

Tromsø: 
1994-5; 
MDCS: 
1991-6; 
CAPS: NA; 
CHS: NA. 

127 / 23,706 
(0.5%) 

8 15.9 De Weerd et 
al, 201423 
Model 1 

4. >50% ACS 465 / 23,706 
(2.0%) 

8 58.1 Model 2 

5. >50% ACS Screening, NY,
US 

2001-2002 38 / 394 (9.6%) 4 9.5 Jacobowitz et 
al, 200324 

6. ≥60% ACS Screening, NY,
US 

1997 239 / 1331 (18%) 4 59.8 Qureshi et 
al, 200125 

ACS indicates Asymptomatic carotid stenosis; CAPS, Carotid Atherosclerosis Progression Study; CHS, 
Cardiovascular Health Study; MDCS, Malmö Diet and Cancer Study; NA, not available; NY, New York; US, United 
States. 

Predictive performance 

Discriminative performance, as assessed by the AUROC curves varied from 0.81 to 0.88 in the 

derivation cohorts, and from 0.71 to 0.87 in the internal validation cohorts, respectively (Figure 

2).23-27 Only one study provided calibration plots.26 

In two studies, ten external validation analyses were performed.26,27 In Yan et al, six external 

validation analyses were performed using both ≥50% and ≥70% ACS as outcomes.26 The number 

of cases used for external validation in their study was 5,010, 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, four external validation analyses 

were performed using ≥50% and ≥75% ACS as predicted outcomes.27 The number of cases used 

for external validation in their study was 5,449, 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 US as were the derivation cohorts of the validated 

models and the data of validation cohort were older than the derivation cohorts. 
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EExternal validation 

The validation cohort consisted of 596,469 participants, of whom 11,178 (1.87%) participants had 

≥50% ACS and 2,033 (0.34%) participants had ≥70% ACS. Baseline characteristics of the validation 

cohort are provided in Table 2. 

Table 2. Selected characteristics of participants in the external validation cohort, by severity of 
ACS 

Participants with 
<50% ACS 

(n = 585,291)  

Participants with 
50-69% ACS

(n = 9,145)

Participants with 
≥70% ACS 
(n = 2,033)† 

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%) 4,865 (61.0%) 1,245 (69.2%) 213,439 (40.4%) 

Never smoker 311,192 (60.0%) 3,112 (39.0%) 555 (30.8%) 314,859 (59.6%) 
Hypertension 202,768 (36.0) 5,185 (58.9%) 1,166 (60.6%) 209,119 (36.4%) 
Diabetes mellitus 44,986 (8.2%) 1,577 (18.3%) 312 (16.4%) 46,875 (8.4%) 
Coronary heart 
disease* 

26,997 (5.1%) 1,262 (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%) 1,184 (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 (mmHg) 132 ± 19.5 142 ± 21.8 146 ± 23.5 132 ± 19.6 
DBP (mmHg) 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; TIA, transient ischemic attack. 
* Coronary heart disease is defined as previous myocardial infarction or a coronary intervention (bypass, angioplasty, or
stenting). † In this group, 500 participants had a presumed occlusion.

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 discriminative performance was fair in three 

other models with 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 one model with 

AUROC curve of 0.673 (95% CI 0.668-0.678).24  

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 three 

other models with AUROC curve of 0.759 (95% CI 0.749-0.770), 0.731 (95% CI 0.721-0.742) and 
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0.701 (95% CI 0.690-0.712).25,26 The discriminative performance was poor in one model 

with AUROC curve of 0.689 (95% CI 0.677-0.701)24 (Figure 2 and Table S7). 

FFigure 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 S7.   
The models of Jacobowitz et al, 200324 and Qureshi et al, 200125 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 two external validations for ≥50% ACS in the models developed for ≥70% ACS by de Weerd et al,  
201423 and Yan et al, 201826 and two 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 artery stenosis; AUROC curve, Area under receiver operating characteristic curve,  
CI, confidence interval.

Calibration:   In the model with the best discrimination,  predicted  probabilities (after 

recalibration with adjusting the intercept) showed very good concordance between the predicted 

prevalence calculated with the prediction model and the observed prevalence in the external 

validation cohort. The predicted and observed prevalence 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 was 1.7% and 1.4%, respectively (Figure S1). Other calibration plots are provided as Figure 

S1 & Figure S2 for the outcomes ≥70% ACS & ≥50% ACS, respectively. 
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AApplication of the prediction model with the best discrimination 

Application for outcome ≥50% ACS: First, we assessed targeted screening in the highest decile and 

highest two deciles of predicted risk. Prevalence of ≥50% ACS in the highest decile of predicted 

risk was 6.5% with an NNS of 15. Targeted screening of the highest decile identified 34.8% of cases 

with ≥50% ACS. Prevalence in the two highest deciles of predicted risk was 4.8% with an NNS of 

21. Targeted screening of the two highest deciles identified 55.0% of cases with ≥50% ACS (Figure

3B and Table S8). 

Secondly, we assessed targeted screening with fixed levels of sensitivity. For this, test characteristics 

were calculated for two levels of sensitivity (approximately 80% and 90%). Observed prevalences 

of ≥50% ACS were 2.78% and 3.38% for the sensitivity of 90.0% and 79.5%. The 

corresponding specificity was 40.0% and 56.6%, respectively (Table S8). 

Application for outcome ≥70% ACS: Prevalence of ≥70% ACS in the highest decile of predicted 

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 two highest deciles of predicted risk was 0.98% with 

an NNS of 102. Targeted screening of the two highest deciles identified 62.1% of cases with ≥70% 

ACS (Figure S3 and Table S8). 

Using fixed levels of sensitivity (approximately 80% and 90%), observed prevalences of ≥70% ACS 

were 0.8% and 0.5% for the sensitivity of 76.8% and 92.0%. The corresponding specificity was 

65.1% and 40.0%, respectively (Table S8). 

Sensitivity analysis 

Validation in subsets with complete cases, cases without a history of TIA or stroke showed 

comparable results. Validation in the subset of cases without a history of cardiovascular disease 

showed a lower AUROC (Figure S4 and Table S9). 
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FFigure 3. Clinical application of the prediction model of de Weerd et al, 2014 for ≥50% ACS 

3A. Calibration plot of external validation of the prediction model developed by de Weerd et al, 2014.23 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. 
3B. Graph showing the sensitivity and specificity and corresponding observed prevalence and number needed to screen 
to detect one participant with ≥50% ACS using the prediction model developed by de Weerd et al, 2014.23 The square 
corresponds to targeted screening of participants in the highest decile of predicted risk. The prevalence in this decile is 
6.5% with a number needed to screen of 15 and sensitivity is 34.8%. The circle corresponds to targeted screening of 
participants in the highest two deciles of predicted risk. The prevalence in these deciles is 4.8% with a number needed 
to screen of 21 and sensitivity of 55.0%. 
ACS indicates asymptomatic carotid artery stenosis; NNS, Number needed to scan. 
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DDISCUSSION 

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 (i.e. antithrombotic, antihypertensive 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, 

contralateral stroke or TIA, plaque echolucency, intraplaque hemorrhage, microemboli, and 

reduced cerebrovascular reserve, have been identified.10,28 Risk stratification tools, using a wide 

range of predictors, have been developed to estimate long-term stroke and cardiovascular disease 

risk in cases with ACS, but these have 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 participants without cardiovascular disease, but targeted 

screening could also include participants with a history of cerebrovascular or cardiovascular 

disease, since not all of these participants were taking adequate preventive treatments. Annual 

ipsilateral risk of stroke in ACS cases on medical therapy in previous RCTs varied between 1.4% 

and 2.4%.31-33 More recent studies have reported lower risks due to improving risk factor 

management.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  
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The discrimination of the best model was fair and calibration very good, despite differences 

between the original derivation and our validation cohort. Differences in duplex protocols, (e.g. 

unilateral or bilateral screening), 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 experienced sonographers is good,35 and 

PSV, whilst 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 identify 

existing models and previous external validation 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 arteries 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 

CVD did not influence the findings of the main analysis substantially. 

The present study also had several limitations. Firstly, even though the external validation data 

were prospectively collected, it was not primarily designed for research purposes. Secondly, 

participants were self-referred and self-funded, which may limit 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 specific groups 

of patients. Thirdly, data on medical history and height were assessed by self-reporting and, hence, 

Chapter 245

2



may be susceptible to recall bias. Fourthly, 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 

screening programs by identifying those at greatest risk, but future research should determine the 

long-term predictors of stroke and cardiovascular disease and determine 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 population 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 

considering the number needed to screen, the diagnostic yield, the absolute reduction of stroke 

risk by prophylactic treatment, and cost-effectiveness of different approaches. 
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Supplementary material is attached to this dissertation and can be found here
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AABSTRACT 

Objective: Asymptomatic carotid stenosis (ACS) is associated with an increased risk of ischemic 

stroke. Risk scores have been developed to detect individuals at high-risk of ACS, thereby enabling 

targeted screening, but previous external validation showed scope for refinement of prediction by 

adding additional predictors. We aimed to develop a novel risk score in a large contemporary 

screened population. 

Methods: We developed a prediction model for moderate (≥50%) and severe (≥70%) ACS using 

data from 596,469 individuals who attended screening clinics. Variables which predicted the 

presence of ≥50% and ≥70% ACS independently were determined using multivariable logistic 

regression. Internal validation was performed using bootstrapping techniques. We assessed 

discrimination using area under the receiver operating characteristic curves (AUROC) and 

agreement between predicted and observed cases using calibration plots. 

Results: Predictors of ≥50% and ≥70% ACS were age, sex, current smoking, diabetes mellitus, 

prior stroke/TIA, coronary artery disease, peripheral arterial disease, blood pressure, and blood 

lipids. Models discriminated between participants with and without ACS reliably, with AUROC of 

0.78 (95% CI, 0.77-0.78) for ≥50% ACS and 0.82 (95% CI, 0.81-0.82) for ≥70% ACS. The number 

needed to screen in the highest decile of predicted risk to detect one case with ≥50% ACS was 13, 

that of ≥70% ACS was 57. Targeted screening of the highest decile identified 41% of cases with 

≥50% ACS and 51% with ≥70% ACS. 

Conclusions: Our novel risk model predicted the prevalence of ACS reliably and classified better 

who has and who does not have ACS compared with previous models. Targeted screening 

amongst the highest decile of predicted risk identified around 40% of all cases with ≥50% ACS. 

Initiation or intensification of cardiovascular risk management in detected cases might help to 

reduce carotid-related complications. 
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IINTRODUCTION 

Around 15-20% of ischaemic strokes are caused by extracranial carotid stenosis,1 and such stenoses 

are also associated with an increased risk of coronary events and vascular death.2,3 Appropriate use 

of triple medical therapy (ie, lipid-lowering medication, anti-platelet drugs and blood pressure 

lowering agents) in patients with clinically significant asymptomatic carotid stenosis (ACS), ie 

≥50% luminal narrowing, can help prevent strokes and heart attacks. A study reporting 387 patients 

with carotid-stenosis related transient ischaemic attacks (TIAs) showed that less than half of 

patients taking statins and less than 60% were on antiplatelet therapy.4 This represents potential 

missed opportunities for stroke prevention. 

The overall prevalence of moderate (≥50%) and severe (≥70%) ACS in the general population is 

low, with estimates of 2.0% and 0.5%, respectively, hence population-level screening for ACS with 

duplex ultrasound is not recommended in current guidelines.5-9 

Risk scores to enable targeted screening of cases in populations with an elevated risk of ACS have 

been developed.10-14 A previous external validation of these established risk scores showed that the 

prediction model with the best predictive performance identified a group of cases at high risk of 

ACS with a number needed to screen (NNS) of 21 to detect one case with ≥50% ACS when people 

in the highest decile of predicted risk were screened only.15 However, their data were based on 

participants who were recruited over two decades ago and important predictors of ACS, such as 

peripheral arterial disease, were not included in their model. We now aimed to develop a new risk 

score (the Prevalence of Asymptomatic Carotid Artery Stenosis [PACAS] risk score) in a large 

contemporary screened population to predict the presence of ACS and to further reduce the NNS 

by targeted screening of those at highest risk of ACS. 
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MMETHODS 

Study Population 

We used individual participant data from volunteers who attended commercial vascular disease 

screening clinics (run by Life Line Screening) between 2008 and 2013 in the USA and the UK. 

All individuals completed a standardized questionnaire, including questions about age, sex, 

height and weight, history of vascular disease (TIA, stroke, coronary heart disease [CHD]), 

hypertension, diabetes mellitus (DM), smoking status, and use of antiplatelet, antihypertensive, 

and lipid-lowering medication. Standard blood pressure cuffs and sphygmomanometers were 

used, with systolic pressure (SBP) measured using a Doppler probe, and peripheral arterial 

disease (PAD) was assessed with ankle-brachial pressure index assessment. 

Carotid duplex screening was conducted by trained staff using dedicated vascular ultrasound 

instruments (GE LOGIQ e®). Participants underwent bilateral examination of the carotid arteries 

with measurement of the highest peak systolic velocity (PSV) and end-diastolic velocities (EDV) of 

each common carotid artery and internal carotid artery.  

A blood sample was provided by a subgroup of participants to measure plasma biochemistry using 

point-of-care testing methods (Alere Cholestech LDX® system, Alere Inc, Waltham MA, USA). 

Plasma levels of total cholesterol and high-density lipoprotein (HDL) were measured by enzymatic 

methods. 

Predicted Outcomes 

We used two predicted outcomes:  

1) Moderate or severe ACS, ie, estimated stenosis of 50-100% (≥50%), based on PSV ≥125 cm/s at

either side or 0 cm/s for occluded arteries; and 

2) Severe ACS, ie, estimated stenosis of 70-100% (≥70%), based on PSV ≥230 cm/s at either side

or 0 cm/s for occluded arteries. 

Mean degree of stenosis was determined according to the NASCET classification. If both sides 

showed ACS, patients were classified according to the greatest percent stenosis. 
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SStatistical analysis  

Model Development 

Participants who provided a blood sample and who underwent duplex ultrasound of the carotid 

arteries were included in the present analyses. Age was categorized in four groups (<50, 50-59, 60-

69, and ≥70 years), SBP in eight groups (<125, 125-139, 140-159, ≥160 mmHg in participants not 

using antihypertensives and in participants using antihypertensives), diastolic blood pressure 

(DBP) in three groups (≥85, 75-84 and <75 mmHg). Smoking status was dichotomized in current 

smoking vs. former or never smoking and total cholesterol/high-density lipoprotein cholesterol 

(TC/HDL) ratio in ≥5 vs <5. For most predictors, the percentage of individuals with missing data 

was acceptable (<12%), except for measured DBP (31.8%) and waist circumference (WC) (34.9%) 

(Table S1). Missing data were multiply imputed using chained equations by creating 20 datasets 

with 200 iterations.16 TC/HDL-ratio was calculated before imputation.17 Post-imputation rounding 

was applied for limited-range variables (body mass index (BMI), WC, SBP, DBP, and TC/HDL-

ratio), if needed.18 Analyses were performed in the resulting 20 imputed datasets and results were 

pooled using Rubin’s rules.19,20 

Multivariable logistic regression was performed to determine the relationships between predictors 

and the presence of ≥50% and ≥70% ACS. We performed re-estimation of the intercept and 

predictor weights (beta-coefficients) of the predictors included in the risk score developed by de 

Weerd et al.14 These predictors included age groups, sex, current smoking, diabetes mellitus, 

history of stroke or myocardial infarction, SBP groups, DBP groups, TC/HDL ratio groups. We 

also performed model extension with forward stepwise selection with predictors selected using 

Akaike Information Criterion (AIC).21 For this, we tested whether adding PAD, BMI, and WC 

improved prediction, as well whether an additional risk group for SBP and SBP by use of 

antihypertensives improved prediction.  

We examined the discrimination and calibration indices of the updated prediction models. 

Discrimination is the ability of the prediction model to distinguish between participants with and 

without ACS and is assessed with the area under receiver operating characteristic curve (AUROC). 
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Calibration is the agreement between predicted and observed risk of ACS and was assessed using 

calibration plots.  

IInternal validation and score chart 

Internal validation of the predictive performance of the updated model was performed to correct 

for overfitting, since the predictive performance using the data to develop the model might 

overestimate the predictive performance in independent populations. We performed internal 

validation with bootstrapping techniques by creating 1000 bootstrap replications per imputed 

dataset.22 We calculated the mean calibration slope, a measure that reflects the extent of overfitting, 

of the 1000 bootstrap replications in each imputed dataset used that as a uniform shrinkage factor 

to adjust the regression coefficients for risk of potential overfitting.23 We used the shrunken beta-

coefficients to calculate the adjusted intercept by fitting a logistic model with the shrunken beta-

coefficients as dependent variables in the original dataset. We calculated overoptimism-corrected 

AUROC for each imputed dataset and combined the results with Rubin’s rules.19,20  

Regression coefficients for the predictors were converted into points on a score chart to enable use 

of such risks using one score chart for each predicted outcome. We calculated the risk of ≥50% and 

≥70% ACS for the total points (sum scores). For conversion from regression coefficient to a score 

chart, we multiplied the beta-coefficients by three (the smallest number while maintaining accurate 

prediction) and then rounded to the closed integer. If the scores for ≥50% and ≥70% were 

conflicting, we used the score for ≥50%. 

Clinical application and reclassification measures 

Test characteristics (prevalence, NNS, sensitivity, specificity, positive and negative predictive 

values) of a targeted screening using the risk score were calculated for the highest decile and 

highest two deciles of predicted risk, respectively. We used the highest decile and highest deciles 

to enable comparison with established and previously validated models.15 

We calculated reclassification measures to assess the ability of our PACAS risk score to correctly 

identify cases with and without ACS compared with the established risk score of de Weerd et al 

2014 (called the ‘original model’).14 We calculated integrated discrimination improvement (IDI), 

relative IDI (rIDI), and category-based net reclassification improvement (NRI).24,25 IDI is the 
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absolute difference in discrimination slopes of the updated and original model. rIDI is the ratio of 

absolute difference in discrimination slopes of the updated and original model over the 

discrimination slope of the original model. Category-based NRI is the proportion of individuals 

correctly reclassified with the updated risk score across risk categories (in this study, the highest 

decile and highest two deciles of predicted risk) minus the proportion of individuals incorrectly 

reclassified. Positive values correspond to improved classification.  

The reclassification measures were estimated for all 1000 bootstrap replications in each imputed 

dataset and the median value across the combined 20 datasets is reported (with the 95% confidence 

interval obtained from the 2.5th and 97.5th percentiles). P values <0.05 were considered 

significant.  

Our study adhered to the Transparent Reporting of a multivariable prediction model for 

Individual Prognosis Or Diagnosis (TRIPOD) statement (Table S2).26 STATA version 15.1 was 

used for all statistical analyses and R version 3.5.1 was used for constructing the figures. 

SSensitivity analyses 

We performed a sensitivity analysis by omitting blood cholesterol measurements as a predictor in 

the prediction models. 

Ethical approval 

The University of Oxford Medical Sciences Inter-Divisional Research Ethics Committee approved 

the study. All individuals consented for the data collected at the screening to be used for research 

purposes. 

Data availability statement 

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. 
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RRESULTS 

Study Population 

The mean age in the derivation cohort was 62.2 ± 10.1 years and 35.7% were men. Overall, 12.17% 

of participants were current smokers and 28.2% was former smokers, and 8.4% reported a history 

of diabetes. For prior vascular disease, 5.3% reported prior CHD, 3.4% stroke or TIA, and 2.3% 

PAD. The mean levels and proportions of cardiovascular risk factors and vascular disease were 

higher in participants with ACS versus without ACS. The overall prevalence of ≥50% ACS was 

1.87% and ≥70% ACS 0.34%. Baseline characteristics are shown in Table 1. 

Table 1. Selected characteristics of participants at baseline 

All 
pparticipants 

N = 596,469)  

Participants with 
<50% ACS  

(N = 585,291)) 

Participants with 
50-69% ACS

(N = 9145)

Participants with 
≥70% ACS  
(N = 2033)† 

Age (y), mean ± SD 62.2 ± 10.1 62.0 ± 10.0 68.7 ± 8.9 68.3 ± 8.8 
Sex (male) 212,736 (35.7) 208,285 (35.6) 3442 (37.6) 1009 (49.6) 
Current smoker 64,318 (12.2) 62,032 (12.0) 1768 (22.2) 518 (28.8) 
Ex-smoker 149,121 (28.2) 145,297 (28.0) 3097 (38.8) 727 (40.4) 
Never smoked 314,859 (59.6) 311,192 (60.0) 3112 (39.0) 555 (30.8) 
Diabetes mellitus 46,875 (8.4) 44,986 (8.2) 1577 (18.3) 312 (16.4) 
Stroke or TIA 18,186 (3.4) 17,154 (3.3) 758 (9.0) 274 (15.0) 
Coronary heart disease* 28,603 (5.3) 26,997 (5.1) 1262 (14.9) 344 (18.6) 
Peripheral arterial disease 17,978 (3.1) 16,370 (2.8) 1184 (13.4) 424 (21.8) 
SBP, mean ± SD 131.8 ± 19.6 131.6 ± 19.5 142.1 ± 21.9 145.8 ± 23.5 
DBP, mean ± SD 78.3 ± 9.8 78.3 ± 9.8 76.2 ± 10.2 78.3 ± 11.5 
TC/HDL-C ratio, mean ± 
SD 4.0 ± 1.6 4.0 ± 1.6 4.2 ± 1.7 4.4 ± 2.0 
BMI, mean ± SD 28.1 ± 5.4 28.1 ± 5.4 28.0 ± 5.3 27.9 ± 5.1 
WC, mean ± SD 94.5 ± 15.5 94.4 ± 15.5 96.2 ± 14.9 97.9 ± 15.3 
Aspirin 170,272 (33.5) 165,200 (33.1) 4170 (52.4) 902 (52.8) 
Lipid-lowering therapy 151,831 (27.1) 146,845 (26.7) 4065 (47.1) 921 (48.6) 
Antihypertensives 197,396 (35.2) 191,112 (34.7) 5115 (59.0) 1169 (61.4) 
BMI, body mass index; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein cholesterol;  
SBP, systolic blood pressure; TC, total cholesterol; TIA, transient ischemic attack; WC, waist circumference. 
* Coronary heart disease is defined as previous myocardial infarction or a coronary intervention (bypass, angioplasty,
or stenting). † In this group, 500 patients had a presumed occlusion.

Risk score update and internal validation 

Multivariable analyses demonstrated that all predictors used in the risk prediction model of de 

Weerd et al were still significantly associated with the presence of ≥50% and ≥70% ACS, except for 

the association between diabetes and ≥70% ACS.14 PAD demonstrated a significant association 

with both outcomes and was included in the final risk score. SBP risk groups also demonstrated 

significant associations with both outcomes. Risks were higher in participants using 
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antihypertensives compared not using antihypertensives in the same SBP risk groups (Table 2). In 

contrast, BMI and WC showed no improvement of risk prediction and were omitted in the final 

score. 

The following predictors were included in the final risk score: age, sex, current smoking, diabetes 

mellitus, history of stroke/TIA, history of CHD, PAD, SBP (by use of antihypertensives), DBP, and 

TC-HDL ratio. The AUROC was 0.78 (95% CI 0.77-0.78) for ≥50% ACS and 0.82 (95% CI 0.81-

0.83) for ≥70% ACS. Internal validation with bootstrapping techniques indicated that no correction 

for overoptimism of the beta-coefficients was needed. Calibration plots showed a very good 

concordance between predicted and observed risk of both ≥50% and ≥70% ACS, indicating that 

groups of patients at both low and high risk can reliably be predicted by the risk score (Figure 1). 
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TTable 2. Multivariable predictors of moderate and severe ACS 

Odds ratio (95% confidence intervals) 
≥50% ACS ≥70% ACS 

Predictors* 
Age (ref: <50 years) 

50-59 years 2.11 (1.80-2.48) 2.77 (1.84-4.18) 
60-69 years 4.09 (3.50-4.77) 5.18 (3.46-7.74) 
≥70 years 5.87 (5.02-6.86) 6.25 (4.16-9.39) 

Male sex 1.32 (1.27-1.37) 1.93 (1.76-2.11) 
Current smoking 2.69 (2.56-2.84) 3.07 (2.75-3.42) 
Diabetes mellitus 1.37 (1.30-1.44) 1.07 (0.94-1.22) 
Stroke or TIA 1.69 (1.57-1.82) 2.47 (2.14-2.84) 
Coronary heart disease 1.78 (1.68-1.89) 1.85 (1.63-2.10) 
Peripheral arterial 
disease 

2.85 (2.68-3.02) 3.90 (3.46-4.40) 

Systolic blood pressure Not using 
antihypertensives 

Using 
antihypertensives 

Not using 
antihypertensives 

Using 
antihypertensives 

 <125 mmHg Reference 2.51 (2.31-2.74) Reference 3.26 (2.62-4.05) 
125-139 mmHg 1.69 (1.56-1.84) 2.91 (2.68-3.15) 1.90 (1.52-2.36) 3.19 (2.58-3.95) 
140-159 mmHg 2.60 (2.39-2.83) 3.98 (3.67-4.32) 3.23 (2.60-4.01) 4.86 (3.95-5.96) 
≥160 mmHg 4.41 (3.99-4.87) 5.81 (5.31-6.36) 6.30 (4.96-8.01) 8.46 (6.77-10.57) 

Diastolic blood pressure 
(ref: ≥85 mmHg) 

75-84 mmHg 1.31 (1.23-1.39) 1.19 (1.04-1.35) 
   <75 mmHg 1.98 (1.86-2.12) 1.63 (1.41-1.88) 
TC/HDL-C ratio of ≥5 
(ref: <5) 

1.32 (1.26-1.38) 1.45 (1.31-1.60) 

Intercept† -7.08 -9.38

Discrimination 
AUROC (after internal 
validation)‡ (95% CI) 

0.78 (0.77-0.78) 0.82 (0.81-0.83) 

Reclassification 
measures 
IDI (95% CI; p-value) 0.0096 (0.0088-0.0105; 

P < 0.0001) 
0.0052 (0.0042-0.0064; P < 0.0001) 

rIDI (95% CI)  0.431 (0.395-0.468) 0.636 (0.501-0.778) 
NRI highest decile of 
predicted risk  
(95% CI; p-value) 

0.3255 (0.2752-0.3766; P < 0.0001) 0.4837 (0.3776-0.5974; P < 0.0001) 

NRI highest two deciles 
of predicted risk (95% 
CI; p-value) 

0.3567 (0.2961-0.4153; 
P < 0.0001) 

0.4600 (0.3325-0.5908; P < 0.0001) 

ACS, asymptomatic carotid stenosis; AUROC, area under receiver operating characteristic curve; HDL-C=high-
density lipoprotein cholesterol; IDI, integrated discrimination improvement; NRI, net reclassification improvement; 
rIDI, relative integrated discrimination improvement; TC, total cholesterol; TIA, transient ischemic attack. 
The original regression formula can be derived from the odds ratios and the intercept. The beta-coefficients of the 
linear predictor can be calculated by taking the natural logarithm of the odds ratios. The linear predictor function 
can be calculated with the following formula: LP =  Intercept + x +  x  + x … x ,where the ’s are the 
beta-coefficients or weights of the predictors and the x’s are the predictors. The predicted probability can be 

calculated by: . 
* Corrected for overoptimism with bootstrapping techniques (shrinkage of regression coefficients was not necessary
with calibration slope of 1.00). † Bootstrap-adjusted intercepts are reported. The intercept before internal validation
was -7.08 for ≥50% ACS and -9.38 for ≥70% ACS. ‡ The AUROC before internal validation were 0.78 (95% CI 0.77-
0.78) for ≥50% ACS and 0.82 (95% CI 0.81-0.83) for ≥70% ACS.
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FFigure 1. Calibration plots (after internal validation) 

Calibration plot shows the mean predicted risk against the observed risk of ≥50% (Figure 1A) and 
≥70% ACS (Figure 1B) across deciles of predicted risk after internal validation. The boxes represent 
the mean predicted risk for each decile and the vertical lines represent the 95% confidence 
intervals. The dotted diagonal line indicates perfect calibration. Boxes above the diagonal line 
indicate underestimation of risk and below the diagonal line overestimation of risk. 
The prevalences and number of cases per decile are provided in Table S3. 
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CClinical application and reclassification measures 

The variables included in the risk score (PACAS score chart) are shown in Table 3. The values of 

score ranged from 0 to 25. The risks of ≥50% and ≥70% ACS for each sum score are provided in 

Figure 2. The calculation of the risk of ≥50% and ≥70% ACS for an example patient is provided 

in Figure 3. The distribution of sum scores is provided in Figure S1. 

Table 3. Predictors and associated scores 

Predictors  Risk scores  
Age, years 

 <50 0 
50-59 2 
60-69 4 
≥70 5 

Male sex 1 
Current smoking 3 
Diabetes mellitus 1 
History of stroke or TIA 2 
Coronary heart disease 2 
Peripheral arterial disease 3 
Systolic blood pressure, mmHg Not using 

antihypertensives 
Using 

antihypertensives 
 <125 0 3 
125-139 2 3 
140-159 3 4
≥160 4 5 

Diastolic blood pressure, mmHg 
 ≥85 0
75-84 1 
<75 2 

TC/HDL-C ratio 
 <5 0
 ≥5 1

ACS, asymptomatic carotid artery stenosis; HDL-C, high-density lipoprotein cholesterol; TC, total 
cholesterol; TIA, transient ischemic attack. 
The PACAS score ranges from 0 to 25. The risks of ≥50% and ≥70% ACS for each sum score are 
provided in Figure 2. 
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FFigure 2. Observed prevalence of ACS by sum score 

Bar chart showing the observed prevalence of ACS for each sum score. The black parts of the bars 
represent the prevalence of ≥70% ACS and the white parts the prevalence of 50-69% ACS. The 
prevalence of ≥50% ACS is calculated by taking the sum of the prevalences of 50-69% and ≥70% 
ACS. 
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FFigure 3. Calculating the risk of ≥50% and ≥70% ACS using the PACAS risk score.  

The prevalence of ≥50% ACS when screening the 10% highest risk participants was 7.7%. Hence, 

the NNS to detect one participant with ≥50% ACS of 13. A targeted screening of the 10% highest 

risk participants could identify 40.9% of cases with ≥50% ACS. The prevalence of ≥50% ACS 

when screening the 20% highest risk participants was 5.5%. Hence, the NNS to detect one 

participant with ≥50% ACS of 18. A targeted screening of the 20% highest risk participants could 

identify 58.4% of cases with ≥50% ACS (Table 4). The 10% highest risk corresponds 

approximately to targeted screening of participants with a sum score of 12 or more and the 20% 

highest risk corresponds approximately to targeted screening of participants with a sum score of 

10 or more. 

As an example, consider a male case, aged 65, current smoker, using antihypertensives, no 

diabetes, no stroke or TIA and no coronary heart disease, with peripheral arterial disease, 

with an SBP of 160 and DBP of 100 and TC-HDL-C ratio of 5.6. 

Step 1: Calculate the sum score using the scores provided in Table 3

The sum score of this case is 17. 

Step 2: Find the prevalence corresponding to the sum score in Figure 2

The corresponding prevalence of 50% ACS is 12% and 70% is 4.8%. 

Step 3: Calculate the NNS

The NNS can be calculated as follows: 1prevalence 100.

For this patient, the NNS to detect one patient with 50% ACS is 8 and 0% ACS is 21. 
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TTable 4. Performance of the PACAS risk score to detect ACS 

Number oof 

individuals 

Number of 

ccases with 

ACS 

Sensitivity  Specificity  NPV  PPV / 

OObserved 

prevalence  

NNS  

Targeted screening programme of the 10% highest risk participants 

≥50% ACS 59,647 4575 40.9% 90.6% 98.8% 7.7% 13 

≥70% ACS  59,706 1036 51.0% 90.1% 99.8% 1.7% 57 

Targeted screening programme of the 20% highest risk participants 

≥50% ACS 119,438 6524 58.4% 80.7% 99.0% 5.5% 18 

≥70% ACS 121,213 1362 67.0% 79.8% 99.9% 1.1% 89 

ACS, asymptomatic carotid stenosis; NNS, number needed to screen; NPV, negative predictive value; PPV, positive 
predictive value. 
The number of false negatives and true negatives were 6603 and 530,219, and 4654 and 472,377 for the highest 
decile and highest two deciles of predicted risk of ≥50% ACS, respectively, and, 997 and 535,766 and, 671 and 
474,585 for the highest decile and highest two decile of predicted risk of ≥70% ACS, respectively. 

Reclassification measures demonstrated a significant improvement of the PACAS risk score 

compared to the established risk score of de Weerd et al.14  

For the outcome ≥50% ACS, the IDI was 0.0102 (95% CI 0.0088-0.0115; P < 0.00001) and the 

rIDI was 0.455, corresponding to an 46% improved classification. The NRI with the highest 

decile as threshold was 0.3489 (95% CI 0.3019-0.3958; P < 0.00001) and the NRI with the two 

highest deciles as threshold was 0.3152 (95% CI 0.2780-0.3524; P < 0.00001).  

For the outcome ≥70% ACS, the IDI was 0.0053 (95% CI 0.0039-0.0068; P < 0.00001) and the 

rIDI was 0.654, corresponding with an 65% improved classification. The NRI with the highest 

decile as threshold was 0.4320 (95% CI 0.3416-0.5224; P < 0.00001) and the NRI with the two 

highest deciles as threshold was 0.4162 (95% CI 0.3025-0.5299; P < 0.00001) (Table 2). 

Sensitivity analysis 

The discrimination of the internally validated PACAS risk score without inclusion of blood 

cholesterol measurements as predictors was 0.78 (95% CI 0.77-0.78) for ≥50% ACS and 0.82 

(95% CI 0.81-0.82) for ≥70% ACS, respectively. 
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DDISCUSSION 

This risk score was developed to identify individuals at high-risk of clinically significant ACS, 

which we define as a stenosis that might alter clinical management. Predictors for moderate and 

severe ACS included age, sex and vascular risk factors. Discrimination analyses was good for 

≥50% ACS and even better for stenosis ≥70% ACS. Calibration plots showed reliable prediction 

of the prevalence of ≥50% and ≥70% ACS. The observed prevalence of ≥50% in the highest decile 

of predicted risk was 7.7% with an NNS of 13 and the observed prevalence of ≥70% in this decile 

was 1.7% with an NNS of 57. This new risk score outperformed existing risk scores by including 

additional predictors of ACS. 

This risk scores may contribute to a clinically and cost-effective targeted screening protocol. 

Individuals in whom significant ACS is detected should receive intensive cardiovascular risk 

management that include life-style interventions and antihypertensive, antithrombotic, and lipid-

lowering drug therapy.8 Medical management not only aims to reduce the risk of stroke, but also 

reduce risks of other vascular disease, since ACS is also a risk factor for myocardial infarction and 

premature vascular death.3 

Previous randomized trials that included a subset of ACS individuals taking low-dose aspirin 

reported an annual risk of ipsilateral stroke between 1.4% and 2.4%.27-29 More recent studies 

reported annual risk of ipsilateral ischemic stroke of 0.34% in a cohort of individuals on intensive 

medical therapy after a TIA or minor stroke.30 Risks in asymptomatic individuals without a 

history of contralateral ischemic cerebrovascular disease might be lower, but the intensity of 

medical prophylaxis is also often lower in such individuals. Our study showed considerable scope 

for further optimizing medical therapy with around half of cases with ACS reporting use of lipid-

lowering therapy and aspirin. While this was higher in patients in the highest decile of ≥50 ACS 

risk with 76.4% reporting use of antihypertensives, 51.9% lipid-lowering therapy, and 56.4% 

aspirin, only 30.2% used triple medical therapy. In the highest two deciles, 73.1% reported use of 

antihypertensives, 47.4% lipid-lowering therapy, and 52.6% aspirin, and only 25.7% used triple 

medical therapy. 
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A cost-effectiveness analysis of this Swedish screening programme, where duplex ultrasound 

screening for abdominal aortic aneurysm was supplemented by ACS screening, estimated that 

the stroke risk could be reduced by 50% from antiplatelet and lipid-lowering therapy combined, 

but with a wide margin of variation due to the absence of comparative studies.31,32 

Predictors of increased risk of stroke in individuals with ACS have been identified and carotid 

interventions might be considered in cases in whom the absolute gain of reducing the risk of 

stroke by carotid revascularisation are found to be worthwhile.8 Use of imaging characteristics 

and risk stratification tools for individualized prediction of stroke based on multiple predictors 

have been proposed, but these have not been validated in independent contemporary 

populations.8,33,34 

The PACAS risk score can both be applied to cases with and without overt cardiovascular disease 

and could be used for targeted screening. Such risk prediction can be performed easily by general 

practitioners and specialists with the aim to initiate or intensify cardiovascular risk management. 

Different imaging modalities and criteria for measuring stenosis of the carotid arteries are 

available. The validity of duplex ultrasound is good if performed by experienced sonographers.35 

PSV as a single measure may be useful as a screening tool to identify cases for more detailed 

evaluation. 

The derivation cohort used in the present study has several limitations, including the fact that 

participants were self-referred and self-funded, which might influence the generalizability to 

other populations. Although we found a large number of participants with lower scores in our 

population, the magnitude of multivariable predictors of ACS were similar to previous 

population-based studies.14 Duplex ultrasounds were not performed in validated ultrasound 

laboratories by qualified sonographers, but simplified screening methods showed reasonable 

interobserver reliability and validity.36,37 Recall bias cannot be fully excluded for predictors that 

were self-reported. Blood pressure and cholesterol were measured once and might not reflect 

‘usual’ values. Indications for duplex ultrasound were not available and recommended treatment 

for patients in whom carotid artery occlusion is found might differ from patients with carotid 
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stenosis. Clinical staging of PAD was not available. These limitations indicate the need for 

validation of our risk score in an external population. Even though the NNS was greatly reduced 

in high-risk cases compared with systematic screening, the positive predictive value (PPV) 

indicates that many cases considered high-risk will turn out to have no ACS. Past medication use 

and potential reasons for quitting were not recorded. 

However, the present study has some important strengths, including use of a relatively 

contemporary derivation cohort of 0.6M participants for the development of the PACAS risk 

score and internal validation showed no evidence for overfitting. Our sensitivity analysis showed 

that risk prediction based on patient characteristics and measured blood pressure is equally 

reliable and excluding blood cholesterol measurement does not affect adequate risk predictions. 

Application of the PACAS risk score and calculation of individualized risks can be done quite 

easily. 

Future research will establish the optimal threshold for targeted screening by determining the 

risks of stroke and other cardiovascular diseases in ACS cases and how many such cardiovascular 

events could be prevented by improved cardiovascular risk management in cases in whom ACS is 

detected using a cost-effective targeted screening programme. Whether screening for ACS can be 

combined with screening for other risk factors for stroke, such as atrial fibrillation, possibly 

further reducing stroke incidence should be determined. 
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CCONCLUSIONS 

The novel PACAS risk score including age, sex, current smoking, DM, history of stroke/TIA, 

CHD and PAD, SBP (by use of antihypertensives), DBP, and TC/HDL-ratio can predict the risk of 

≥50% and ≥70% ACS reliably and classified better who has and who does not have ACS 

compared with established risk scores. The prevalence in the decile at highest predicted risk of 

≥50% ACS was 7.7%. Targeted screening of this high-risk group identified around 40% of cases 

with ≥50% ACS, with an NNS of 13.  
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AABSTRACT 

Objective: We aim to identify established risk prediction models for asymptomatic carotid stenosis 

(ACS) in patients with lower extremity arterial disease (LEAD), then develop a new risk prediction 

model and, finally, validate this model in two independent populations.  

Background: Recommendations for screening patients with LEAD to detect ACS and subsequently 

improve preventive therapy and compliance are conflicting. Prediction models might identify 

patients at high risk of ACS, possibly allowing targeted screening. 

Methods: We conducted a systematic search for prediction models for ≥50% ACS in patients with 

LEAD. We subsequently developed a prediction model in screened patients from the United States 

with ankle-brachial index (ABI) of ≤0.9. We assessed discrimination and calibration. Finally, 

external validations in two independent cohorts, comprising 5400 patients from the United 

Kingdom and 1536 patients from The Netherlands. 

Results After screening 4721 studies, no previously published prediction models were found. For 

development of our new model, we used data of 112,117 patients, of whom 6354 (5.7%) had ≥50% 

and 2801 (2.5%) had ≥70% ACS. Age, sex, smoking status, history of hypercholesterolemia, 

stroke/TIA, CHD and measured SBP were predictors of ACS. The model discriminated well, with 

an AUROC curve of 0.71 (95%CI, 0.71-0.72) for ≥50% and 0.73 (95%CI, 0.72-0.74) for ≥70% ACS. 

Screening the 20% patients at highest risk detected 13.1% with ≥50% ACS (NNS of 8), and 5.8% 

with ≥70% ACS (NNS of 17). This yielded 44.2% and 46.9% of patients with ≥50% and ≥70% ACS, 

respectively. External validations showed reliable discrimination and adequate calibration. 

Conclusion The presence of significant ACS in patients with LEAD can be predicted reliably 

using our prediction model that is based on routinely collected clinical characteristics and simple 

physical measurements, and this prediction model identifies patients for targeted screening. 
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IINTRODUCTION 

Carotid stenosis is a cause of cerebral infarction in around 15% of ischaemic strokes.1 Significant 

asymptomatic carotid stenosis (ACS) is also a predictor for coronary events and vascular death,2 

and both risks of strokes and heart attacks can be reduced with adequate medical therapy. Using 

duplex ultrasound, the prevalence of moderate or severe (≥50%) and severe (≥70%) ACS in the 

general population has been estimated to be 2.0% and 0.5%, respectively.3 The prevalence is higher 

in patients with lower extremity arterial disease (LEAD),4,5 but guideline recommendations for 

screening for significant ACS in patients with LEAD vary.6-9 The Society for Vascular Surgery (SVS) 

advise targeted screening in patients with multiple risk factors, including LEAD, age >65 years with 

a history of one or more of coronary heart disease (CHD), smoking or hypercholesterolemia.9 The 

“14 Society” guidelines recommends that targeted screening in patients with symptomatic LEAD, 

CHD or atherosclerotic aortic aneurysm may be considered.6 The European Society for Vascular 

Surgery (ESVS) advise targeted screening in patients with multiple vascular risk factors.8 In 

contrast, the American Heart Association (AHA) recommends against screening.7 Arguments for 

screening include initiation or improvement of preventive therapies, but also closer follow-up to 

maintain compliance and decrease the risk of subsequent vascular events.10,11 Arguments against 

screening include the low prevalence of significant ACS, even among patients with LEAD. 

Risk prediction models allow targeted screening among patients with LEAD at particularly high 

risk of significant ACS based on multiple risk factors. Detection of ACS in patients with LEAD 

enables to initiate or improve medical therapy and its compliance. We conducted a systematic 

review for published risk prediction models, developed a new risk prediction model, (the 

Prevalence of Asymptomatic Carotid Artery Stenosis in patients with Lower Extremity Arterial 

Disease [PACAS-LEAD] risk score) in a large contemporary screened population and, finally, 

externally validated this model in two independent populations. 
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MMETHODS 

Systematic review 

We performed a systematic review to identify established risk prediction models for prediction of 

≥50% ACS in patients with LEAD. This was conducted according to a predefined protocol that was 

registered prospectively in the international prospective registry for systematic reviews 

(PROSPERO): CRD42019155482. Details are provided in Appendix S1-S2. 

Derivation cohort 

Data of 3,050,448 self-referred and self-funded individuals who attended commercial vascular 

screening clinics between 2008 and 2013 in the USA were used to develop a risk prediction 

model.12 All individuals completed a standardized questionnaire including questions about their 

age, sex, height and weight, smoking history, history of hypertension, hypercholesterolemia, 

diabetes mellitus and vascular disease (transient ischemic attack [TIA], stroke and coronary artery 

disease [CHD]), and use of antiplatelet, antihypertensive, and lipid-lowering medication. Blood 

pressure was measured as part of the ankle-brachial pressure index assessment. Standard blood 

pressure cuffs and sphygmomanometers were used, and systolic blood pressure (SBP) was 

measured using a Doppler probe.  

Most participants underwent carotid duplex screening (conducted by trained staff using dedicated 

vascular ultrasound instruments [GE LOGIQ e®]). The highest peak systolic velocity (PSV) and end 

diastolic velocities (EDV) of both common and internal carotid arteries were measured.  

We defined LEAD as ABI < 0.9 at either side, and such patients were included in these analyses. 

We excluded participants who did not undergo ABI measurement or in whom ABI was not possible 

because the arteries could not be compressed (N = 175,517) or with ABI > 0.9 at both sides (N = 

2,759,591), who did not undergo duplex ultrasound (N = 2759) or with inconsistent values (N = 

464). 

External validation cohort 

For the first external validation of our risk prediction model, we used data from 225,691 self-

referred and self-funded individuals who attended commercial vascular screening clinics between 

2008 and 2013 in the UK. As in the derivation cohort, we excluded participants who did not 
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undergo ABI measurement or in whom ABI was not possible because the arteries could not be 

compressed (N = 10,774) or with ABI > 0.9 at both sides (N = 209,276), who did not undergo 

duplex ultrasound (N = 106), or with inconsistent values (N = 135). 

For the second external validation, we used data from the Second Manifestation of ARTerial disease 

(SMART) study. This is an ongoing prospective cohort at the University Medical Center Utrecht, 

The Netherlands. Rationale and design of the SMART study have been published previously.13 

Between September 1996 and October 2019, 13,799 patients with recent (one year prior to 

baseline) diagnosis of a first manifestation of arterial disease, including cerebrovascular disease, 

coronary artery disease, peripheral arterial disease or aneurysm of the abdominal aorta, were 

included. After inclusion, patients completed a questionnaire with questions about medical health 

and lifestyle, and underwent standardized vascular screening. Office blood pressure was measured 

with a non-random sphygmomanometer and the average of multiple measurements was taken. 

Use of anti-thrombotic, blood pressure lowering, and cholesterol-lowering medication was 

recorded. For external validation, we used baseline characteristics of patients who underwent ABI 

and duplex ultrasound of the carotid arteries. We excluded patients with ABI > 0.9 at both sides (N 

= 11,371), in whom no duplex ultrasound was performed (N = 35), or with recent (< 12 months) 

cerebrovascular symptoms (N = 220). 

PPredicted outcomes 

We used two outcomes:  

1) Moderate or severe ACS. This was defined as ≥50%; based on PSV ≥150 cm/s at either side or 0

cm/s for occluded arteries. 

2) Severe ACS. This was defined as ≥70%; based on PSV ≥210 cm/s at either side or 0 cm/s for

occluded arteries.  

Model derivation 

The development of our prediction model adhered to the Transparent Reporting of a multivariable 

prediction model for Individual Prognosis Or Diagnosis (TRIPOD) statement (Table S1).14  Baseline 

characteristics are presented as means and standard deviations (SD) for continuous variables 

and as absolute numbers and percentages for categorical variables. Age was categorized 
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in four groups (<50, 50-59, 60-69, and ≥70 years), SBP in three groups (<140, 140-159, and ≥160 

mmHg), ABI in three group (>0.8-≤0.9, >0.4-≥0.8, ≤0.4), and we dichotomized smoking status in 

ever smoking vs. never smoking. For most predictors, the percentage of patients with missing data 

was acceptable (<10%), except for smoking status (10.5%) reported history of CHD (13.8%) and 

stroke/TIA (15.2%) (Table S2). Missing data were multiple imputed using chained equations and 

we created 20 datasets with 200 iterations. Results were combined with Rubin’s rules.15,16 The 

relationship between predictors and the presence of ≥50% and ≥70% ACS in patients with 

LEAD was determined with multivariable logistic regression. Predictors were selected based on 

established risk prediction models for significant ACS,17 and forward stepwise selection with 

predictors selected using Akaike Information Criterion (AIC).18 We examined discrimination and 

calibration of the developed risk prediction model. Discrimination is the ability of the prediction 

model to distinguish between patients with and without the disease outcomes, assessed using the 

area under receiver operating characteristic (AUROC) curve. Calibration is the agreement between 

predicted risk and observed risk and was assessed with calibration plots. 

IInternal validation and score chart 

The risk prediction model was internally validated to control for potential overfitting, since the 

apparent predictive performance, i.e. the performance in the data used to develop the model, might 

overestimate the predictive performance in similar future patients. We performed internal 

validation with bootstrapping by creating 1000 bootstrap replications per imputed dataset.19 We 

calculated the mean calibration slope of the 1000 bootstrap replications in each imputed dataset 

used that as a uniform shrinkage factor to adjust the regression coefficients for risk of potential 

overfitting. We used the shrunken beta-coefficients to calculate the adjusted intercept by fitting a 

logistic model with the shrunken beta-coefficients as dependent variables in the original dataset. 

We also calculated over-optimism-corrected AUROC curve for each imputed dataset and combined 

the results with Rubin’s rules.15,16  

Regression coefficients of the predictors were converted into points on a score chart to facilitate 

clinical use of the risk prediction model. We made one score chart for both ≥50% and ≥70% ACS. 

For this, we multiplied the beta-coefficients by four and then rounded to the closed integer. If the 
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scores for ≥50% and ≥70% were conflicting, we used the score for ≥50%. We calculated the risk of 

≥50% and ≥70% ACS for the total points (sum scores). 

EExternal validation 

We assessed the predictive performance in patients who attended commercial vascular screening 

clinics in the UK and in patients from the SMART cohort.13 We applied the same methods for 

reporting baseline characteristics and handling missing data as in the derivation cohort. The 

original regression formula (after internal validation) was used to calculate the risk of ≥50% and 

≥70% ACS. We assessed discrimination, using the area under receiver operating characteristic 

(AUROC) curve, and calibration with calibration plots. We were able to match all predictors in the 

validation cohorts, but we used a proxy for history of hypercholesterolemia in one external 

validation cohort. It was based on self report in the derivation cohort and blood measurement in 

the SMART cohort. Differences between the prevalence of the predicted outcome in the 

development cohort and the validation cohorts are known to influence calibration. For this 

reason, we recalibrated the PACAS-LEAD to the prevalence of the predicted outcome in the 

external validation cohorts by adjusting the original intercept. This type of recalibration is 

referred to as ‘update intercept’ or ‘calibration-in-the-large’.20 

STATA version 15.1 was used for all statistical analyses and R version 3.5.1 was used for 

constructing figures. 
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RRESULTS 

Systematic review of the literature 

We screened 4907 unique reports identified by literature searching, assessed the full-texts of 43 

reports for eligibility, and no study was found that met our inclusion criteria (Figure S1 & Table 

S3). No external validation of established risk prediction models could be performed.

Derivation cohort 

In total, 112,117 patients with LEAD were used for development. The mean age in the derivation 

cohort was 70.5 ± 10.7 years and 27.7% were men. Around 50% of patients reported use of 

aspirin and lipid-lowering therapy and around 60% reported use of antihypertensive therapy. In 

patients with significant ACS, around 60% reported use of aspirin and lipid-lowering therapy 

and almost 75% reported use of antihypertensive therapy. The overall prevalence of ≥50% ACS in 

patients with LEAD was 5.7% and ≥70% ACS was 2.5%. Baseline characteristics are provided in 

Table 1. 

Risk prediction model development and internal validation 

The following predictors were included: age, sex, ever smoking vs never smoking, a history of 

hypercholesterolemia, stroke/TIA, CHD, measured SBP, and ABI. The AUROC curve adjusted 

for over-optimism was 0.714 (95% CI 0.707-0.720) for ≥50% ACS and 0.725 (95% CI 0.715-

0.734) for ≥70% ACS (Table 2). Internal validation with bootstrapping techniques indicated that 

no shrinkage of the beta-coefficients was needed. Calibration plots showed good concordance 

between predicted and observed risk of both ≥50% and ≥70% ACS, indicating that groups of 

patients at both low and high risk can reliably predicted by the PACAS-LEAD risk score (Figure 

1). 
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TTable 1. Baseline characteristics

Derivation cohort Life Line Screening (US patients)  

Baseline characterisics1 AAll patients (N = 
112,117) 

Patients with 
<<50% ACS (N = 

105,763) 

Patients with 50--
69% ACS (N = 

33553) 

Patients with 
≥≥70% ACS (N = 

2801)4

Age (y) 70.5 ± 10.7 70.3 ± 10.8 74.1 ± 8.8 72.4 ± 9.1 
Sex (male) 31,004 (27.7) 28,505 (27) 1265 (35.6) 1234 (44.1) 
Current smoker 19,706 (19.6) 18,089 (19.1) 814 (25.8) 803 (32) 
Former smoker 38,851 (38.7) 36,231 (38.3) 1479 (46.9) 1141 (45.5) 
Never smoked 41,819 (41.7) 40,397 (42.7) 858 (27.2) 564 (22.5) 
Diabetes mellitus 21,549 (21.1) 19,951 (20.7) 951 (29.2) 647 (25.4) 
Hypercholesterolemia 54,271 (51.4) 50,671 (50.8) 2048 (61.6) 1552 (59.2) 
CHD2 15,099 (15.6) 13,587 (14.9) 844 (26.8) 668 (27.4) 
Stroke or TIA 9103 (9.6) 8217 (9.2) 446 (14.6) 440 (18.4) 
SBP (mmHg) 144.8 ± 23.9 144.4 ± 23.7 151.7 ± 24.8 152.3 ± 25.6 
ABI3 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 
Aspirin 43,316 (50.2) 40,256 (49.5) 1715 (61.8) 1345 (62.5) 
Lipid-lowering therapy 48,224 (46.6) 44,766 (45.8) 1958 (59.5) 1500 (58.0) 
Antihypertensive 
therapy 

65,323 (62.5) 60,855 (61.7) 2556 (76.2) 1912 (73.5) 

Validation cohort Life Line  Screening (UK patients) 

All patients (N = 
5400) 

Patients with 
<<50% ACS (N = 

4909) 

Patients with 50--
69% ACS (N = 

2230) 

Patients with 
≥≥70% ACS (N = 

261)5

Age (y) 70.3 ± 9.5 70.0 ± 9.6 73.2 ± 8.4 73.2 ± 7.7 
Sex (male) 2007 (37.2) 1775 (36.2) 101 (43.9) 131 (50.2) 
Current smoker 1497 (32.2) 1333 (31.6) 79 (39.1) 85 (39.2) 
Former smoker 1675 (36.1) 1509 (35.7) 79 (39.1) 87 (40.1) 
Never smoked 1471 (31.7) 1382 (32.7) 44 (21.8) 45 (20.7) 
Diabetes mellitus 711 (16.7) 637 (16.4) 34 (18.6) 40 (21.2) 
Hypercholesterolemia 1899 (44.8) 1696 (43.7) 92 (52.9) 111 (62.4) 
CHD2 655 (15.7) 559 (14.6) 37 (20.7) 59 (32.6) 
Stroke or TIA 377 (9.3) 321 (8.6) 24 (14.4) 32 (18.8) 
SBP (mmHg) 149.8 ± 24.6 149.0 ± 24.4 155.7 ± 24.0 158.9 ± 25.6 
ABI3 0.8 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.7 ± 0.2 
Aspirin 952 (38.4) 832 (36.9) 51 (52.0) 952 (38.4) 
Lipid-lowering therapy 1849 (43.8) 1636 (42.2) 102 (59.3) 69 (55.2) 
Antihypertensive 
therapy 

2205 (51.3) 1963 (49.9) 116 (64.8) 126 (69.2) 

Validation cohort SSMART 

All patients (N = 
1536) 

Patients with 
<<50% ACS (N = 

1278) 

Patients with 50--
69% ACS (N = 

667) 

Patients with 
≥≥70% ACS (N = 

191)6

Age (y) 61.6 ± 10.3 60.7 ± 10.5 65.7 ± 6.9 65.8 ± 7.9 
Sex (male) 1021 (66.5) 838 (65.6) 45 (67.2) 138 (72.3) 
Current smoker 755 (50.9) 648 (51.2) 33 (49.3) 94 (49.7) 
Former smoker 601 (39.5) 490 (38.7) 25 (37.3) 86 (45.5) 
Never smoked 146 (9.6) 128 (10.1) 9 (13.4) 9 (4.8) 
Diabetes mellitus 354 (23.0) 279 (21.8) 19 (28.4) 56 (29.3) 
Hypercholesterolemia 852 (56.8) 706 (56.6) 35 (53.8) 111 (59.7) 
CHD2 339 (22.1) 264 (20.7) 20 (29.9) 55 (28.8) 
Stroke or TIA 110 (7.2) 71 (5.6) 4 (6) 35 (18.3) 
SBP (mmHg) 147 ± 22.9 146 ± 22.8 148 ± 23.6 153 ± 22.8 
ABI3 0.7 ± 0.2 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 
Antiplatelet therapy 721 (53.2) 617 (53.7) 26 (46.4) 78 (52) 
Anticoagulant 136 (9.2) 112 (9) 5 (7.8) 19 (10.9) 
Lipid-lowering therapy 866 (56.4) 700 (54.8) 40 (59.7) 126 (66) 
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Antihypertensive 
therapy 

993 (64.6) 799 (62.5) 50 (74.6) 144 (75.4) 

ABI, Ankle-brachial pressure index; CHD, coronary heart disease; SBP, systolic blood pressure; SD, standard 
deviation; SMART, Second Manifestation of ARTerial disease; TIA, transient ischemic attack. 
1 Baseline characteristics are presented as means and standard deviations (SD) for continuous variables and as 
absolute numbers and percentages for categorical variables. 2 Coronary heart disease is defined as previous 
myocardial infarction or a coronary intervention (bypass, angioplasty, or stenting). 3 The lowest ABI value of both 
lower extremities was included. 4 In this group, 629 patients of the derivation cohort had a presumed occlusion. 5 In 
this group, 41 patients of the validation cohort had a presumed occlusion.6 In this group, 67 patients of the 
validation cohort had a presumed occlusion. 

TTable 2. Predictors of moderate and severe ACS in patients with LEAD 

Odds ratio (95% confidence intervals) 
≥50% ACS ≥70% ACS 

Predictors 1 
Age (ref: <50 years) 

50-59 years 3.27 (2.11-5.09) 3.26 (1.78-5.99) 
60-69 years 5.15 (3.34-7.95) 4.41 (2.42-8.01) 
≥70 years 5.76 (3.74-8.87) 4.16 (2.29-7.55) 

Male sex 1.35 (1.27-1.42) 1.60 (1.48-1.73) 
Ever smoking 1.94 (1.82-2.07) 2.07 (1.88-2.28) 
Hypercholesterolemia 1.35 (1.28-1.42) 1.27 (1.17-1.38) 
Stroke or TIA 1.42 (1.31-1.54) 1.63 (1.46-1.82) 
CHD 1.52 (1.42-1.62) 1.44 (1.31-1.58) 
SBP (ref: <140 mmHg) 

140-159 mmHg 1.24 (1.16-1.32) 1.26 (1.14-1.38) 
≥160 mmHg 1.73 (1.63-1.85) 1.80 (1.63-1.98) 

ABI (ref: 0.8-0.9) 
 0.4-0.8 2.08 (1.97-2.20) 2.15 (1.98-2.34) 
 <0.4 3.62 (3.18-4.12) 3.69 (3.08-4.43) 

Intercept 2 -5.93 -6.69

Discrimination derivation cohort 3 
AUROC curve after internal validation 
(95% CI) 

0.714 (0.707-0.720) 0.725 (0.715-0.734) 

Discrimination validation cohorts 
AUROC curve in LLS - UK patients 
(95% CI) 

0.703 (0.680-0.726) 0.716 (0.693-0.740) 

AUROC curve in SMART study (95% 
CI) 

0.667 (0.633-0.700) 0.671 (0.637-0.705) 

ABI, ankle-brachial index; ACS, asymptomatic carotid stenosis; AUROC curve, area under receiver 
operating characteristics curve; CHD, coronary heart disease; LLS, Life Line Screening; SMART, 
Second Manifestation of ARTerial disease; TIA, transient ischemic attack. 
The original regression formula can be derived from the odds ratios and the intercept. The beta-
coefficients for the linear predictor can be calculated by taking the natural logarithm of the odds 
ratios. The linear predictor can be calculated with the following formula: LP =  Intercept + x + x  + x … x ,where the ’s are the beta-coefficients or weights of the predictors and the x’s 

are the predictors. The predicted probability can be calculated by: . 
1 Beta-coefficients and intercept corrected for overoptimism with bootstrapping techniques (shrinkage 
of regression coefficients was not indicated with calibration slope of 1.00). 2 Bootstrap-adjusted 
intercepts were the same the intercept before internal validation. 3 AUROC curves before internal 
validation were 0.714 (95% CI 0.708-0.720) for ≥50% ACS and 0.725 (95% CI 0.716-0.734) for ≥70% 
ACS. 
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FFigure 1. Calibration plots of PACAS-LEAD in derivation and validation cohorts 

Calibration plots of PACAS-LEAD showing the predicted risk against the observed risk of ≥50%   
(top row) and ≥70% ACS (bottom row) across deciles of predicted risk in the derivation cohort after 
internal validation (left column), in the validation cohorts LLS – UK patients (middle column) and 
SMART after recalibration (right column). The boxes represent the mean predicted risk for each 
decile and the vertical lines represent the 95% confidence intervals. The dotted diagonal line 
indicates perfect calibration. Boxes above the diagonal line indicate underestimation of risk and 
below the diagonal line overestimation of risk. The calibration plots of PACAS-LEAD in the 
validation cohorts before recalibration are provided as Figure S3. The prevalences and number of 
cases per decile are provided in Table S4. 
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CClinical application 

The PACAS-LEAD score chart is provided in Table 3. The sum scores ranged from 0 to 22. The 

prevalence of ≥50% ACS ranged from 0.5% for sum scores ≤7 to 14% for sum scores ≥16. The 

prevalence of ≥70% ACS ranged from 0.2% for sum scores ≤7 to 6.6% for sum scores ≥16. The 

prevalence of ≥50% and ≥70% ACS by each sum score is provided in Figure 2. The distribution 

of sum scores is shown in Figure S2. 

We introduced four thresholds of sum scores allowing targeted screening of a group of patients 

with LEAD at high risk of significant ACS. The observed prevalence of ≥50% ACS increased from 

5.7% by screening all patients to 13.1% by targeted screening of the 20% patients at very high risk. 

The corresponding NNS decreased from 18 to 8. The observed prevalence of ≥70% ACS 

increased from 2.5% by screening all patients to 5.8% by targeted screening of the 20% patients 

at very high risk. The corresponding NNS decreased from 40 to 17 (Table 4). 

Table 3. PACAS-LEAD score chart 

Predictor  Score  
Age, years 

 <50 0 
50-59 5 
60+ 7 

Male sex 1 
Ever smoking 3 
Hypercholesterolemia 1 
Stroke or TIA 1 
CHD 2 
SBP, mmHg 

 <140 0 
140-159 1 
160+ 2 

ABI 
 0.8-0.9 0
 0.4-0.8 3 
 <0.4 5 

ABI, ankle-brachial index; CHD, coronary heart disease; 
SBP, systolic blood pressure; TIA, transient ischemic 
attack. 
The PACAS-LEAD score ranges from 0 to 22. The risks of 
≥50% and ≥70% ACS for each sum score are provided in 
Figure 2. 
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FFigure 2. Observed prevalence of ACS by sum score 

Bar chart showing the predicted prevalence of ACS in the derivation cohort for each sum score. 
The black parts of the bars represent the prevalence of ≥70% ACS and the white parts the 
prevalence of 50-69% ACS. The prevalence of ≥50% ACS is calculated by taking the sum of the 
prevalences of 50-69% and ≥70% ACS. 
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TTable 4. Performance of the risk scores to detect asymptomatic carotid stenosis 

Sum 
sscore 

Number 
oof cases 
screened  

Number 
oof cases 

with ACS  

Observed 
pprevalence 

Sensitivity  Specificity  PPV  NPV  NNS  

Systematic sscreening of all patients 
≥50% ACS 112,117 6354 55.7%  18 
≥70% ACS 112,117 2801 22.5%  40 
Screening those at least low risk  
≥50% ACS ≥9 92,630 6193 66.7%  97.5% 18.3% 6.7% 99.2% 15 
≥70% ACS ≥9 92,630 2747 33.0%  98.1% 17.8% 3.0% 99.7% 33 
Screening those at least intermediate risk  
≥50% ACS ≥11 71,521 5639 77.9%  88.8% 37.7% 7.9% 98.2% 13 
≥70% ACS ≥11 71,521 2521 33.5%  90.0% 36.9% 3.5% 99.3% 29 
Screening those at least high risk  
≥50% ACS ≥13 44,713 4435 99.9%  69.8% 61.9% 9.9% 97.2% 10 
≥70% ACS ≥13 44,713 2010 44.5%  71.8% 60.9% 4.5% 98.8% 22 
Screening those at least very high risk  
≥50% ACS ≥15 22,704 2809 112.4%  44.2% 81.2% 12.4% 96.0% 8 
≥70% ACS ≥15 22,704 1313 55.8%  46.9% 80.4% 5.8% 98.3% 17 
ACS, asymptomatic carotid stenosis; NNS, number needed to screen; NPV, negative predictive value; PPV, positive 
predictive value. 
The number of false negatives and true negatives were 161 and 19,326; 715 and 39,881; 1919 and 65,485; 3545 and 
85,868 for sum scores for ≥50% ACS of ≥9, ≥11, ≥13, and ≥15, respectively and, 54 and 19,433; 280 and 40,316; 791 
and 66,613; 1488 and 87,925 for sum scores for ≥70% ACS of ≥9; ≥11; ≥13; and ≥15, respectively.  

External validation populations 

Baseline characteristics are provided in Table 1. In the first validation cohort (Life Line Screening; 

UK participants), more patients were men (37.2%) and current smoker (32.2%), and less patients 

had diabetes mellitus (16.7%) and hypercholesterolemia (44.8%) compared to the derivation 

cohort. The prevalence of ≥50% ACS was 9.1% and ≥70% ACS was 4.8%. In the second 

validation cohort (SMART), patients were younger (mean age 61.6 ± 10.3 years) and more 

patients were men (66.5%) compared to the derivation cohort. The prevalence of ≥50% ACS was 

16.8% and ≥70% ACS was 12.4%.  

External validation 

The AUROC of PACAS-LEAD in the first external validation cohort was 0.703 (95% CI 0.680-

0.726) for ≥50% ACS and 0.716 (95% CI 0.693-0.740) for ≥70% ACS, and in the second 0.667 

(95% CI 0.633-0.700) for ≥50% ACS and 0.671 (95% CI 0.637-0.705) for ≥70% ACS (Table 2). 

The predicted and observed prevalences in the validation cohorts were higher compared with the 

derivation cohort, but calibration plots showed very good concordance between the predicted 

prevalence calculated with the PACAS-LEAD and the observed prevalence in the validation 
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cohorts (after adjusting the intercept) (Figure 1). This indicates that, after adjusting the average 

predicted risk to the observed risk in the validation cohorts, the PACAS-LEAD risk score could be 

applied to populations with LEAD with different overall prevalences of significant ACS.  

Chapter 491

4



DDISCUSSION 

We developed and validated the first risk prediction model to identify groups of patients at high 

risk of significant ACS among patients with LEAD. Predictors for moderate and severe ACS used 

in the PACAS-LEAD risk score were age, sex, ever smoking, history of hypercholesterolemia, 

stroke/TIA, CHD and measured SBP and ABI. Discrimination was good and calibration plots 

showed good concordance of predicted and observed risks. The NNS to detect significant ACS in 

the high risk group that consisted of approximately 20% patients at highest risk was a more than 

halved compared with systematic screening of all LEAD patients. Application of PACAS-LEAD to 

the validation cohort showed reliable predictions (after adjusting for the difference in overall 

prevalence of significant ACS in the different cohorts).  

The PACAS-LEAD risk score can be applied to patients with decreased ABI of 0.9 or below. 

These ABI values have been associated with cardiovascular morbidity and mortality and might 

also improve cardiovascular risk stratification.21,22 The prevalence of significant ACS is higher in 

patients with LEAD and increases with severity of LEAD.23 A meta-analysis including 13 

prospective studies of patients with PAD showed a prevalence of ≥50% ACS of 25% and a 

prevalence of ≥70% ACS of 14%, but heterogeneity between studies was high, due to different 

selection criteria and application of different diagnostic criteria to determine the degree of carotid 

stenosis.5 Our derivation cohort showed an overall prevalence of ≥50% ACS of 5.7% and of ≥70% 

ACS of 2.5%, but the prevalence in the validation cohorts was higher due to inclusion of patients 

with a first manifestation of arterial disease in the SMART cohort and possibly different reasons 

for undergoing vascular screening between the US and UK. Our risk prediction model enables 

clinicians to stratify the risk of ≥50% ACS in patients with LEAD from 0.5% to 14% based on risk 

predictors. This might contribute to a clinical and more cost-effective screening strategy. 

Detection of significant ACS in patients with asymptomatic LEAD might lead to initiation or 

intensification of preventive therapy. In patients with symptomatic LEAD who are using optimal 

medical preventive therapy, detection might lead to closer follow-up to maintain compliance to 

decrease the risk of subsequent vascular events,10,11 since significant ACS is associated with an 
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increased risk of stroke and has an incremental effect on risk of coronary events in patients with 

LEAD.24 Compliance to medical therapy is challenging as recently shown in a study from Sweden 

on screening for ACS of males aged 65 years. In this study, statins and antiplatelet agents were 

prescribed if ACS was detected, but were used by 29% and 21% of patients after five years of 

detection compared with approximately 23% and 14% who used them at 65 years.25  

Whilst the annual risk of ipsilateral stroke in patients with significant ACS using best medical 

therapy is low,26,27 the 5-10 year risk is not negligible, and our study showed considerable scope 

for further optimizing medical therapy with around 60% of cases with ACS reporting use of 

aspirin and 60-70% reporting use of lipid-lowering therapy. Risk factors for increased risk of 

stroke have been identified and carotid interventions might be considered in selected cases to 

decrease the risk of stroke, but should, amongst other considerations, be weighed against the 

limited life expectancy in patients with LEAD.8 Risk prediction models for individualized 

calculation of absolute stroke risks in medically treated patients with significant ACS have been 

developed, but these have not been validated in patients using current standards of medical 

preventive therapy or in patients with LEAD and significant ACS.28-30 Imaging features of plaque 

vulnerability might help improving risk prediction in those patients with significant ACS.8 

Participants of the derivation cohort and one of the validation cohorts were self-referred and self-

funded, possibly influencing generalizability to other populations. Our derivation cohort was not 

primarily designed for research purposes, but participants were prospectively identified. ABI and 

PSV as single measurements for the diagnosing LEAD and ACS may be useful as screening tool 

to identify patients for more intensive diagnostic work-up. Different diagnostic criteria are 

proposed to determine degree of carotid stenosis based on duplex findings and different cut-offs 

leading to different prevalences of ACS might need adjustment of the risk equation for reliable 

risk prediction. Clinical staging of LEAD with the Fontaine or Rutherford classification was not 

performed and could have improved the predictive performance. Adjustment of the risk 

prediction model to populations with different severity of LEAD might be necessary. For 

predictors that were self-reported, recall bias should be taken into account. Blood pressure was 
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measured once in the derivation cohort and might not reflect ‘usual’ values. We used a proxy for 

history of hypercholesterolemia in the SMART cohort which might have influenced external 

validity. The prevalence of ACS in our derivation cohort was lower compared with other 

populations, possibly making targeted screening more worthwhile in different settings.5 

Our study has several strengths. We developed and validated the first risk score to detect 

significant ACS in patients with LEAD. A large cohort of patients was used for development of 

the PACAS-LEAD risk score. Missing data was limited for most predictors in the derivation and 

validation cohorts and we used multiple imputation to handle missing data. Internal validation 

showed no evidence for overfitting and external validation showed reliable prediction after 

recalibration. ABI was measured bilaterally and patients with incompressible ankle arteries or 

ABI >1.4 were excluded. Patients underwent bilateral examination of the carotid arteries and the 

highest degree of stenosis of both sides was used as outcome. 

Before targeted screening can be implemented in clinical practice, future research will determine 

risks of cardiovascular events in patients with LEAD and concomitant significant ACS under best 

medical therapy, will identify patients with significant ACS at increased risk of ischemic stroke 

who benefit from carotid interventions, and whether closer follow-up and better compliance after 

detecting significant ACS might improve cardiovascular risk management and prevent 

cardiovascular events. Differences in the overall prevalence of ACS between the derivation and 

validation cohorts indicates that updating the (intercept of the) risk prediction model to local 

settings is necessary before implementation in clinical practice. 
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CCONCLUSIONS 

The PACAS-LEAD risk score can predict the presence of moderate and severe ACS in patients 

with LEAD reliably, using the following predictors: age, sex, smoking status, history of 

hypercholesterolemia, stroke/TIA, CHD and measured SBP. Targeted screening of the 20% 

patients at highest risk yielded 44% of cases with ≥50% and 47% of cases with ≥70% ACS. The 

prevalence was a twofold higher in this high risk group compared with systematic screening of all 

LEAD patients, reducing the NNS substantially and help targeting screening to those in whom 

ACS is more often detected. 
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SSUPPLEMENTARY MATERIAL 

Appendix S1: Research protocol for a systematic review of the literature 

Appendix S2: Search strategy 

Table S1: TRIPOD Checklist 

Table S2: Missing data per variable 

Table S3: Full-text evaluation 

Table S4: Predicted and observed prevalence of ACS across deciles of predicted risk 

Figure S1: Flowchart 

Figure S2: Distribution of sum scores in the derivation cohort 

Figure S3: Calibration plots of the PACAS-LEAD in validation cohorts (before recalibration) 

Supplementary material is attached to this dissertation and can be found here
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AABSTRACT 

Objectives: To determine precise estimates of the risk of atrial fibrillation (AF) by body mass index 

(BMI) and waist circumference (WC) in men and women. 

Methods: Between 2008 and 2013, over 3.2 million adults attended commercial screening clinics. 

Participants completed health questionnaires and underwent physical examination along with 

cardiovascular investigations, including an electrocardiogram. We excluded those with 

cardiovascular and cardiac disease. We used multivariable logistic regression and determined joint 

associations of BMI and WC and the risk of AF in men and women by comparing likelihood ratio 

(LR) 2 statistics. 

Results: Among 2.1 million included participants 12,067 (0.6%) had AF. A positive association 

between BMI per 5 kg/m2 increment and AF was observed, with an odds ratio of 1.65 (95% CI 1.57-

1.73) for men and 1.36 (95% CI 1.30-1.42) for women amongst those with a BMI above 20 kg/m2. 

We found a positive association between AF and WC per 10 cm increment, with an odds ratio of 

1.47 (95% CI 1.36-1.60) for men and 1.37 (95% CI 1.26-1.49) for women. Improvement of LR 2 

was equal after adding BMI and WC to models with all participants. In men, WC showed stronger 

improvement of LR 2 than BMI (30% vs. 23%). In women, BMI showed stronger improvement of 

LR 2 than WC (23% vs. 12%). 

Conclusions: We found a positive association between BMI and AF (above 20 kg/m2), and between 

WC and AF in both men and women. BMI seems a more informative measure about risk of AF in 

women and WC seems more informative in men. 
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IINTRODUCTION 

The prevalence of obesity has increased over recent decades, affecting over 2.5 billion people 

(almost 40% of the global population).1,2 Individuals who are overweight or obese are at higher risk 

of cardiovascular disease, type 2 diabetes mellitus, cancer, and premature death.3,4 

Atrial fibrillation (AF) is the most frequent sustained cardiac arrhythmia in clinical practice and its 

prevalance is increasing.5 The estimated prevalence of AF in 2009 in the United States of America 

was 5.3 million of which 0.7 million were undiagnosed cases.6 The increasing burden of disease 

has been attributed mainly to ageing populations but also to an increased AF incidence, related to 

the rise in prevalence of established AF risk factors such as hypertension and obesity.7 AF is 

associated with higher cardiovascular and cerebrovascular morbidity and mortality, including a 

five-fold higher risk of ischemic stroke.8 People with AF who are also overweight or obese are at 

even higher risk of ischemic stroke, thromboembolism or death, compared to people with AF and 

healthy weight.9  

To date, most studies have used body mass index (BMI) to assess weight status in relation to AF. 

Waist circumference (WC), a measure of abdominal or central adiposity, has received less attention 

than BMI yet may provide additional information on the risk of AF.10-14 Furthermore, whether the 

risk of AF varies across different measures of adiposity and between sexes remains uncertain. For 

example, the association between WC and AF might differ across sexes as a result of differences in 

the distribution of adipose tissue. In this study, we used a large screened population to determine 

whether either BMI or WC alone, or in combination, better estimated the risk of AF risk in men 

and women. 
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MMETHODS 

This study adhered to the STrengthening the Reporting of OBservational studies in Epidemiology 

(STROBE) statement (Table S1).  

Study participants 

This cross-sectional study consisted of self-referred and self-funded individuals who attended a 

commercial vascular screening clinic between 2008 and 2013 in the United States of America and 

the United Kingdom.15 All individuals completed an extensive questionnaire with information on 

their age, sex, height and weight, smoking status, alcohol use, history of diabetes, hypertension, 

vascular disease (coronary artery disease (CAD), stroke, transient ischemic attack (TIA) and 

peripheral arterial disease (PAD)), congestive heart failure, valvular heart disease, left ventricular 

hypertrophy, and medication use (antiplatelet, antihypertensive, and lipid-lowering medication). 

BMI was calculated from self-reported height and weight. Self-reported anthropometric data 

showed to be suitable for use in analyses.16 We found a high correlation between reported height 

and measured height in a subset of 295,282 participants with a Spearman’s rho of 0.9461 

(p<0.0001). We also found a high correlation between reported weight and reported weight in a 

subset of 292,176 participants with a Spearman’s rho of 0.9675 (p<0.0001). WC was measured by 

trained personnel using an inelastic tape measure. WC was defined as the smallest perimeter 

located between the last rib and the iliac crest, rounded to the nearest inch. Abdominal obesity was 

defined as WC of >102 cm in men or >88 cm in women.  

In this study, we included 2,137,557 participants in whom BMI or WC was recorded and with ECG 

measurement, without a history of vascular disease (reported history of stroke, TIA, CAD or PAD), 

history of congestive heart failure, valvular heart disease, left ventricular hypertrophy, 

chronic obstructive pulmonary disease, or missing values for sex or smoking status from the dataset 

(Tables S2-S3). Those with a history of vascular and cardiac disease were excluded to minimise 

reverse causation. BMI was available in 2,127,173 (99.5%) individuals and WC in 307,254  

(14.4%) individuals. Resurvey measurements for BMI were available for 8626 individuals re-

screened at median 2.3 (interquartile range 1.2-2.4) years later. Resurvey measurements for WC 

were available for 184 individuals re-screened at median 1.2 (interquartile range 1.2-1.5) years later. 
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OOutcome and its ascertainment  

The primary outcome was the prevalence of AF, measured with a single 12-lead ECG. All ECGs 

were evaluated by physicians who received in-house training. 

Statistical analyses 

BMI was categorized into: <20 kg/m2; 20-<25 kg/m2; 25-<30 kg/m2; 30-<35 kg/m2; 35-<40 kg/m2, 

and ≥40 kg/m2. WC was converted from inch to cm and categorized into quintiles. We calculated 

quintiles for men and women separately.  

Baseline characteristics are presented as means and standard deviations (SD) for continuous 

variables and as absolute numbers and percentages for categorical variables. Logistic regression 

models were used to estimate odds ratios (ORs) and 95% confidence intervals (95% CI) for AF. 

Models were adjusted for age at screening (with 5-year intervals), sex, and country (“basic 

adjustment”), and additionally for smoking status (never, ever), alcohol use (never, 1-7, 8+ units 

weekly), history of diabetes, history of hypertension, history of hypercholesterolemia, use of anti-

hypertensive medication, and lipid-lowering medication (“full adjustment”). 

For comparison of BMI and WC categories, the variance of the log odds in each group was 

calculated from the variances and covariances of the log ORs. This provides group-specific 

confidence intervals, which allow comparison between the BMI and WC categories without the 

choice of a reference group.17,18 We also calculated ORs per 5 kg/m2 increment in BMI where the 

association was log-linear (excluding the lowest BMI group). The ORs for WC were calculated for 

an equivalent multiple of the SD of BMI to facilitate the comparison between BMI and WC.  

ORs were corrected for regression dilution using resurvey measurements for BMI and WC.19,20 

This correction accounts for measurement error and changes in BMI and WC between baseline 

and resurvey measures. ORs for each risk factor group were plotted against the mean of the 

resurvey values (ie, estimated ‘usual value’), and summary log ORs (and their standard errors) were 

divided by the regression dilution ratio.19 The regression dilution ratios were calculated as 

Spearman self-correlation regression dilution ratios (Table S4).  

We compared the likelihood ratio (LR) 2 statistics to directly compare the associations between 

both BMI and WC and the risk of AF. These analyses were performed using the participants in 
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whom both BMI and WC were recorded. The LR 2 statistics was calculated as twice the increase 

in the log-likelihood on the addition of extra terms of the logistic models after adding BMI and WC 

to the fully adjusted logistic model (without adiposity measures). With this we quantified the extent 

to which BMI and WC improve prediction of the prevalence of AF. We also compared the LR 2 

statistics of the logistic models after adding BMI to the fully adjusted logistic model with WC, and 

after adding WC to the logistic model with BMI to quantify the extent to which BMI and WC 

provide additional useful information.21 We performed these comparisons in all participants and 

in men and women separately. 

We performed subgroup analyses by age, smoking status, alcohol use, history of diabetes, history 

of hypertension or use of anti-hypertensive medication in participants in whom both BMI and WC 

were recorded. 

STATA version 15.1 was used for statistical analyses and R version 3.5.1 was used for plotting 

figures.  

PPatient involvement 

Patients and/or the public were not involved in the design, or conduct, or reporting, or 

dissemination plans of this research. 

Ethical approval 

The University of Oxford Medical Sciences Inter-Divisional Research Ethics Committee approved 

the study. All individuals consented for the data collected at the screening to be used for research 

purposes. 
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RRESULTS 

Baseline characteristics of 2,088,728 individuals are shown in Table 1. The mean age was 63.6 

(SD: 10.1), 65% were female, and ever smoking prevalence was 44% in men and 35% in women. 

A history of hypertension or use of antihypertensives was reported in 63% of the participants 

with AF and 46% of the participants without AF. A history of diabetes was reported in 17% of the 

participants with AF and 11% of the participants without AF. Mean BMI was 27.8 (SD: 5.3) kg/m2 

in 2,078,630 participants with BMI recorded and 28.7 (SD: 5.7) kg/m2 in 11,976 participants with 

AF. Mean WC was 94 (SD: 15.3) cm in 299,479 participants with WC recorded and 103 (SD: 

16.4) cm in 1521 participants with AF (Table 1). Mean BMI in 299,479 participants in whom both 

BMI and WC was recorded was 28.2 (SD: 5.4) kg/m2. Baseline characteristics of participants 

with both BMI and WC recorded are provided in Table S5. 

Table 1. Baseline characteristics 

Participants 
with AF 

(n = 12,067)  

Participants 
without AF 

(n = 2,076,661)  

All Participants  
(n = 2,088,728)  

Age (y) 72.7 ± 9.4 63.6 ± 10.1 63.6 ± 10.1 
Female sex 4957 (41.1) 1,348,707 (64.9) 1,353,664 (64.8) 
Height in men (m) 1.79 ± 0.1 1.78 ± 0.1 1.78 ± 0.1 
Height in women (m) 1.63 ± 0.1 1.63 ± 0.1 1.63 ± 0.1 
BMI (kg/m2)1 28.7 ± 5.7 27.8 ± 5.3 27.8 ± 5.3 
WC (cm)2,3 102.6 ± 16.4 94.1 ± 15.3 94.1 ± 15.3 
Male ever smoker4 3598 (50.6) 320,997 (44.1) 324,595 (44.2) 
Female ever smoker4 1635 (33) 474,811 (35.2) 476,446 (35.2) 
Current alcohol use 2660 (44.8) 403,545 (43.2) 406,205 (43.2) 
Hypertension or 
antihypertensive therapy 

7070 (63) 877,658 (45.7) 884,728 (45.8) 

Diabetes mellitus 1826 (16.6) 200,901 (10.5) 202,727 (10.6) 
Hypercholesterolemia or 
lipid-lowering therapy 

5588 (51) 971,451 (50.7) 977,039 (50.7) 

Values are mean ± SD for continuous variables and n (%) for categorical variables. 
AF indicates atrial fibrillation; BMI, body mass index; SD, standard deviation; WC, waist circumference. 
1 Mean BMI was 28.3 ± 4.6 kg/m2 in all men, 29.0 ± 5.2 kg/m2 in men with AF, and 28.3 ± 4.6 kg/m2 in 
men without AF. Mean BMI was 27.6 ± 5.6 kg/m2 in all women, 28.4 ± 6.3 kg/m2 in women with AF, and 
27.6 ± 5.6 kg/m2 in women without AF.  
2 Mean WC was 100.9 ± 13.2 cm in all men, 105.9 ± 14.9 cm in men with AF, and 100.8 ± 13.1 cm in men 
without AF. Mean WC was 90.3 ± 15.1 cm in all women, 96.9 ± 17.2 cm in women with AF, and 90.3 ± 15.1 
cm in women without AF. 
3 Waist circumference was measured in a subset of 299,479 participants. 4 Ever smoker was defined as 
current or former smoker. 

Chapter 5107

5



Overall, 0.6% of the participants had AF (n = 12,067). The prevalence rose steeply with age and 

was two to three times higher in men compared to women for each decade of age (Figure 1). 

Multivariable analyses showed a positive association between usual BMI per 5 kg/m2 increment 

(excluding the lowest BMI group) and AF, with an odds ratio of 1.65 (95% CI 1.57-1.73) for men 

and 1.36 (95% CI 1.30-1.42) for women (ptrend<0.0001). Absolute risks were higher in men 

compared to women and the relationship was stronger in men (Figure 2 & Table S6). We found a 

significantly higher risk of AF with higher usual WC, with an odds ratio of 1.74 (95% CI 1.55-1.95) 

for men per 14 cm increase and 1.52 (95% CI 1.36-1.71) per 13 cm increase (ptrend<0.0001) (Figure 

2). Abdominal obesity was also associated with a higher risk of AF, with an OR of 1.83 (95% CI 

1.56-2.15) for men and 1.84 (95% CI 1.46-2.32) for women when compared to no abdominal 

obesity (Table S7). We found similar results restricting these analyses to the 289,381 participants 

in whom both BMI and WC were recorded. 

In the analyses of participants in whom both BMI and WC were recorded, there was a stronger 

improvement of LR 2 for WC than BMI (30% vs. 23%, respectively) in men. In contrast, for 

women BMI showed a stronger improvement of LR 2 than WC (23% vs. 12%). 

Adding BMI to the fully adjusted models plus WC showed a marginal improvement of LR 2 in 

men (1%) and showed 9% improvement in women. Adding WC to the fully adjusted models plus 

BMI showed 6% improvement of LR 2 in men but no improvement in women (Table 2). 

Subgroup analyses found consistent results across age, smoking status, alcohol use, and reported 

history of diabetes. The positive association of both BMI and WC with the risk of AF was higher 

in participants with reported hypertension or use of antihypertensive therapy compared to no 

reported hypertension / antihypertensive therapy (phet=0.007 and phet=0.01, respectively) (Figure 

3). 
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TTable 2. Comparison of predictive strengths for atrial fibrillation odds ratios of adding adiposity 

measures 

All participantsa 

((N = 193,140) 
Mena 

((N = 69,404) 
Womena 

((N = 123,736)  
Model  
   (+ Added adiposity 
measure)  

LR 22 Improvement
of LR 2 
(%)  

LR 22 Improvement
of LR 2 (%)  

Fully adjusted model without 
adiposity measuresb  

843.9 -- 359.4 -- 228.8 --  

+ BMI 982.8 139 (16) 443.6 84 (23) 280.5 52 (23) 

+ WC 976.3 132 (16) 467.1 108 (30) 256.4 28 (12) 

Fully adjusted model with 
WCc

976.3 - 467.1 - 256.4 - 

+ BMI 997.1 21 (2) 469.7 3 (1) 280.6 24 (9) 

Fully adjusted model with 
BMId 

982.8 - 443.6 - 280.5 - 

+ WC 997.1 14 (1) 469.7 26 (6) 280.6 0 (0) 

BMI indicates body mass index; LR, Likelihood Ratio; WC, waist circumference. 
The 2 value is twice the improvement in the log-likelihood on addition of extra variables, with df as the number of 
extra variables. Models with an added adiposity measure had 1 degree of freedom. 
a Analyses were restricted to participants in complete cases in whom both BMI and WC were recorded and with BMI 
≥20 kg/m2.  
b Improvement in LR 2 by the addition of the adiposity measures (either BMI continuous or WC continuous) to the 
model with full adjustment in which the odds ratio depends on sex (in the analysis of all participants), age groups, 
country, history of hypertension, diabetes, smoking status, alcohol use, hypercholesterolemia, use of anti-
hypertensive medication and lipid-lowering medication.  
c Improvement in LR 2 by the addition of BMI continuous to the model with WC continuous in which the odds 
ratio depends on WC, sex (in the analysis of all participants), age groups, country, history of hypertension, diabetes, 
smoking status, alcohol use, hypercholesterolemia, use of anti-hypertensive medication and lipid-lowering 
medication.  
d Improvement in LR 2 by the addition of WC continuous to the model with BMI continuous in which the odds 
ratio depends on BMI, sex (in the analysis of all participants), age groups, country, history of hypertension, diabetes, 
smoking status, alcohol use, hypercholesterolemia, use of anti-hypertensive medication and lipid-lowering 
medication. 
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FFigure 1. Prevalence of atrial fibrillation 

Prevalence of atrial fibrillation in men and women, by age. The vertical lines on the top of the bars 
represent the 95% confidence interval. 
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FFigure 2. Risk of Atrial Fibrillation, by usual BMI and WC 

Risk of Atrial Fibrillation by usual BMI and WC for men and women, using the fully adjusted model. For 
BMI, women with BMI 20-25 kg/m2 were used as reference group. For WC, we used the first quintile of 
WC in women as reference group. ORs of each BMI and WC category were plotted against the mean of the 
resurvey values (ie estimated ‘usual value’). We used group-specific confidence intervals. 
The size of the boxes is relative to the total number of participants in each category. The ORs for usual BMI 
are provided per 5 units increment in participants with BMI ≥20 kg/m2. The ORs for usual WC are 
provided per 14 cm increment for men and 13 cm for women, being the equivalent multiple of the standard 
deviation of BMI.  
The number of AF cases and total number of participants per category, the risk estimates and 95% CI are 
provided in Table S6 for BMI and Table S7 for WC. 
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FFigure 3. Subgroup analyses 

Chapter 5112

Forest plot showing the risk of atrial fibrillation in subgroups, by BMI and WC. Analyses were restricted to 
193,140 complete cases in whom both BMI and WC were recorded and with BMI ≥20 kg/m2 and without 
missing values of covariates included in the multivariable model with full adjustment (nested sample). The 
ORs for BMI are shown per 5 units increment and the ORs for WC are shown for an increase of 10 cm. 
Ever smoker was defined as either current or former smoker. Hypertension was defined as either a reported 
history of hypertension or use of antihypertensive therapy.



DDISCUSSION 

In this large cross-sectional study, including over 2 million screened participants, we found a 

positive log-linear association between BMI (except for the lowest BMI group) and WC and the 

risk of AF. We found higher risks of AF in men than women. BMI seems more informative about 

risk of AF in women whereas WC seems more informative in men. 

The risk of AF is higher in men compared to women, but the difference in AF incidence 

attenuates in older patients aged 80 and above.22 Reasons for these differences include sex-

specific atrial electrophysiologic properties, atrial remodeling, and mechanisms of atrial fibrosis. 

BMI has been identified as a risk factor for AF. A recent meta-analysis including 25 studies found 

a non-linear relationship between BMI and AF risk, with higher BMI values associated with a 

steeper increase in risk.23 In their meta-analysis, a 5-unit increment in BMI was associated with a 

28% increased relative risk of AF (RR 1.28, 95% CI 1.20-1.38).23 Their subgroup analysis showed a 

stronger association in men compared to women, with an RR of 1.39 (95% CI 1.30-1.48) for men 

compared to 1.30 (95% CI 1.14-1.48) for women.  

WC has previously been shown to provide additional predictive information on all-cause mortality 

beyond BMI.24 Only a limited number of studies have looked at the association between WC and 

AF risk.10-14 When pooled in a meta-analysis, these results appeared to show a roughly linear 

relationship with a summary risk ratio for a 10 cm increase in WC of 1.18 (95% CI 1.12-1.25).23 

Two studies that provided risk estimates by sex showed that the risk in men seems higher than 

women.10,13 In addition, we found that BMI is more informative about risk of AF in women, 

whereas WC is more informative in men. 

Strengths and limitations 

Our study is one of the largest to date to assess the association between adiposity measures and 

AF. We were able to compare BMI, WC and their association with AF both individually and in 

combination and we determined sex-specific analyses. We adjusted for regression dilution bias 

and excluded participants with cardiovascular and cardiac disease to minimize the risk of reverse 
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causation. Standardized measurement of outcome was used, including a 12 lead ECG to confirm 

a diagnosis of AF, reviewed by physicians who received in-house training.  

Using single time point ECG is likely to underestimate the true prevalence of AF in the 

population, as cases of paroxysmal and persistent AF may be missed. This might have 

contributed to a lower prevalence of AF compared to other populations. Other reasons might be 

the inclusion of relatively young and a high proportion of female participants in our study as well 

as the exclusion of participants with CVD. The prevalence was however comparable with the 

prevalence of 0.5% found in the STROKESTOP study that included participants aged 75 to 76 

years.25 Furthermore, there may also be participants included in the ‘no AF’ group who have 

either persistent or paroxysmal AF for the same reason. We were not able to validate the 

diagnosis of AF and reported comorbidities, for example via health records. Similarly, there may 

have been confounding factors missed that attribute to the observed relationship between 

underweight and increased AF risk, such as muscle wasting conditions or hyperthyroidism. 

Participants were self-referred and self-funded, which might influence generalizability. The type 

of anti-hypertensive agent was not recorded. BMI was based on self-reported weight and height, 

but reporting errors might not affect suitability for analyses.16 However, others found that the 

accuracy of self-reported height and weight was different for men and women.26 WC was 

available in a subset of participants but we performed comparative analyses in the subset of 

participants in whom both BMI and WC were recorded (Table 2) Relying on BMI and WC may 

not fully account for differences in proportion of muscle mass and adipose tissue. The number of 

participants with resurvey measurement was small and this might affect the preciseness of the 

correction for regression dilution, and this number was too small to perform analysis of change 

in measures of adiposity and risk of AF. The cross-sectional study design may underestimate the 

importance of previous weight change as obesity in early life appears to confer a long-term 

increase in risk of AF even after accounting for subsequent weight loss.27 

IImplications for practice 
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Our cross-sectional data highlights the important relationship between increasing weight and AF 

risk and the difference in informativeness of adiposity measures in men and women. When 

assessing adiposity measures in clinical practice, WC might be a more informative measure 

about risk of AF in men and BMI in women. This stresses the importance of sex-specific risk 

prediction of AF. Longitudinal data showed weight gain over time increases the risk of AF, 

irrespective of baseline weight status and sex.28 Amongst 15,214 participants in the HUNT-study, 

overweight and obesity were associated with an increased risk of AF compared to healthy weight, 

but so too was both weight loss and weight gain over a median of 8 years follow-up when 

compared to people with stable weight.27 Interventions to prevent weight gain and promote 

healthy weight might therefore help reduce the burden of AF in the population. 

The LEGACY randomized controlled trial demonstrated that intentional weight loss through a 

goal-directed weight management program could help reduce AF symptom burden in people 

who were overweight at baseline.29 However, as yet there is no consistent evidence that non-

surgical weight loss leads to a reduction in AF incidence.30 Although weight reduction in 

overweight or obese individuals is likely to have cardiovascular benefits beyond the risk of AF, the 

current evidence base supports public health strategies that promote maintenance of a healthy 

weight. Further research is needed to confirm the sex-specific associations between adiposity 

measures and AF risk so that interventions can be targeted at appropriate populations and risk 

prediction of AF should consider sex-specific differences. 
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CCONCLUSIONS 

Our study highlights the importance of overweight and obesity as potentially modifiable AF risk 

factors. BMI may be a more informative measure of AF risk in women and WC in men. This 

stresses the importance of sex-specific risk prediction of AF. Clinicians should consider 

measuring and addressing adiposity where possible. Interventional studies are required to 

demonstrate whether intentional weight loss can reduce the risk of AF. At present public health 

strategies and health promotion should advise individuals to maintain a healthy weight and avoid 

weight gain. 
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Table S5: Baseline characteristics in participants with both BMI and WC recorded 

Table S6: Odds ratios of AF by BMI in men and women 
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AABSTRACT 

Aims: Atrial fibrillation (AF) is associated with higher risk of stroke. While the prevalence of AF 

is low in the general population, risk prediction models might identify individuals for selective 

screening of AF. We aimed to systematically identify and compare the utility of established 

models to predict prevalent AF. 

Methods: Systematic search of PubMed and EMBASE for risk prediction models for AF. We 

adapted established risk prediction models and assessed their predictive performance using data 

from 2.5M individuals who attended vascular screening clinics in the United States and the 

United Kingdom and in the subset of 1.2M individuals with CHA2DS2-VASc ≥2. We assessed 

discrimination using area under the receiver operating characteristic (AUROC) curves and 

agreement between observed and predicted cases using calibration plots.  

Results: After screening 6959 studies, 14 risk prediction models were identified. In our cohort, 

10,464 (0.41%) participants had AF. For discrimination, six prediction model had AUROC curves 

of 0.70 or above in all individuals and those with CHA2DS2-VASc ≥2. In these models, calibration 

plots showed very good concordance between predicted and observed risks of AF. The two models 

with the highest observed prevalence in the highest decile of predicted risk, CHARGE-AF and 

MHS, showed an observed prevalence of AF of 1.6% with a number needed to screen of 63. 

Selective screening of the 10% highest risk identified 39% of cases with AF. 

Conclusion: Prediction models can reliably identify individuals at high risk of AF. The best 

performing models showed an almost fourfold higher prevalence of AF by selective screening of 

individuals in the highest decile of risk compared with systematic screening of all cases.  

Registration: This systematic review was registered (PROSPERO CRD42019123847).  
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IINTRODUCTION 

Atrial fibrillation (AF) is the most frequent sustained cardiac arrhythmia in clinical practice and its 

prevalance is increasing, due to ageing populations, altered lifestyle habits and increasing levels of 

adiposity. Over 33.5 million people worldwide are currently diagnosed with AF.1 AF may be 

categorised in different ways, including by the frequency of the arrhythmia as either paroxysmal, 

persistent, permanent. However, all subtypes are associated with an increased risk of stroke and 

other cardiovascular disease outcomes, which include a 5-fold higher risk of cardioembolic stroke. 

Risk prediction scores such as CHA2DS2-VASc are recommended to help determine the stroke risk 

for people who are diagnosed with AF, categorised as low, medium or high.2 Anticoagulation with 

either a vitamin K antagonist such as warfarin or a Direct Oral Anticoagulant (DOAC) in high-risk 

individuals can reduce their stroke risk by around 65%. Yet many people with AF currently go 

undetected, either because they are asymptomatic or have paroxysmal disease not detected at the 

time of assessment. A recent systematic review of single time-point screening reported a prevalence 

of undetected AF of 1.4% in adults aged ≥65 years old in the general population.3 However, AF is 

typically found in up to 20% of cases with ischaemic stroke.4,5 In at least half of such cases, AF is 

newly diagnosed at the time of the event.6,7 This has prompted interest in implementing national 

screening programmes to detect people with AF, particularly in individuals who might benefit from 

anticoagulation.2,8,9 

One argument against population level systematic screening is the low overall prevalence of AF in 

the general population. Accurate identification of individuals at higher risk of AF could help to 

target screening, reduce the number needed to screen. Most simply, this involves screening above 

a certain age threshold given the increased prevalence of AF in older people; over 80% of cases 

with AF occur in individuals aged over 65 years compared to 2.8% who are aged below 45 years.10 

Currently, international guidelines suggest either opportunistic screening in individuals aged 65 

years or older, or systematic screening in those aged 75 years or older and individuals at high-risk 

of stroke since the latter approach has been shown to be particularly cost-effective.11-13 

Risk prediction models have been developed to detect either incident or prevalent AF and may be 

able to more accurately identify populations at high-risk of AF to inform selective screening. These 
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have the additional benefit of identifying people who are also at higher risk of stroke and therefore 

likely to benefit from treatment. Assessing the predictive performance of such models is necessary 

before seeking to implement these approaches to determine their comparative accuracy and utility. 

We conducted a systematic review of established risk prediction models of AF and then evaluated 

the predictive performance of these models in a large contemporary screened population. 
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MMETHODS 

We conducted a systematic review according to a predefined protocol to identify established 

prediction model to detect AF. This protocol has been registered prospectively in the international 

prospective registry for systematic reviews (PROSPERO): CRD42019123847. We report the results 

of our systematic review consistent with the Preferred Reporting Items for Systematic Reviews and 

Meta-analysis (PRISMA).14 

Search strategy and eligibility criteria 

We searched Medline (via PubMed interface) and EMBASE (via OVID interface) from inception to 

March 1, 2019 using comprehensive electronic strategies, which incorporated a validated search 

filter (Table S1). We included articles that: (1) develop risk prediction models for the prevalence or 

incidence of AF based on multiple risk factors; (2) used general or screened population as domain, 

not diseased populations at higher risk of AF; (3) used a single time-point 12-lead electrocardiogram 

(ECG) for diagnosing AF; and (4) published in peer-reviewed journals without any language 

restrictions. 

Screening process and data extraction 

Two authors (MHFP & NRJ) independently screened all titles and abstract of the retrieved 

references and subsequently independently reviewed full-texts for final inclusion in this study. We 

performed backward citation searching using the bibliographies of included studies. 

Two authors (MHFP & NRJ) independently extracted the following data from the included studies 

that report the development of a risk prediction model, based on the CHARMS checklist:15 source 

of data, setting study, geographic area (country and continent), study years, sample size, modelling 

method (eg, logistic model), number of participants with missing data, handling of missing data, 

investigation of satisfaction of modelling assumptions, selection methods for predictor selection, 

shrinkage of predictor weights, number of outcome events, number of patients, ascertainment of 

outcome, number and type of predictors used in the final model, number of outcome events per 

variable, presentation of model, model performance (calibration and validation). 
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VValidation cohort 

A cohort of self-referred and self-funded individuals who attended commercial vascular screening 

clinics (Life Line Screening Inc.) between 2008 and 2013 in the United States of America (USA) 

and United Kingdom (UK) was used to assess the predictive performance. All individuals 

completed standardized questionnaires including questions about their age, sex, smoking status, 

alcohol use, height and weight, history of vascular disease (coronary artery disease, congestive heart 

failure, stroke, transient ischemic attack, and peripheral arterial disease), valvular disease, chronic 

obstructive pulmonary disease, hypertension and use of antihypertensive medication, and diabetes 

mellitus. Blood pressure was measured as part of the ankle-brachial pressure index assessment. 

Standard blood pressure cuffs and sphygmomanometers were used, systolic blood pressure (SBP) 

being measured using a Doppler probe. 

Predicted outcome and its ascertainment 

The predicted outcome was the prevalence of AF, measured with a single 12-lead ECG. All ECGs 

were evaluated by physicians who received in-house training.  

Statistical analyses (external validation) 

Characteristics of the predictor variables in the included models were summarized using standard 

methods. We excluded participants with an established history of AF prior to screening (N = 

285,934), who did not undergo a single 12-lead ECG (N = 356,684), or with inconsistent values for 

sex (N = 14,287). We used the same population for all analyses to enable comparisons between 

different models. Some models applied age and body mass index (BMI) restrictions (Table S2). 

We therefore further excluded participants who were younger than 45 at screening (N = 59,357) or 

who had a BMI lower than 18 (N = 18,175).  

Variables only relevant for predicting incident AF, such as ECG and echocardiographic 

characteristics, were not included in our assessment of the risk prediction models. Predictors 

involving biochemical or other blood measurements were not included, since their availability for 

inclusion in screening programmes or measurement before performing a single ECG might limit 

the clinical applicability (Table S3). We used proxies whenever possible and appropriate for any 
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predictors that were not available in our dataset. Predictors for which no proxy was found were 

considered missing (Table S3). 

Missing data were imputed if data were missing in <30% (Table S4). We used chained equations 

and created 20 imputed datasets with 200 iterations.16 BMI was calculated before imputation.17 

Post-imputation rounding was applied to limited-range variables (SBP, heart rate, BMI, height, and 

weight), if needed.18 Analyses were performed in the resulting 20 imputed datasets.  

We used the risk equations to calculate the probability of AF for each participant. We used the -

coefficients (predictor weights) of prediction models that were based on logistic regression and on 

time-dependent regression modelling, such as cox regression (Table S5). We also calculated a sum 

score (total points) for each participant by summing the points assigned to each predictor of the 

score chart. 

We examined the discrimination and calibration indices of the prediction models, assessed using 

the area under receiver operating characteristic (AUROC) curve and calibration plots respectively. 

We calculated the AUROC curve per imputed dataset and results were pooled using Rubin’s 

rules.19,20 For models that reported the risk equation, we estimated the mean probability per 

participant across the 20 imputed datasets and subsequently we split the predicted risks in deciles 

and calculated observed probability with corresponding 95% confidence interval (CI) per decile. 

We recalibrated the prediction models to the prevalence of AF in our cohort by re-estimating the 

intercept. This type of recalibration is referred to as ‘update intercept’ or ‘calibration-in-the-large’.21 

For this, we fitted a logistic model with a fixed calibration slope and the intercept as the only free 

parameter. In addition, for models that reported a score chart, we created bar charts with the 

observed prevalence of AF by sum score.  

We performed additional assessments of discrimination and calibration using participants with 

CHA2DS2-VASc of two or more, since anticoagulation is recommended for these people if AF is 

found.11 

TTest characteristics and reclassification measures 

We assessed two possible cutoffs for a selective screening. We assessed test characteristics, such as 

sensitivity, specificity, positive predictive value, negative predictive value, prevalence, and number 
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needed to screen (NNS), of selective screening of the 10% and 20% individuals at highest predicted 

risk of AF. 

We calculated reclassification measures to assess the ability of the included risk prediction models 

to correctly identify cases with and without AF compared to the threshold of ≥65 years of age.22 We 

calculated integrated discrimination improvement (IDI), relative IDI (rIDI), and continuous net 

reclassification improvement (NRI).22,23 IDI is the absolute difference in discrimination slopes of 

the risk prediction models and the age threshold. rIDI is the ratio of absolute difference in 

discrimination slopes of the risk prediction models and the age threshold over the discrimination 

slope of the age threshold. Continuous NRI is the sum of the net percentages of participants with 

and without the AF correctly assigned a different predicted risk with the risk prediction models 

compared to the age threshold. Positive values correspond to improved classification. The 

reclassification measures were estimated for all 1000 bootstrap replications in each imputed 

dataset and the median value across the combined 20 datasets is reported (with the 95% CI 

obtained from the 2.5th and 97.5th percentiles). P values <0.05 were considered significant. STATA 

version 15.1 was used for all statistical analyses and R version 3.5.1 was used for constructing the 

figures. 

SSensitivity analyses 

We performed additional assessment of the prediction models in complete cases. 
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RRESULTS 

We screened 6961 unique reports identified by our literature search, assessed 249 full-texts, and 

included 14 studies (Figure 1 and Table S6).2,9,24-35 Six studies used incident AF 

as predicted outcome,27-32 three used incident AF or atrial flutter,24,25,34 one used prevalent AF,33 

and one did not specify the type of AF.26 HATCH was developed to predict 

progression to sustained AF and CHADS2 and CHA2DS2-VASc were developed to predict the 

risk of stroke in cases with AF.2,9,35 These three prediction models were included, 

although not originally designed for detecting AF, because they have been used in a number 

of subsequent studies for predicting AF and might be used for combined prediction of 

outcomes.32,33,36,37 Characteristics of model development are provided in Table 1. 
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FFigure 1. Flowchart 
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TTable 1. Selected characteristics of studies assessing different risk prediction models for AF 

Author, year, and study 
nname 

Predicted outcome CCountry  Cases / participants in 
dderivation cohort (%) 

Number of 
ppredictors* 

Alonso et al, 2013 
(CHARGE-AF)24 

Incident AF or atrial 
flutter 

USA 1186 / 18,556 (6.39%) 11 

Aronson et al, 2018 
(MHS)25 

Incident AF or atrial 
flutter 

Israel 5660 / 96,778 (5.8%) 10 

Brunner et al, 2014 
(MAYO)26 

AF - - 7 

Chamberlain et al, 2011 
(ARIC)27 

Incident AF USA 515 / 14,546 (3.54%) 12 

Ding et al, 2017 
(JINAN)28 

Incident AF China 134 / 33,186 (0.4%) 4 

Everett et al, 2013 
(WHS)29 

Incident AF USA 404 / 13,743 (2.9%) 6 

Hamada et al, 2019 
(SEIREI)30 

Incident AF Japan 349 / 65,984 (0.53%) 7 

Kokubo et al, 2017 
(SUITA)31 

Incident AF Japan 311 / 6864 (4.5%) 9 

Li et al, 2018 (C2HEST)32 Incident AF China 921 / 471,446 (0.20%) 6 
Linker et al, 2018 
(SAAFE)33 

Prevalent AF USA 509 / 3790 (13.4%) 13 

Schnabel et al, 2009 
(FHS)34 

Incident AF or atrial 
flutter 

USA 457 / 4764 (9.6%) 7 

de Vos et al, 2010 
(HATCH)35 

Progression to 
sustained AF 

- - 5 

Gage et al, 2001 
(CHADS2)9 

Stroke risk - - 5 

Lip et al, 2010 (CHA2DS2-
VASc)2 

Stroke risk - - 7 

* Number of predictors of the risk prediction models assessed in the present study are provided.
AF, atrial fibrillation; USA, United States of America.

The number of predictors in the models varied from four to thirteen. An overview of predictors of 

the included prediction models originally developed for detecting AF is provided in Figure 2. Age 

was used as predictor in all of the models. Other predictors frequently included were hypertension 

(n=8), heart failure (n=7), coronary heart disease (n=6), sex (n=6) and systolic blood pressure (n=6). 

Of the fourteen included prediction models, predictor weights of twelve models were reported and 

score charts of eleven models. 
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FFigure 2. Included predictors 

Validation cohort 

The validation cohort consisted of 2,541,702 participants, of whom 10,464 (0.4%) had AF. In 

total, 1,153,878 (52.4%) participants had a CHA2DS2-VASc score of two or higher of which 5298 

(0.5%) of the participants with AF. The mean CHA2DS2-VASc score was two in participants 

without AF and three in participants with AF. Characteristics of our cohort that were used as 

predictors in the included prediction models are provided in Table 2. 
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TTable 2. Characteristics of variables used as predictors in the prediction cohort 

All participants  
 ((N = 2,541,702) 

Participants with AF 
((N = 10,464) 

Participants without AF 
((N = 2,531,238) 

Age (y) 64.8 ± 9.6 72.9 ± 9.4 64.8 ± 9.6 
Female sex 1,648,242 (64.8) 4315 (41.2) 1,643,927 (64.9) 
Current smoker 219,444 (9.7) 751 (8.3) 218,693 (9.7) 
Former smoker 693,974 (30.6) 3340 (36.7) 690,634 (30.5) 
Never smoked 1,357,094 (59.8) 5012 (55.1) 1,352,082 (59.8) 
Medical history 

 Hypertension 1,015,663 (41.8) 5014 (51.9) 1,010,649 (41.8) 
 Antihypertensive medication 1,023,749 (43.4) 5317 (56.5) 1,018,432 (43.3) 
 DM 276,051 (11.9) 1622 (17.7) 274,429 (11.8) 
 CHD* 137,508 (6.2) 1156 (12.9) 136,352 (6.1) 
 Valvular disease 76,985 (4.0) 494 (6.9) 76,491 (4.0) 
 CHF 20,847 (0.9) 426 (4.8) 20,421 (0.9) 
 COPD 64,592 (3.4) 486 (6.8) 64,106 (3.4) 
 PAD 91,823 (3.7) 938 (9.5) 90,885 (3.6) 
 Stroke or TIA 78,048 (3.5) 819 (9.4) 77,229 (3.5) 

Physical measurements 
 Height (m) 1.7 ± 0.1 1.7 ± 0.1 1.7 ± 0.1 
 Weight (kg) 79.1 ± 18.2 86.5 ± 21.1 79.1 ± 18.2 
 BMI (kg/m2) 27.9 ± 5.3 28.9 ± 5.7 27.9 ± 5.3 
 SBP (mmHg) 133 ± 19.7 139 ± 21.2 133 ± 19.7 
 Heart rate (beats/min) 66 ± 10.3 77 ± 16.7 66 ± 10.3 

CHA2DS2-VASc of ≥2 1,153,878 (52.4) 5298 (60.9) 1,148,580 (52.4) 
Mean CHA2DS2-VASc 2 ± 1.3 3 ± 1.6) 2 ± 1.3 
Values are mean ± SD for continuous variables and n (%) for categorical variables. 
* CHD is defined as previous myocardial infarction or a coronary intervention (bypass, angioplasty,
or stenting).
AF, atrial fibrillation; BMI, body mass index; CHD, coronary heart disease; CHF, congestive heart
failure; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; PAD, peripheral
arterial disease; SBP, systolic blood pressure; TIA, transient ischemic attack.

Predictive performance in validation cohort 

Discrimination 

For discrimination in all participants, AUROC curves were between 0.71 and 0.77 in eight 

models,24-26,28,30,31,33,34 and between 0.65 and 0.69 in six models.2,9,27,29,32,35 (Figure 3 and Table S7) 

All models showed a statistically significant better discrimination compared with the age 

threshold of 65 years or older suggested for opportunistic screening in the current ESC 

guidelines.38 All the models also had a statistically significant better discrimination than both 

CHADS2 and CHA2DS2-VASc.2,9 

In participants with CHA2DS2-VASc scores of two or higher, AUROC curves were between 0.73 

and 0.75 in six studies,24-26,28,33,34 and between 0.65 and 0.68 in six studies.27,29-32,35 The AUROC 
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curve for the age threshold was 0.59.38 (Figure 3 and Table S7) The difference in 

discrimination between age alone and all other models was also statistically significant. 

FFigure 3. Discriminative performance of risk prediction models 

Calibration 

Calibration showed good correspondence between predicted and observed risks of AF in six of 

the eight models with AUROC curves >0.70.24-26,28-31,34 (Figure 4 & Figure S1) The two models 

with the highest observed prevalence in the highest decile of predicted risk were CHARGE-AF 

and MHS. An observed prevalence of AF of 1.6% was found in this decile (Figure 4).24,25 

Prevalences were predicted accurately across all deciles of predicted risk except for the highest 

decile, where CHARGE-AF overestimated the observed prevalence (1.8% vs. 1.6%) and MHS 

underestimated the observed prevalence of AF (1.3% vs. 1.6%). In participants with CHA2DS2-

VASc scores of two or higher, calibration plots showed similar results (Figure 4). 
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participants with CHA2DS2-VASc of two or more.2 The vertical bars represent the 95% CIs. The 
AUROC curves are based on the regression equation in twelve prediction models,24-35 and on the 
point chart for two prediction models.2, 9 The values are provided in eTable 7.



FFigure 4. Calibration plots 

Calibration plots of the two risk prediction models with the highest observed prevalence of AF in the highest decile of 
predicted risk: CHARGE-AF and MHS.24, 25 To construct the calibration plots, data of all 2.5M participants was (top 
row) and 1.2M participants with CHA2DS2-VASc of 2 or more (bottom row). Mean predicted risk against the 
observed risk of AF across deciles of predicted risk (after recalibration with adjusting the intercept) is shown. The 
boxes represent the mean predicted risk for each decile and the vertical lines represent the 95% confidence intervals. 
The dotted diagonal line indicates perfect calibration. Boxes above the diagonal line indicate underestimation of risk 
and below the diagonal line overestimation of risk. The prevalences and number of cases of each decile are provided 
in eTable 9.

The predictors included in CHARGE-AF are age, ethnicity, height, weight, SBP, diastolic BP, 

smoking, antihypertensive medication use, diabetes, heart failure and myocardial infarction, of 

which ethnicity and diastolic BP were not included in the present analysis. The predictors 

included in MHS are age, sex, BMI, myocardial infarction, peripheral arterial disease, treated 
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hypertension, SBP, chronic obstructive lung disease, female with autoimmune or inflammatory 

disease and heart failure by age group, of which female with autoimmune or inflammatory 

disease was not included in the present analysis. Other calibration plots are provided in Figure 

S1. The bar charts showed increasing observed prevalence with increasing sum scores (Figure 

S2). 

TTest characteristics 

We assessed selective screening of participants in the highest decile and highest two deciles of 

predicted risk. The prevalence of AF in the highest decile of predicted risk varied from 1.0% to 

1.6% with corresponding NNS of 96 to 63 across the twelve prediction models (Table S10). 

CHARGE-AF and MHS showed the highest observed prevalence of 1.6% by selective screening of 

these 10% highest risk cases. This identified 39% of cases with prevalent AF with a specificity of 

90%. 

The prevalence of AF in the highest two deciles of predicted risk varied from 0.9% to 1.3% with 

corresponding NNS of 107 to 76 across the twelve prediction models. CHARGE-AF and MHS 

showed the highest observed prevalence of 1.3% by selective screening of these 20% highest risk 

cases. This identified 48% of cases with prevalent AF with a specificity of 85% (Table S10). 

Observed prevalence, NNS, sensitivity and specificity for other cutoffs of predicted risk using 

CHARGE-AF and MHS are shown in Figure 5. 
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FFigure 5. Test characteristics 
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RReclassification measures 

Reclassification measures demonstrated a significant improvement of the CHARGE-AF and 

MHS prediction models compared to the age threshold of 65 years.38 For the CHARGE-AF risk 

prediction model, the IDI was 0.0048 (95% CI 0.0046-0.0051; P < 0.00001), rIDI was 1.84 

corresponding to an 184% improved classification, and the NRI was 0.6201 (95% CI 0.6011-

0.6387; P < 0.00001). For the MHS risk prediction model, the IDI was 0.0021 (95% CI 0.0020-

0.0022; P < 0.00001), rIDI was 0.80 corresponding to an 80% improved classification, and the 

NRI was 0.4447 (0.4258-0.4643; P < 0.00001) 

Sensitivity analysis 

Discrimination values were only marginally decreased in subsets with complete cases (Table S8). 
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DDISCUSSION 

Our study is the first to compare the performance of all established risk prediction models for 

prevalent AF. We conducted an external validation in a large contemporary screened population 

who underwent a single time point 12-lead ECG to detect AF. Eight models showed AUROC curves 

of >0.70 and in seven of these there was good concordance of predicted and observed risks. Several 

common predictors were included in most models, such as age, hypertension and heart failure. 

The two models with the highest observed prevalence of AF in the highest decile of predicted risk 

were developed in the CHARGE-AF and MHS cohorts.24,25 The observed prevalence of AF in the 

highest deciles across the two models was 1.6%, with a number needed to screen to detect one case 

with AF of 63. This was almost 4-fold higher than the overall prevalence and 25-fold higher than 

the lowest decile of predicted risk. These prediction models showed better discriminative 

performance compared to an age threshold of 65 years, CHADS2 and CHA2DS2-VASc. Application 

of these risk models therefore may be able to inform more selective opportunistic or systematic 

screening. 

Unselected population screening is likely to detect only small numbers of people with AF. For 

example, the recent Apple Heart Study screened nearly 420,000 people using smartwatch 

technology with an irregular pulse notification system.39 Possible cases wore an ECG patch for 

seven days to confirm a diagnosis of AF. Irregular pulse notifications were received by 0.16% of 

people aged under 40 but 3.1% of those aged ≥65 years. Of those who received a notification, 18% 

of people under 40 years were diagnosed with AF but 35% of those aged ≥65 years. If screening is 

to be both cost effective and clinically relevant, it must be targeted at high-risk groups. 

Different types of screening for AF in the population have been suggested, including systematic 

screening where participants are invited to have an ECG and opportunistic screening where pulse 

palpation is performed followed by an ECG if an irregular pulse is found.40-43 These strategies were 

informed by randomised trials which used an age threshold for case selection rather than a 

prediction model with multiple predictors. Our results show that age alone is not the best 

discriminator of AF risk. Two previous studies also compared risk prediction models to the age 
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criterion of 65 years of age and over and found better discrimination when prediction models were 

used.29,33  

A previous external validation compared nine prediction models to age for predicting the 3-year 

risk of incident AF using data from the ARIC study. Five models were significantly better than age 

alone but the CHADS2 and CHA2DS2-VASc scores were not.33 We found comparable results of 

discriminative indices for predicting prevalent AF, indicating that predictors for prevalent and 

incident AF overlap and the same models might be used for selection of high risk cases in both 

situations.  

SStrengths and Limitations 

We conducted a comprehensive literature search to identify all established prediction models, 

according to a prespecified protocol. We are the first external validation using the outcome 

prevalent AF, an outcome relevant for a selective screening protocol with a single ECG. A large 

contemporary screened population of 2.5M participants was used for validation of included models. 

Included models were validated in the same participants enabling direct comparison of predictive 

performance. Missing data were handled with multiple imputation and did not affect our findings. 

Both risk equations and point charts were used for validation if reported. Point charts are easier to 

apply but contemporary presentation formats, such as webtools and smartphone apps, might use 

more complicated equations to estimate risks more precisely. We recalibrated risks to update the 

risk prediction models to the setting of our cohort, with its prevalence of AF. 

Most included models were not developed to predict prevalent AF, and this might have influenced 

predictive performance. Some predictors were not available and for some we used proxies if a direct 

match was not available which might also have influenced predictive performance. Participants in 

our cohort were self-referred and self-funded, which might influence generalizability of our 

findings and might indicate the need to update (the intercept of) the models to new settings before 

implementation.21 Participants were also relatively young and healthy compared to most people 

who develop AF, which may impact on the external validity of these results to the wider public. 
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Nonetheless, we include data on over 10,000 cases of AF within the population. It is also important 

to note that studies such as AppleWatch demonstrate a trend to increased screening in younger 

participants.39 Recall bias cannot be excluded for predictors that were self-reported. Symptoms of 

AF were not recorded. ECG was performed only once in the screened participants, therefore cases 

of paroxysmal AF are likely to have been missed.41 However, given stroke risk increases with 

frequency of AF, people detected on single-timepoint ECG are more likely to benefit from 

anticoagulation compared to people with brief episodes of paroxysmal AF, who are most likely to 

be missed by this approach to screening. Data on use of anticoagulant drugs were not available, 

but participants with a reported history of AF were excluded from the analyses. The prevalence of 

AF in our population was lower compared with other populations, possibly making targeted 

screening more worthwhile in different settings.3 

IImplications for practice and future research 

The relatively poor performance of CHA2DS2-VASc for predicting either AF prevalence or 

incidence hampers the possibility of using a single score for prediction of AF diagnosis and risk 

stratification of outcomes, such as stroke or systemic thromboembolism. Using CHA2DS2-VASc 

for selection of cases was recently applied by the REHEARSE-AF trial, a RCT of AF screening using 

the AliveCor Kardia smart phone device in people with a CHA2DS2-VASc score ≥2. Among 1001 

participants, 19 were diagnosed with AF in the AliveCor Kardia arm compared to 5 in the control 

arm at a cost per AF diagnosis of $10,780 in the intervention arm.44 Our findings suggest that 

future research should consider using alternative prediction models, such as CHARGE-AF or MHS 

to limit screening to high-risk populations and reduce the number needed to screen. Future 

research will determine how many strokes could be prevented by improved cardiovascular risk 

management in cases in whom AF is detected by a selective screening programme and whether 

that leads to a cost-effective screening programme for AF. This might also help determining a 

threshold probability for selective screening.  

Primary care computer software systems currently use electronic alerts based on CHA2DS2-VASc 

to help healthcare professionals identify people to consider for opportunistic screening. Such 
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software providers may wish to consider updating their diagnostic algorithms to use a more 

accurate risk score, such as CHARGE-AF or MHS.  
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CCONCLUSIONS 

We identified 14 potential models for predicting prevalent AF, all of which outperformed an age 

threshold of 65 years, CHADS2 and CHA2DS2-VASc. The CHARGE-AF and MHS risk scores had 

the highest observed prevalence of AF in the highest decile of predicted risk (1.6%). Using these 

prediction models could reduce the number needed to screen to detect one case with AF using 

single time point ECG. Our study showed that established prediction models are able to identify 

reliably individuals at higher risk of AF. Application of these risk models therefore may be able to 

inform more selective opportunistic or systematic screening. 
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AABSTRACT 

Background: Primary prevention strategies are important for individuals at higher risk of 

cardiovascular disease (CVD). Those with atrial fibrillation (AF) and significant asymptomatic 

carotid stenosis (ACS) can benefit from specific interventions to prevent heart attack and stroke. 

However, because AF and ACS are often clinically ‘silent’, this group may only be detected after 

stroke or other thrombo-embolic events. We aim to determine yield and accuracy of screening for 

AF and ACS targeted to a population at increased cardiovascular risk. 

Methods: In this risk prediction modelling study, we used data of adults who attended voluntary 

and self-funded commercial screening clinics in the United States of America or the United 

Kingdom between 2008 and 2013. Attendees completed health questionnaires and underwent 

physical examinations along with cardiovascular investigations, including an electrocardiogram 

and duplex ultrasound of the carotid arteries. We applied the established Atherosclerotic CVD 

(ASCVD) risk equation to predict the 10-year risk of a first CVD event for each participant in order 

to assess yield and accuracy of targeted screening for AF and ≥50% ACS when offered to those at 

highest risk of CVD. Finally, we assessed whether additional measurement of height and weight 

improved screening for AF. 

Results: Among 0.4 million individuals between 40 and 80 years, without known CVD, 1026 

(0.3%) had AF and 6191 (1.6%) had ACS. ASCVD discriminated well between cases with and 

without AF and ACS [c-statistic 0.68 (95%CI 0.66-0.69) and 0.70 (95%CI 0.70-0.71) respectively]. 

Targeted screening of participants with a predicted 10-year CVD risk ≥20% identified 39% of cases 

with AF, a prevalence of 0.6%, a number needed to screen (NNS) of 175, as well as 41% of cases 

with ACS, a prevalence of 3.7% and an NNS of 27. Addition of height and weight improved 

discrimination of ASCVD [c-statistic 0.72 (95%CI 0.71-0.74)] and groups of participants at higher 

risk of AF were identified. 

Conclusions: ASCVD risk assessment enables those at highest risk to have AF and ACS 

screening, greatly reducing NNS when compared with population-level screening. Detection of 
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AF and ACS could enable intervention to prevent serious CVD outcomes in appropriate high-risk 

cases. 
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IINTRODUCTION 

CVD remains a leading cause of morbidity and mortality despite improvements in treatment and 

prevention over recent decades. Most cardiovascular events occur in those without prior known 

disease.1 The aim of primary prevention of cardiovascular disease (CVD) to reduce the incidence 

of CVD in asymptomatic individuals by optimizing modifiable risk factors. Several validated risk 

prediction models estimate CVD risk based on multiple risk factors.2 Current guidelines use 

these to individualized risk prediction and tailor primary prevention strategies.3-3 Current 

American College of Cardiology (ACC) and American Heart Association (AHA) guidelines advise 

use of ASCVD risk equations to estimate 10-year risk of a first CVD event.4 However, many 

strokes and myocardial infarctions still occur in patients at average risk. 

Atrial fibrillation (AF) and asymptomatic carotid stenosis (ACS) are particularly high vascular risk 

factors, and strokes associated with these conditions are commonly disabling or fatal.5,6 Both 

conditions are usually clinically silent until occurrence of the thrombo-embolic event. Anti-

thrombotic therapy and carotid intervention should be considered in selected cases,7,8 but are 

commonly delayed until after stroke or transient ischemic events. Whilst secondary prevention is 

effective,9-14 it may be too late (especially where disabling or fatal stroke has occurred). Screening 

programmes for both AF and ACS can improve detection rates and prevent avoidable disability 

and premature deaths, but systematic population-level screening has a low yield, a high number 

needed to screen (NNS) and is not thought cost-effective.15-20 High risk patients could be 

identified and, using risk stratification, this might impact on future clinical practice and 

prevention.21 

We investigated the yield and accuracy of targeted screening for AF and ACS using the ASCVD 

cardiovascular risk assessment. 
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MMETHODS 

Study participants 

Individuals in this cross-sectional dataset attended commercial vascular screening clinics in the 

United States of America and the United Kingdom between 2008 and 2013. They were self-referred 

and self-funded. An extensive questionnaire was completed by individuals with questions about 

their age, sex, height and weight, smoking status (never, former, or current), history of 

hypertension, diabetes mellitus, and vascular disease (coronary heart disease [CHD], stroke or 

transient ischemic attack [TIA], peripheral arterial disease [PAD]), and use of antiplatelet, 

antihypertensive, and lipid-lowering medication. 

Blood pressure was measured as part of the ankle-brachial pressure index assessment. Standard 

blood pressure cuffs and sphygmomanometers were used, with systolic pressure (SBP) measured 

using a Doppler probe. Carotid duplex screening was performed with dedicated vascular 

ultrasound instruments (GE LOGIQ e®) and conducted by trained staff. The highest peak systolic 

velocity (PSV) and end diastolic velocities (EDV) of each common carotid artery and internal 

carotid artery were measured. A blood sample was provided by a subgroup of the participants to 

measure total cholesterol and high-density lipoprotein-cholesterol (HDL-C) by enzymatic 

methods using point-of-care testing methods (Alere Cholestech LDX® system, Alere Inc, 

Waltham MA, USA).  

Participants with a reported history of AF or CVD (CHD, stroke, TIA or PAD) were excluded. 

Participants aged between 40 and 80 years who underwent screening in the United States of 

America including a single 12-lead ECG or duplex ultrasound of the carotid arteries, and who 

provided a blood sample were included.  

Outcomes and their ascertainment 

The primary outcomes were AF and significant ACS. AF was measured with a single 12-lead ECG 

and evaluated by physicians who received in-house training. Significant ACS is the estimated 

diameter reduction of ≥50% based on PSV of ≥140 cm/s at either side or 0 cm/s for occluded 

arteries as measured with duplex ultrasound. 
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SStatistical analyses 

Baseline characteristics were summarized using standard methods. Missing data (Table S1) 

were imputed with chained equations.22 We created 20 imputed datasets with 200 iterations. 

We applied the original risk equation of the new pooled cohort atherosclerotic CVD risk 

equations (ASCVD) to calculate the predicted 10-year risks of non-fatal myocardial infarction or 

CHD death, or fatal or nonfatal stroke for each individual.4 We used the seven risk groups as 

defined in the original study (ranging from <2.5% to ≥20% predicted 10-year CVD risk; Figure 

1).4

Figure 1. Different types of screening 

Flow chart showing different types of screening: systematic screening of the population (Left), 
targeted screening for atrial fibrillation and asymptomatic carotid stenosis implemented in 
cardiovascular risk assessment (Middle), and targeted screening for atrial fibrillation 
implemented in cardiovascular risk assessment with additional measurement of height and 
weight (Right).  

Discrimination of ASCVD to detect AF and ACS 

We assessed the discrimination of ASCVD, using concordance-statistic (c-statistic). Calculation of 

discrimination was performed in the 20 imputed datasets and results were pooled using Rubin’s 

rules.23,24  
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TTest characteristics of targeted screening for AF and ACS 

We assessed the yield and accuracy of targeted screening for AF and ACS by calculating the 

prevalence of AF and ACS, the NNS, sensitivity, specificity, positive predictive value (PPV), and 

negative predictive value (NPV) for each of the seven thresholds of predicted CVD risk. For this, 

we used the mean predicted probabilities across the 20 imputed datasets. 

Test characteristics of targeted screening for AF and ACS in subgroups 

Discrimination, yield, and accuracy of targeted screening were also calculated in men with 

CHA2DS2-VASc score of two and more and women with three or more, for AF, and in 

participants who reported no use of aspirin, for the outcome ACS, these being indications to 

initiate anticoagulation and antiplatelet therapy.6,15,18  

Improvement of AF prediction by adding height and weight to ASCVD 

We assessed whether adding height and weight as predictors improved prediction of AF,25 since 

these are known risk factors for AF but are not included in the ASCVD risk model.26 This was 

assessed for men and women separately. For this, we categorized weight in four groups (<60; 60-

69; 70-79; ≥80kg in women; <80; 80-89; 90-99; ≥100kg in men) and height in three groups 

(<160; 160-199; ≥170 cm in women; <170; 170-179; ≥180 cm in men). We calculated 

discrimination and prevalence of AF across the seven ASCVD risk groups for each of the weight 

and height groups, and for men and women separately.  

Risk of ischemic stroke and systemic embolism 

We calculated mean predicted risk of ischemic stroke by ASCVD risk group, using the CHA2DS2-

VASc. The risks of the Swedish Atrial Fibrillation cohort study (that were adjusted for use of 

aspirin) were used.6,27 We performed similar analyses for the composite outcome of stroke, TIA 

and peripheral emboli. These analyses were performed for men and women separately. 

Sensitivity analysis 

We performed sensitivity analyses in complete cases.  

STATA version 15.1 was used for statistical analyses and R version 3.5.1 was used for constructing 

figures. 
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RRESULTS 

In total, 3,276,139 individuals underwent screening. After exclusion of participants with reported 

vascular disease or AF, those aged younger than 40 or aged 80 and older, or without blood 

measurement, 396,869 individuals were eligible for our study (Table S2). Their mean age was 

61.4 (SD: 8.7) years, 65% women, 95% identified themselves as Caucasian and 5% African 

American, and 12% were current smokers, 28% were former smokers, and 60% were never 

smokers (Table 1). A history of hypertension was reported in 34% of the participants and a history 

of diabetes in 7%. Mean SBP was 131 (SD: 19) mmHg and mean total cholesterol 199 (SD: 42) 

mg/dL. The prevalence of cardiovascular risk factors was higher in participants with AF and ACS, 

compared with participants without AF and ACS. 

Table 1. Selected characteristics 

Participants 
with AF 

(N = 1026)  

Participants 
wwithout AF (N 

= 395,843) 

Participants 
with ACS 

(N = 6191)* 

Participants 
wwithout ACS 

(N = 390,678)  

All participants 
((N = 396,869) 

Age (y) 66.3 ± 8.7 61.4 ± 8.7 66.3 ± 7.6 61.3 ± 8.7 61.4 ± 8.7 
Women 418 (41) 256,852 (65) 3863 (63) 253,407 (65) 257,270 (65) 
Caucasian 978 (98) 370,772 (95) 5910 (97) 365,840 (95) 371,750 (95) 
African American 24 (2) 17,584 (5) 178 (3) 17,430 (5) 17,608 (5) 
Current smoker 86 (10) 42,049 (12) 1382 (25) 40,753 (12) 42,135 (12) 
Former smoker 307 (34) 97,614 (28) 2041 (37) 95,880 (28) 97,921 (28) 
Never smoker 508 (56) 212,327 (60) 2047 (37) 210,788 (61) 212,835 (60) 
Hypertension 424 (43) 132,249 (34) 3320 (55) 129,353 (34) 132,673 (34) 
Diabetes mellitus 121 (13) 26,940 (7) 901 (15) 26,160 (7) 27,061 (7) 
SBP (mmHg) 136 ± 22 131 ± 19 141 ± 22 131 ± 19 131 ± 19 
Total cholesterol 
(mg/dL) 

183 ± 41 199 ± 42 199 ± 47 199.0 ± 42 199 ± 42 

HDL-C (mg/dL) 51 ± 18 55 ± 19 52 ± 18 55 ± 19 55 ± 19 
Aspirin 373 (41) 109,624 (32) 2520 (46) 107,477 (32) 109,997 (32) 
Lipid-lowering 
therapy 

276 (29) 93,359 (25) 2407 (41) 91,228 (25) 122,148 (32) 

Antihypertensive 
therapy 

404 (42) 121,744 (32) 3178 (53) 118,970 (32) 93,635 (25) 

CHA2DS2-VASc ≥2 
in men or ≥3 in 
women 

368 (44) 80,154 (24) --  -  80,522 (24) 

Values are mean ± SD for continuous variables and n (%) for categorical variables. 
ACS, asymptomatic carotid stenosis; AF, atrial fibrillation; HDL-C, high-density lipoprotein-cholesterol; SBP, systolic 
blood pressure. 
* In this group, 250 participants had a presumed occlusion.
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Overall, 7200 (1.8%) participants had either AF or ACS, of whom 1009 (0.3%) participants had 

AF, 6174 (1.6%) had ACS, and 17 had both. In those in whom ACS was detected, 2520 (46.0%) 

reported aspirin use and 1060 (18.6%) reported use of triple medical therapy. This was 1185 

(53.0%) and 584 (25.1%) in participants with predicted 10-year CVD risk of ≥20%, and 1562 

(52.1%) and 742 (23.8%) in participants with predicted 10-year CVD risk of ≥15%, respectively. 

DDiscrimination of ASCVD to predict AF and ACS 

The ability of ASCVD to distinguish between participants with and without AF was 0.68 (95% CI 

0.66-0.69) in all participants and 0.59 (95% CI 0.57-0.61) in analyzing men with CHA2DS2-

VASc of two or higher and women with a score of three or higher. 

The discriminative performance for ACS was 0.70 (95% CI 0.70-0.71) and 0.70 (95% CI 0.69-

0.71) in participants reporting no use of aspirin.  

Test characteristics of combined targeted screening for AF and ACS 

Combined targeted screening of the 70,059 participants with predicted 10-year CVD risk of 

≥20%, yielded 2948 (4.2%) participants with either AF or ACS, corresponding to an NNS of 24. 

This identified 40.9% of cases with AF or ACS. 

Combined targeted screening of the 106,175 participants with predicted 10-year CVD risk of ≥15% 

yielded 3953 (3.7%) participants with either AF or ACS, corresponding to an NNS of 27. This 

identified 54.9% of cases with AF or ACS. 

Test characteristics of targeted screening for ACS  

The prevalence of ACS increased with increasing ASCVD risk group for both women and men. 

The prevalence of ACS was higher in women for most risk groups, but in the highest risk group, 

the prevalence of ACS was higher in men than in women (Figure 2). 
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FFigure 2. Prevalence of AF and ACS by ASCVD risk group 

Bar chart showing the prevalence of AF and ACS across the seven ASCVD risk groups in men and women. 
The overall prevalence of AF in men and women was 0.4% and 0.2%, respectively. Significant ACS was 
found in 1.7% of men and 1.5% of women. The vertical lines on the top of the bars represent the 95% 
confidence intervals. 
ASCVD, atherosclerotic cardiovascular disease; ACS, asymptomatic carotid stenosis; AF, atrial fibrillation. 

Targeted screening for ACS of participants with predicted 10-year CVD risk of ≥20% showed a 

prevalence of 3.7% with corresponding NNS of 27 (compared with an NNS of 64 if all 

participants had been screened). This yielded 41.4% of ACS cases by screening 18% of all 

participants.  

Targeted screening for ACS of participants with predicted 10-year CVD risk of ≥15% showed a 

prevalence of 3.2% with corresponding NNS of 31. This yielded 55.4% of ACS cases by screening 

of 27% of all participants (Table 2). The observed prevalence, NNS, sensitivity and specificity for 

each ASCVD risk group are shown in Figure S1. 

In participants reporting no use of aspirin, results were comparable but prevalences and 

sensitivity were lower and NNS was higher (Table 2).
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TTable 2. Yield of targeted screening for AF and ACS according to ASCVD risk group 

ASCVD risk groups4 No. 
individu
als 

No. 
outcomes 

Sensitivity 
(%) 

Specificity 
(%) 

NPV 
(%) 

PPV/ 
Prevalence 
(%) 

NN
S 

AF 
Very high risk (≥20%) 70,059 400 39.0 82.4 99.8 0.6 175 
High risk (15-19.9%) 36,116 138 52.4 73.3 99.8 0.5 197 
Intermediate risk (10-14.9%) 58,122 178 69.8 58.7 99.9 0.4 229 
Low risk (7.5-9.9%) 33,145 81 77.7 50.3 99.9 0.4 248 
Low risk (5.0-7.4%) 66,408 85 86.0 33.6 99.9 0.3 299 
Very low risk (2.5-4.9%) 58,902 76 93.4 18.7 99.9 0.3 337 
AF in men with CHA2DS2-VASc of two or more and women with three or more 
Very high risk (≥20%) 42,268 249 66.9 48.6 99.7 0.6 170 
High risk (15-19.9%) 13,973 50 80.4 31.6 99.7 0.5 188 
Intermediate risk (10-14.9%) 13,264 50 93.8 15.5 99.8 0.5 199 
Low risk (7.5-9.9%) 4444 11 96.8 10.1 99.9 0.5 205 
Low risk (5.0-7.4%) 3934 7 98.7 5.3 99.9 0.5 212 
Very low risk (2.5-4.9%) 1057 1 98.9 4.0 99.9 0.5 215 
ACS 
Very high risk (≥20%) 70,059 2560 41.4 82.7 98.9 3.7 27 
High risk (15-19.9%) 36,116 869 55.4 73.7 99.0 3.2 31 
Intermediate risk (10-14.9%) 58,122 1048 72.3 59.1 99.3 2.7 37 
Low risk (7.5-9.9%) 33,145 452 79.6 50.7 99.4 2.5 40 
Low risk (5.0-7.4%) 66,408 619 89.6 33.9 99.5 2.1 48 
Very low risk (2.5-4.9%) 58,902 364 95.5 18.9 99.6 1.8 55 
ACS in participants reporting no use of aspirin  
Very high risk (≥20%) 33,594 1049 35.5 85.9 99.0 3.1 32 
High risk (15-19.9%) 18,135 386 48.6 78.2 99.2 2.8 36 
Intermediate risk (10-14.9%) 31,498 536 66.7 64.8 99.3 2.4 42 
Low risk (7.5-9.9%) 19,048 252 75.3 56.7 99.4 2.2 46 
Low risk (5.0-7.4%) 40,335 344 86.9 39.4 99.6 1.8 56 
Very low risk (2.5-4.9%) 38,871 217 94.2 22.6 99.7 1.5 65 

ACS, asymptomatic carotid stenosis; AF, atrial fibrillation; NNS, number needed to screen; NPV, negative predictive 
value; PPV, positive predictive value. 

Test characteristics of targeted screening for AF 

Increasing ASCVD risk group showed increased AF prevalences in both women and men (Figure 

2). Screening for AF targeted to participants with predicted 10-year CVD risk of ≥20% showed a 

prevalence of 0.6% with corresponding NNS of 175 (compared with an NNS of 387 if all 

participants had been screened). Screening 18% of all participants yielded 39.0% of AF cases.  

In participants with predicted 10-year CVD risk of ≥15%, the prevalence of targeted screening was 

0.5% with corresponding NNS of 197. This yielded 52.4% of AF cases by screening 27% of all 

participants (Table 2). The observed prevalence, NNS, sensitivity and specificity for each ASCVD 

risk group are shown in Figure S1. 

We found similar results in participants with CHA2DS2-VASc of two or more, but the sensitivity 

was higher with yield of 66.9% of all participants with AF by targeted screening of participants 
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with predicted 10-year CVD risk of ≥20%, and 80.4% of all participants with AF by targeted 

screening of participants with predicted 10-year CVD risk of ≥15% (Table 2). 

IImprovement of AF prediction by adding height and weight 

Addition of height and weight improved prediction of AF significantly with c-statistic of 0.72 

(95% CI 0.71-0.74). The prevalence of AF in women was higher for those whose height was ≥180 

cm and weighing between 70-79 kg, and those weighing ≥80 kg regardless of their height 

compared with women in the same ASCVD risk group.  

The prevalence of AF in men was higher for those whose length was ≥180 cm weighting between 

90-99 kg, and those weighing ≥100 kg regardless of their height compared with men in the same

ASCVD risk group (Figure 3). 
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FFigure 3. Prevalence of AF by height and weight, by ASCVD risk groups 

Chart showing the prevalence of AF by height and weight categories, for men (top) and women (bottom). 
Green highlight indicates a lower prevalence of AF in an ASCVD risk group with specific height and 
weight groups compared with participants in the same ASCVD risk group, yellow indicates the same 
prevalence, and red indicates a higher prevalence. 
For example: the prevalence of AF in a woman who is 165 cm with a weight of 84 kg and a predicted 10-
year CVD risk of 12% is 0.32%. That is higher compared with the prevalence of 0.23% for all women in 
the same ASCVD risk group. 

Men

ASCVD risk group 1 2 3 4 5 6 7
Predicted 10-year risk of CVD (%) <2.5 2.5-4.9 5.0-7.4 7.5-9.9 10-14.9 15-19.9
Prevalence of AF in our cohort (%) 0.15 0.31 0.18 0.35 0.38 0.51 0.76

Height Weight
<170 cm 0.08 0.16 0.09 0.19 0.20 0.28 0.42
170-179 cm 0.08 0.16 0.09 0.19 0.20 0.28 0.42 <80 kg

0.12 0.24 0.13 0.28 0.30 0.41 0.61

<170 cm 0.10 0.20 0.11 0.23 0.24 0.34 0.50
170-179 cm 0.10 0.20 0.11 0.23 0.25 0.34 0.50 80-89 kg

0.15 0.29 0.16 0.34 0.36 0.49 0.73

<170 cm 0.12 0.23 0.13 0.27 0.29 0.40 0.59
170-179 cm 0.12 0.23 0.13 0.27 0.29 0.40 0.60 90-99 kg

0.18 0.34 0.19 0.40 0.43 0.58 0.87

<170 cm 0.19 0.36 0.20 0.42 0.45 0.61 0.91
170-179 cm 0.19 0.36 0.20 0.42 0.45 0.62 0.92

0.27 0.52 0.30 0.61 0.66 0.90 1.33

Women

ASCVD risk group 1 2 3 4 5 6 7
Predicted 10-year risk of CVD (%) <2.5 2.5-4.9 5.0-7.4 7.5-9.9 10-14.9 15-19.9
Prevalence of AF in our cohort (%) 0.09 0.07 0.10 0.17 0.23 0.25 0.38

Height Weight
<160 cm 0.06 0.05 0.07 0.11 0.16 0.16 0.26
160-169 cm 0.06 0.05 0.07 0.12 0.16 0.17 0.27 <60 kg

0.08 0.07 0.10 0.16 0.22 0.23 0.37

<160 cm 0.06 0.04 0.07 0.11 0.15 0.16 0.25
160-169 cm 0.06 0.05 0.07 0.11 0.16 0.16 0.26 60-69 kg

0.08 0.06 0.09 0.15 0.21 0.22 0.36

<160 cm 0.08 0.06 0.09 0.15 0.20 0.22 0.34
160-169 cm 0.08 0.06 0.09 0.15 0.21 0.22 0.36 70-79 kg

0.11 0.09 0.13 0.21 0.29 0.31 0.49

<160 cm 0.11 0.09 0.14 0.22 0.30 0.32 0.51
160-169 cm 0.12 0.09 0.14 0.23 0.32 0.33 0.53

0.16 0.13 0.19 0.31 0.43 0.46 0.72
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PPredicted risk of ischemic stroke and systemic embolism 

The predicted risk of ischemic stroke was increased with increasing cardiovascular risk. The 

predicted risk of ischemic stroke was 1.0 per 100 person-years (PY) in the lowest ASCVD risk 

group and rose to 3.0 per 100 PY in the highest ASCVD risk group. The predicted risk of 

systemic embolism increased from 1.5 to 4.2 per 100 PY. 

In men, the predicted risk of ischemic stroke increased from 0.3 to 2.1 per 100 PY and the 

predicted risk of systemic embolism increased from 0.4 to 2.8 per 100 PY. In women, risks were 

higher with predicted risks of ischemic stroke that increased from 1.1 to 3.9 per 100 PY and risks 

of systemic embolism that increased from 1.6 to 5.4 per 100 PY (Figure 4). 

Figure 4. Predicted risks of AF-related complications, by ASCVD risk group 

Bar charts showing the predicted risk of ischaemic stroke and systemic embolism per 100 years at risk 
based on the CHA2DS2-VASc risk score in men (left) and women (right) across the seven ASCVD risk 
groups. The predicted risks are based on the Swedish Atrial Fibrillation cohort study and were adjusted for 
use of aspirin.27 The vertical lines on the top of the bars represent the 95% confidence intervals. 

Sensitivity analysis 

Analyses in complete cases showed similar discrimination and test characteristics (Tables S3-
S4). 
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DDISCUSSION 

Our study shows that the commonly used ASCVD risk assessment has fair discrimination to 

distinguish between cases with and without AF and ACS. AF and ACS were commoner in people 

at higher predicted CVD risk. Targeted screening will substantially reduce the number needed to 

screen compared to population-level screening. Adding simple measurements of height and 

weight could further improve AF detection. High risk CVD and AF individuals were high risk for 

AF-related complications, such as ischemic stroke and systemic embolism and could benefit 

from preventive strategies. 

Screening for AF and ACS meets many of Wilson and Junger’s criteria for a successful screening 

program.28 Early identification of cases with AF and ACS enables antithrombotic therapy and 

other primary preventive strategies, such as lifestyle interventions, lipid-lowering and 

antihypertensive therapy, to be used. Our study shows that screening can be targeted to those at 

highest predicted CVD risk, improving its yield and accuracy. Close follow-up to maintain 

compliance is facilitated by embedding this screening into cardiovascular risk management. 

Current approaches to target screening for AF in at-risk populations has mainly been limited to 

selection based on age,29-31 while risk prediction models using multiple predictors have been 

developed that showed better discriminative ability than an age threshold.32,33 Screening for ACS 

is recommended in populations at-high risk, but selection criteria vary between guidelines.16-19 

Different types of AF screening have been proposed, including systematic screening and 

opportunistic screening where pulse palpation is performed followed by an ECG if an irregular 

pulse if found.34 The use of a single ECG might not detect all AF cases, since many AF cases 

have paroxysmal disease.35 Modern technology, for example Smartwatches using 

photoplethysmography, or other wearable devices, will enable continuous self-monitoring for AF 

detection. What is a significant burden of screen detected AF in terms of stroke risk has yet to be 

determined.36  
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Recommendations for antithrombotic therapy are based on weighing the risk of stroke and 

thromboembolism against the risk of bleeding. Antiplatelet therapy for primary prevention is 

currently not recommended.37 A risk reduction of serious vascular events from 0.57% to 0.51% 

per year was found, but major gastrointestinal and extracranial bleeds were increased by 0.03% 

per year.37 In contrast, oral anticoagulants might reduce ischemic strokes rates by 65% and 

premature death by 25% in patients with non-valvular AF.7 The estimated annual reduction in 

absolute stroke risk was 2.7%, with a number need to treat for 1 year to prevent 1 stroke was 37 for 

primary prevention.7 The decision to initiate oral anticoagulants in patients with AF is based on 

the CHA2DS2-VASc risk score and should be weighed against the risk of major bleeding 

calculated with the HAS-BLED risk score.6,38  

In patients with significant ACS, triple medical therapy consisting of lipid-lowering, 

antihypertensive, and anti-thrombotic therapy, is currently recommended.18 A recent cost-

effectiveness analysis of a screening program to detect ACS in Sweden estimated that the stroke 

risk reduction from antiplatelet and lipid-lowering therapy combined was 50%.39 While 

preventive effects of lipid-lowering therapy and antihypertensives are derived from primary 

prevention trials,9,40,41 anti-thrombotic therapy has also been assessed specifically in patients with 

ACS. The preventive effective of aspirin was seen in the observational Asymptomatic Carotid 

Emboli Study (ACES) that included patients with 70-99% ACS,42 but this was not seen in the 

Asymptomatic Carotid Bruit trial that randomized 372 patients with 50-99% ACS between 325 

mg enteric-coated aspirin daily versus placebo.43 Antiplatelet therapy in patients with ACS 

therefore provokes conflicting opinions and the optimal antithrombotic therapy in these patients 

and possibly among subgroups of patients with ACS need to be established.44  

The COMPASS trial raised the possibility of long-term prevention by dual pathway inhibition in 

patients with stable atherosclerotic vascular disease by comparing low-dose rivaroxaban twice a 

day plus aspirin with aspirin alone.45 The point estimate of the subgroup of patients with 

previous stable carotid disease was comparable to the main analysis and showed that major 

adverse cardiovascular events were reduced. The effect in this subgroup was however not 
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statistically significant, possibly due to the relative low number of patients with carotid disease 

and presumably needs additional confirmation in these patients.46 

SStrengths and limitations 

The present study has several strengths. We used a large contemporary cohort to determine the 

yield and accuracy of screening targeted to participants at heightened risk of CVD. We also 

assessed the improvement of AF prediction by using additional measurement of height and 

weight. Bilateral examination of the carotid arteries was performed, and the highest degree of 

stenosis was used as outcome. We performed analyses restricted to participants with CHA2DS2-

VASc score or 2 or more (for AF) and to participants not using aspirin (for ACS), since screening 

those will have clinical implications for anti-thrombotic therapy. We calculated predicted risk of 

ischemic stroke and systemic embolism using CHA2DS2-VASc, and showed that those at highest 

CVD risk were also at highest risk of developing AF-related complications, such as ischemic 

stroke and systemic embolism.  

There are also limitations to consider. Participants were self-referred and self-funded for 

screening which might influence generalizability. Recall bias might have influenced predictors 

that were self-reported. We excluded a substantial number of cases without blood measurement. 

Blood pressure values were based on a single measurement and might not reflect ‘usual’ values. 

Degree of stenosis was based on PSV as single measure. Cases with paroxysmal and persistent 

AF might have been missed with a single time point ECG, likely underestimating the true 

prevalence of AF. It does show, however, the screening prevalence of AF using a single ECG 

measurement. Use of anticoagulants was not collected, but the proportion of participants is 

presumably low after exclusion of reported AF and prior vascular disease. The generalizability of 

CHA2DS2-VASc to populations with screen detected AF is unclear. The HAS-BLED score could 

not be calculated due to missing laboratory measures.38 
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IImplications for practice and future research 

Screening for AF and ACS implemented in ASCVD cardiovascular risk assessment might be 

performed by general practitioners and specialists concerned with primary prevention of CVD. 

Screening should be applied to cases where primary preventive therapy can be improved, for 

example in those not on anti-thrombotic therapy, and those eligible for anti-coagulation. It has yet 

to be determined what might be an appropriate threshold for targeted screening for AF and ACS; 

useful improvement of primary prevention needs to be achieved by balancing cost and benefit for 

NNS, yield and absolute reduction of stroke and other CVD events. A large scale (cluster) 

randomized clinical trial to randomize patients between targeted screening and routine care and 

powered to detect differences in stroke risk is needed to determine the benefit of screening 

targeted to high cardiovascular risk patients. 
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CCONCLUSIONS 

The present study showed that the ASCVD prediction model, originally developed to predict 10-

year CVD risk, has fair discrimination to distinguish between cases with and without AF and 

ACS. Targeted screening of AF and ACS implemented in cardiovascular risk assessment using 

the ASCVD risk groups showed a higher prevalence of AF and ACS in those at higher risk of 

CVD. Addition of height and weight measurement might further refine screening to increase 

detection rates of AF. The calculated risk of AF-related complications, such as ischemic stroke 

and systemic embolism, was higher in cases at high risk of CVD, suggesting that those in whom 

AF is detected by targeted screening might achieve the highest reduction in absolute CVD risk by 

improving primary prevention strategies. 
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SSUPPLEMENTARY MATERIAL 

Table S1: Number of excluded participants, with reasons for exclusion 

Table S2: Missing data per variable 

Table S3: Discrimination in complete cases 

Table S4: Yield of targeted screening for AF and ACS according to ASCVD risk groups, in 
complete cases 

Figure S1: Test characteristics of ASCVD to detect AF and ACS 

Supplementary material is attached to this dissertation and can be found here
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AABSTRACT 

Objective To examine the association between operator or hospital volume and procedural 

outcomes of carotid revascularization. 

Background Operator and hospital volume have been proposed as determinants of outcome 

after carotid endarterectomy (CEA) or carotid artery stenting (CAS). The magnitude and clinical 

relevance of this relationship are debated. 

Methods We systematically searched PubMed and EMBASE until August 21, 2017. The 

primary outcome was procedural (30 days, in-hospital, or perioperative) death or stroke. 

Obtained or estimated risk estimates were pooled with a generic inverse variance random-

effects model. 

Results We included 87 studies. A decreased risk of death or stroke following CEA was found 

for high compared to low operator volume with a pooled adjusted odds ratio (OR) of 0.50 (95% 

confidence interval [CI] 0.28-0.87; 3 cohorts), and a pooled unadjusted relative risk (RR) of 0.59 

(95% CI 0.42-0.83; 9 cohorts); for high compared to low hospital volume with a pooled adjusted 

OR of 0.62 (95% CI 0.42-0.90; 5 cohorts), and a pooled unadjusted RR of 0.68 (95% CI 

0.51-0.92; 9 cohorts). A decreased risk of death or stroke after CAS was found for high 

compared to low operator volume with an adjusted OR of 0.43 (95% CI 0.20-0.95; 1 cohort), and 

an unadjusted RR of 0.50 (95% CI 0.32-0.79; 1 cohort); for high compared to low hospital 

volume with an adjusted OR of 0.46 (95% CI 0.26-0.80; 1 cohort), and no significant decreased 

risk in a pooled unadjusted RR of 0.72 (95% CI 0.49-1.06; 2 cohorts). 

Conclusions We found a decreased risk of procedural death and stroke after CEA and CAS for 

high operator and high hospital volume, indicating that aiming for a high volume may help to 

reduce procedural complications. 

Registration This systematic review has been registered in the international prospective registry 

of systematic reviews (PROSPERO): CRD42017051491.
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IINTRODUCTION 

Carotid endarterectomy (CEA) and carotid artery stenting (CAS) are the mainstay surgical 

procedure as prophylaxis for future (recurrent) stroke, and hundreds of thousands of both 

procedures are performed worldwide each year. A low procedural mortality and stroke rate are 

necessary to guarantee net clinical benefit of intervention.1 Hemodynamic disturbance and 

procedural thromboembolism have been identified as important underlying mechanisms of stroke 

after both CEA and CAS although the mechanisms differ between the two treatment modalities.2-5 

Procedural factors associated with adverse events are timing of surgery after presenting symptom,6 

patch-use during CEA,7 and possibly the use of embolic protection devices during CAS.8 General 

versus local anesthesia9 and shunt use during CEA10 do not seem to influence the rate of adverse 

events. 

Volume is sometimes used as a surrogate measurement of quality of care.11 As a consequence, the 

Carotid Revascularization Endarterectomy versus Stenting Trial (CREST)12,13, the Endarterectomy 

Versus Angioplasty in Patients with Symptomatic Severe Carotid Stenosis (EVA-3S)14, the Stent-

Protected Angioplasty versus Carotid Endarterectomy (SPACE)15, and the International Carotid 

Stenting Study (ICSS) used volume thresholds for their credentialing process.16 The reported 

associations between operator or hospital volume and outcomes following carotid revascularization 

are, however, inconsistent.17 

We therefore systematically reviewed the literature on the relationship between operator or hospital 

volume and outcomes following carotid revascularization and meta-analyzed the published data to 

determine the magnitude and clinical relevance. 
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MMETHODS 

This systematic review and meta-analysis was conducted according to a predefined protocol 

(Appendix S1) that has been registered prospectively in the international prospective registry for 

systematic reviews (PROSPERO): CRD42017051491. Our study adhered to The Preferred 

Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) and the Meta-analysis of 

Observational Studies in Epidemiology (MOOSE) guidelines (Appendix S2).18,19 

Search strategy 

We used comprehensive electronic strategies (Appendix S3) to search PubMed and EMBASE from 

inception until August 21, 2017 for observational studies and subgroup analyses of randomized 

clinical trials meeting our predefined eligibility criteria. Grey literature was not included in the 

search strategy, because these data may not have been subject to peer-reviewed evaluation. 

Eligibility criteria 

Articles were included based on the following eligibility criteria: 1) full-text articles published in 

peer-reviewed journals; 2) written in: English, German, French, Spanish, or Dutch; 3) presenting 

original procedural outcome data about patients undergoing either CEA or CAS for asymptomatic 

or symptomatic carotid stenosis; 4) reporting: hospital volume, defined as the number of carotid 

procedures performed per hospital within a certain timeframe; or operator volume, defined as the 

number of carotid procedures performed per operator within a certain timeframe. Since in-trial 

volume can differ largely from annual volume results, we discarded in-trial volume from this 

review20; and 5) presenting effect estimates or providing raw data to calculate effect estimates for 

our predefined outcomes. Data on learning curve, defined as the effect on the outcomes of the early 

procedures performed by an individual operator, were not included in this systematic review. 

Study selection 

All titles and abstracts were independently screened for eligibility by two authors (MHFP and ECB) 

and full-text copies were independently assessed for final inclusion in this review. Subsequently, 

we cross-checked reference lists of included articles and identified reviews for further relevant 
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studies until no further publications were found. In case of disagreement, discrepancies were 

resolved in consensus meetings by MHFP, ECB and GJdB. 

DData extraction 

Two authors (MHFP and ECB) independently extracted the following study characteristics from 

the included studies: 1) Methods: study design, design of data-collection, data source, setting study, 

number of study centers, number of operators, geographic area (country and continent) of study, 

study years, sample size (patients/procedures); 2) Patient characteristics: A) Baseline 

characteristics: sex, age, and cardiovascular risk factors (adhering to the definitions of the 

individual studies) B) Disease characteristics: clinical presentation (symptomatic or asymptomatic 

status), degree of stenosis revealed by duplex ultrasound (<70%, 70-99%, occlusion), duration of 

hospital stay; 3) Determinant: total number of operators; total number of hospitals, thresholds of 

operator and hospital categories, number of patients/procedures per category, number of events 

per category; 4) Outcome: definition of the outcome as used by the authors, specification of the 

timeframe of outcome measurement, unadjusted RRs or ORs, adjusted RRs, ORs or HRs, and the 

adjustment factors if applicable.  

Results from studies that only reported a P – value for an association, only textually mentioned an 

association without providing data with which risk estimates could be calculated, or assessed 

operator or hospital volume as a continuous variable are provided in Table S1. These results were 

not used in the quantitative analysis.  

Outcome measures 

PRIMARY 

The primary end-point comprises procedural death or stroke, defined as within 30-days, unless 

stated otherwise (e.g. in-hospital). Although a composite endpoint might be difficult to interpret, 

because relative risks for the separate outcomes might be the opposite of each other, we expected 

studies commonly report the combination of these two postoperative outcomes, which are both 

important to patients. 
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SSecondary 

Procedural: 1) death; 2) stroke; 3) MI; 4) death, stroke or MI; 5) following CEA: cranial nerve injury, 

defined as any temporary palsy of a cranial nerve at the operative side without an underlying 

stroke or transient ischemic attack. 

Risk of bias assessment 

To assess the risk of bias, we developed an adapted version of the Newcastle-Ottawa Scale for non-

experimental studies with three domains: Selection, comparability, and outcome. To address the 

domain selection, we assessed three domains: 1) Study design: population based study, multi-

centered, data-collection (prospective, retrospective); 2) Representativeness of study cohort: low risk 

of bias if no selection in patients was applied. High risk of bias if risk factors that influence outcome 

were used for selection; 3) Ascertainment of intervention: low risk of bias if ascertainment was 

from medical records or registry. High risk of bias if ascertainment was from administrative 

sources. To address the domain comparability, we assessed: Comparability of case-mix between 

volume categories: low risk of bias if adjustment for case-mix differences in statistical analysis; 

high risk of bias if significant differences in case-mix were reported or no adjustment for case-mix 

differences. To address the domain outcome, we assessed two domains: 1) Assessment of 

outcomes: low risk of bias if independent blind assessment of outcomes was performed or 

outcomes were assessed using record linkage. High risk of bias if self-reporting of outcomes was 

used; 2) Addressing incomplete data: low risk of bias if loss of outcome data for participants or 

participants lost to follow-up was unlikely to introduce bias (non-differential lost to follow-up and 

<20%); high risk of bias if outcome data missing for participants or participants lost to follow-up 

was likely to introduce bias (differential loss to follow-up and/or >20%).  

Statistical analyses 

From the included articles, we obtained or calculated the relative risks (RRs), odds ratios (ORs) and 

hazard ratios (HRs) with corresponding 95% confidence intervals (CI) stratified per determinant. 

For calculation, we used the number of patients. If the absolute number of patients was not 

provided, we contacted authors for additional data. Otherwise, we used the absolute number of 
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procedures instead. If the absolute number of procedures was not provided and could not be 

obtained, the total number of patients in the meta-analysis was reported preceded by “>”. If articles 

reported data on different cohorts, we meta-analyzed the cohorts as separate studies. We calculate 

the inversed risk estimate and 95% CI, if the highest volume group was used as reference group 

in the original articles. Risk estimates less than 1 indicate decreased risk of the defined 

outcome in high volume operators or hospitals, and risk estimates greater than 1 indicate an 

increased risk of the defined outcome in high volume operators or hospitals. If the 95% CI of the 

pooled risk estimate did not include 1 the association was considered statistically significant. Only 

risk estimates with a 95% CI were used for pooled analyses. Associations for which point estimates 

without 95% CI could be extracted or calculated can be found in Tables S2-S3. 

We compared the outcomes for the highest available volume threshold to the lowest available 

volume threshold as provided in the original articles. Risk estimates were pooled using a random 

effects model, with study weights based on the generic inversed variance method. Risk estimates 

were pooled separately for: 1) CEA and CAS; 2) RRs, ORs, and HRs; 3) unadjusted and adjusted 

risk estimates.  

Forest plots were constructed to visualize contribution of each study to a pooled estimate. To 

visualize the associations in studies from which only a point estimate could be extracted, we 

depicted these studies in the forest plots (displayed in the Appendix) without confidence intervals. 

Studies excluded from meta-analyses due to overlap in study population with other studies are not 

displayed in the forest plots.  

Construction of forest plots, funnel plots, calculation of pooled estimates, and measures of 

heterogeneity were performed using the Metafor package for R language environment for statistical 

computing version 3.1.3.21 

HHeterogeneity 

To account for heterogeneity between studies, we used a random effects model with weights per 

study assigned based on the generic inverse variance method. Heterogeneity across studies was 

assessed with the Cochran’s Q test (if P < 0.05 significant heterogeneity exists), and expressed in 

the I2-statistic. A prediction interval was constructed and displayed within  the  forest  plots  if  ≥3  
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studies were included in the meta-analyses.22,23 A prediction interval implies that there is a 95% 

chance that a risk estimate of a subsequent study with comparable characteristics will fall within 

this prediction interval. Wide prediction intervals indicate more heterogeneity than narrow 

prediction intervals.  

PPublication bias 

Risk of publication bias is assessed with funnel plots and asymmetry is visually assessed and tested 

by Egger’s regression24, with a p-value <0.05 indicating asymmetry.25 Symmetric funnel plots 

indicate no to low evidence for publication bias. Funnel plots were only constructed when ≥10 

studies reported on a certain determinant-outcome relation, because interpretation of these plots 

is hampered when fewer studies are included.25 

Sensitivity analysis 

We performed the following sensitivity analyses for the primary endpoint: 1) Geographical region: 

limited to cohorts from North America; 2) Symptomatic status: limited to cohorts with adjustment 

for symptomatic status; 3) Adjustment for the other volume determinant: limited to cohorts with 

adjustment for the other volume determinant (e.g. surgeon volume-outcome relationship adjusted 

for hospital volume); 4) Midyear in which treatment took place (defined as median calendar year 

of treatment dates): limited to cohorts with midyear of treatment equal or above the median; 5) 

Volume threshold for low volume: limited to cohorts with low volume equal or above the median; 

6) Volume threshold for high volume: limited to cohorts with high volume equal or below the

median. 
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RRESULTS 

After screening 7021 publications, we identified 87 eligible studies (Figure 1 and Table S4). Two 

(2.3%) studies were based on data from randomized clinical trials, 85 (97.7%) studies were cohort 

studies, in which data-collection was prospective (15 [17.2%]), retrospective (57 [65.5%]), or 

a combination or unknown (15 [17.2%])(Table 1 and Tables S5-S6). For CEA, the relation 

was assessed with: 1) operator volume in 40 studies with >1,197,878 patients, and 2) 

hospital volume in 49 studies with >4,257,847 patients; and for CAS: 1) operator 

volume in 11 studies with 103,051 procedures, and 2) hospital volume in 15 studies with 

178,251 procedures (Table S7). An overview of the pooled risk estimates is provided in Table 2. 

Risk of bias assessment 

Most studies were population-based or multicenter. Incomplete data on outcome did not exceed 

20% except for one study. High risk of bias was assigned to studies that retrospectively used 

administrative databases, especially if these databases implied a selection of patients for 

enrollment. The use of classification coding systems for ascertainment of treatment and 

determination of outcome was the main reason leading to the assignment of a high risk of bias 

(Table S8). 
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FFigure 1. Flowchart detailing the numbers of studies excluded and included at each step 
of the literature search 
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TTable 1. Summary of study, patient and disease characteristics of the included studies 

Study characteristics  Totalaa 
NNo. of studies (%) 

CEA  
No. of studies (%)  

CAS  
No. of studies (%)  

Study design 
Cohort 85 (97.7) 69 (98.6) 21 (95.5) 
Subgroup of RCT 2 (2.3) 1 (1.4) 1 (4.5) 

Data-collection 
Prospective 15 (17.2) 10 (14.3) 5 (22.7) 
Retrospective 57 (65.5) 47 (67.1) 14 (63.6) 
Combination, other or not reported 15 (17.2) 13 (18.6) 3 (13.6) 

Data source 
Clinical 20 (23.0) 17 (24.3) 3 (13.6) 
Administrative 57 (65.5) 46 (65.7) 16 (72.7) 
Combination, other or unknown 10 (11.5) 7 (10) 3 (13.6) 

Continent 
North-America 73 (83.9) 61 (87.1) 16 (72.7) 
Europe 8 (9.2) 7 (10.0) 2 (9.1) 
Asia 3 (3.4) 0 3 (13.6) 
Australia 1 (1.1) 1 (1.4) 0 
Transcontinental 2 (2.3) 1 (1.4) 1 (4.5) 

Number of operators in studies reporting on operator volume
≥100 operators 20 (39.2) 16 (40.0) 4 (36.4) 
<100 operators 16 (31.4) 16 (40.0) 0 
Unknown 15 (29.4) 8 (20.0) 7 (63.6) 

Number of hospitals in studies reporting on hospital volumea

≥25 centers 37 (62.7) 30 (61.2) 10 (66.7) 
<25 centers 10 (16.9) 10 (20.4) 0 
Unknown 12 (20.3) 9 (18.4) 5 (33.3) 

Patient characteristics  
Sex 

Reported 66 (75.9) 51 (72.9) 20 (90.9) 
≥65% male 17 (25.8) 12 (23.5) 7 (35.0) 

Age 
Reported mean or median 59 (67.8) 42 (60.0) 17 (77.3) 
Mean or median ≥70 years 29 (49.2) 19 (45.2) 13 (76.5) 

Disease characteristics  
Symptomatic status 

 Reported 54 (62.1) 41 (58.6) 18 (81.8) 
≥50% of the cohort underwent carotid 
revascularization for symptomatic carotid 
stenosis  

24 (44.4) 20 (48.8) 4 (22.2) 

Reported degree of stenosis 
Reported 8 (9.2) 7 (10.0) 3 (13.6) 

Duration of hospital stay 
Reported 22 (25.3) 16 (22.9) 7 (31.8) 

CAS, carotid stenting; CEA, carotid endarterectomy; RCT, randomized controlled trial.
aFive studies reported on CEA and CAS.
Study, patient and disease characteristics per study are provided in Tables S5-S6. 
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TTable 2. Pooled risk estimates per outcome for the relation between operator volume and hospital 
volume (high-volume vs. low-volume) and procedural outcomes following CEA and CAS 

Operator volume 

Unadjusted 
RR [95%-CI] 

(N of cohorts) 

Adjusted 
OR [95%-CI] 
(N of cohorts) 

Procedural outcomes for CEA  
Death or stroke 00.59 [0.42--0.83] (N = 9) 

OR: 00.40 [0.21--0.76] (N = 1) 
0.50 [0.28--0.87] (N = 3) 

Death 00.60 [0.52--0.69] (N = 22) 00.67 [0.61--0.74] (N = 10) 
Stroke 00.56 [0.49--0.64] (N = 14) 00.55 [0.41--0.75] (N = 3) 

MI 00.33 [0.20--0.53] (N = 3) 00.55 [0.31--0.97] (N = 1) 
Death, stroke, or MI NA 1.08 [0.64-1.82] (N = 1) 
Cranial nerve injury 0.68 [0.15-3.10] (N = 1) NA 
Procedural outcomes for CAS 
Death or stroke 00.50 [0.32--0.79] (N = 1)  0.43 [0.20--0.95] (N = 1) 

RR: 00.43 [0.26--0.74] (N = 1)  
Death 00.57 [0.44--0.74] (N = 2) 00.5 [0.4--0.7] (N = 1) 
Stroke 00.67 [0.50--0.90] (N = 2) 00.67 [0.49--0.92] (N = 2) 
MI NA NA 
Death, stroke, or MI 0.42 [0.17-1.05] (N = 1) 0.4 [0.15-1.07] (N = 1) 

Hospital volume 

Unadjusted 
RR [95%-CI] 

(N of cohorts) 

Adjusted 
OR [95%-CI] 
(N of cohorts) 

Procedural outcomes for CEA  
Death or stroke 00.68 [0.51--0.92] (N = 9) 00.62 [0.42--0.90] (N = 5) 

RR: 00.74 [0.60--0.90] (N = 1) 
Death 00.71 [0.62--0.82] (N = 17) 00.78 [0.72--0.84] (N = 12) 

RR: 0.74 [0.53-1.02] (N = 1) 
Stroke 00.83 [0.76--0.90] (N = 11) 00.62 [0.50--0.77] (N = 3) 

MI 00.65 [0.42--0.99] (N = 4) 1.22 [0.96-1.56] (N = 2) 
Death, stroke, or MI 0.70 [0.41-1.20] (N = 1) 1.48 [0.19-11.70] (N = 2) 
Cranial nerve injury 0.23 [0.04-1.39] (N = 2) NA 
Procedural outcomes for CAS 
Death or stroke 0.72 [0.49-1.06] (N = 2)  0.46 [0.26--0.80] (N = 1) 

RR: 0.93 [0.50-1.69] (N = 1)  
Death 00.70 [0.51--0.98] (N = 4) 00.59 [0.46--0.77] (N = 2) 

RR: 0.65 [0.28-1.52] (N = 1) 
HR: 1.36 [0.74-2.49] (N = 1) 

Stroke 00.81 [0.71--0.92] (N = 4) 00.76 [0.62--0.92] (N = 2) 
HR: 1.04 [0.62-1.74] (N = 1) 

MI 1.46 [0.19-11.00] (N = 1) HR: 0.38 [0.04-3.34] (N = 1) 
Death, stroke, or MI 0.94 [0.44-2.00] (N = 1) HR: 1.10 [0.75-1.63] (N = 1) 

CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; MI, myocardial infarction; N, number; NA, no 
cohorts available; OR, odds ratio; RR, relative risk.  
All risk estimates represent the comparison of high volume with low volume taken as reference category.  
Pooled estimates are calculated based on a random effects model weighting the individual cohorts with the generic inversed variance 
method. Statistically significant risk estimates are displayed in a bbold font. The references of the individual studies that contributed 
to the meta-analyses are provided in Table S10. 
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CCEA operator volume  

High operator volume compared to low operator volume was significantly associated with a 

decreased risk of procedural death or stroke following CEA, with a pooled adjusted OR of 0.50 

(95% CI 0.28-0.87; 3 cohorts),26-28 with a pooled unadjusted RR of 0.59 (95% CI 0.42-0.83; 

9 cohorts),28-36 and with an unadjusted OR of 0.40 (95% CI 0.21-0.76; 1 cohort).37 (Figure 2; Table 

2). The pooled adjusted ORs and pooled unadjusted RRs, with low operator volume taken as 

reference, showed that high operator volume is significantly associated with a decreased risk of 

procedural death and procedural stroke separately, and procedural MI following CEA (Table 2; 

Figures S1-S3). The adjusted association for procedural death, stroke or MI following CEA, and 

the unadjusted association for procedural cranial nerve injury were not statistically significant 

(Table 2; Figures S4-S5). 

Among the studies reporting unadjusted RRs for procedural death or stroke, procedural death, and 

procedural stroke, most prediction intervals were narrow and did not include 1 except for the 

outcome procedural death or stroke. 

Within the meta-analyses of the adjusted ORs for these outcomes the prediction intervals were 

wider and including 1 (except for the outcome procedural death), possibly due to the low number 

of studies reporting adjusted ORs. 
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FFigure 2. Risk estimates and meta-analysis for the association between CEA operator volume 
(high vs. low volume) for the outcome procedural death or stroke.  

Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to 
the standard error of the specific study. Point estimates without confidence intervals were not included in the meta-
analyses, and can be found in Figure S19.The timeframe for the measured outcomes is depicted as follows: no 
symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified. 
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk. 

CEA hospital volume 

High hospital volume compared to low operator volume was significantly associated with a 

decreased risk of procedural death or stroke following CEA, with a pooled adjusted OR of 0.62 

(95% CI 0.42-0.90; 5 cohorts),20,26,38-40 with an adjusted RR of 0.74 (95% CI 0.60-0.90;  

1 cohort),41 and with an pooled unadjusted RR of 0.68 (95% CI 0.51-0.92; 9 cohorts).20,36,39,41-46 

(Figure 3; Table 2). 

The pooled adjusted ORs and pooled unadjusted RRs, with low operator volume taken as 

reference, showed that high hospital volume is significantly associated with a 

decreased risk of procedural death and stroke separately following CEA. (Table 2; 

Figures S6-S7). The pooled unadjusted RR showed that high hospital volume was significantly 

associated with a decreased risk of procedural MI following CEA. The adjusted OR 

showed that high hospital volume is not significantly associated with a decreased risk 

of procedural MI  
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following CEA. The associations for procedural death, stroke or MI, and procedural cranial nerve 

injury following CEA were not statistically significant. (Table 2; Figures S8-S10). 

Among studies reporting on procedural death or stroke, procedural death, and procedural stroke, 

the prediction intervals for studies reporting unadjusted RRs for procedural stroke, and adjusted 

ORs for procedural death were below 1. The other prediction intervals were wider, but except for 

the prediction interval for procedural stroke (prediction interval: 0.10-3.85) the upper bound did 

not exceed 2. 

FFigure 3. Risk estimates and meta-analysis for the association between CEA hospital 
volume (high vs. low volume) for the outcome procedural death or stroke 

Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the 
standard error of the specific study. Point estimates without confidence intervals were not included in the meta-
analyses, and can be found in Figure S20. The timeframe for the measured outcomes is depicted as follows: no 
symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified.
CEA, carotid endarterectomy; CI, confidence interval; OR, odds ratio; RR, relative risk. 

CAS operator volume 

High operator volume compared to low operator volume was significantly associated with 

a decreased risk of procedural death or stroke following CAS, with an adjusted OR of 0.43 (95% 

CI 0.20-0.95; 1 cohort),47 with an adjusted RR of 0.43 (95% CI 0.26-0.74; 1 cohort),48 and 

with an unadjusted RR of 0.50 (95% CI 0.32-0.79; 1 cohort)48 (Figure 4; Table 2). 
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The pooled adjusted ORs and pooled unadjusted RRs, with low operator volume taken as reference, 

showed that high operator volume is significantly associated with a decreased risk of procedural 

death and stroke separately following CAS (Table 2; Figures S11-S12). 

No studies reported on procedural MI after CAS, and the association for procedural death, 

stroke or MI following CAS was not statistically significant (Table 2; Figures S13-S14). 

No substantial heterogeneity was found in the three meta-analyses performed for CAS operator 

volume and no prediction intervals could be estimated because the number of studies per meta-

analysis was ≤2. 

FFigure 4. Risk estimates and meta-analysis for the association between CAS operator volume 
(high vs. low volume) for the outcome procedural death or stroke 

No pooled estimates are provided, because only one study per category was included. Point estimates without 
confidence intervals were not included in the meta-analyses, and can be found in Figure S21. The timeframe for the 
measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § 
not further specified.  
CAS, carotid artery stenting; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk. 

CAS hospital volume  

High hospital volume compared to low hospital volume was significantly associated with a 

decreased risk of procedural death or stroke following CAS, with an adjusted OR of 0.46 (95%

CI 0.26-0.80; 1 cohort),40 , and not significantly associated with an adjusted RR of 0.93 (95% CI 

0.50-1.69; 1 cohort),41 and a pooled unadjusted RR of 0.72 (95% CI 0.49-1.06; 2 cohorts).41,49 

(Figure 5; Table 2). 

The pooled adjusted ORs and pooled unadjusted RRs, with low hospital volume taken as 

reference, showed that high hospital volume is significantly associated with a 

decreased risk of procedural death and stroke separately following CAS. (Table 2; Figures S15-

S16). 
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The associations for procedural MI, and procedural death, stroke or MI following CAS were not 

statistically significant. (Table 2; Figures S17-S18). 

Cochran’s Q was >0.05 for all five meta-analyses for the CAS hospital volume-outcome 

relationship. Two prediction intervals could be estimated for studies reporting unadjusted RRs for 

procedural stroke (prediction interval: 0.60-1.08), and unadjusted RRs for procedural death 

(prediction interval: 0.22-2.21). 

FFigure 5. Risk estimates and meta-analysis for the association between CAS hospital volume 
(high vs. low volume) for the outcome procedural death or stroke 

No pooled estimates are provided, because only one study per category was included. The timeframe for the measured 
outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not 
further specified. 
CAS, carotid artery stenting; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk. 

Publication bias 

Asymmetry in the funnel plots was found for studies presenting adjusted associations between 

CEA hospital volume and procedural death (Egger’s regression p=0.0012), indicating that there is 

statistical evidence for publication bias. No asymmetry was found for studies presenting other 

unadjusted and adjusted associations, indicating that there is no statistical evidence for publication 

bias for these procedural outcomes (Figure 6). 
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FFigure 6. Funnel plots 

Figure 6. Funnel plots for all determinant-outcome relations with at least 10 studies. Adjusted or unadjusted in the title 
refers to the effect estimates under study, i.e. unadjusted/crude relative risks or adjusted odds ratios. Statistically 
significant asymmetry, indicating statistical evidence for publication bias, was only found within the funnel plot for the 
reported adjusted associations between CEA hospital volume and death with an Egger’s regression p=0.0012.  

Sensitivity analysis 

Limited to studies from North America, we found similar associations between CEA operator and 

hospital volume and procedural death or stroke (Table S9). For CAS, no studies were found from 

North America reporting on procedural death or stroke. We found only one study reporting on 

operator volume that adjusted for symptomatic status of the patients undergoing CEA and no 

studies reporting on hospital volume adjusted for symptomatic status. We found similar results if 
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the inclusion for analysis was restricted to studies that adjusted for the other determinant. Limited 

to more recently treated patients, we found similar results (i.e. direction and size of risk estimate) 

for CEA operator volume, CAS operator and CAS hospital volume and procedural death or stroke. 

However, the 95%-CI of the association between CEA hospital volume and procedural death or 

stroke widened and included one, due to the lower number of included studies.  

When limited to studies with higher low-volume thresholds or studies with lower high-volume 

threshold the direction and size of the association between CEA operator or hospital volume and 

procedural death or stroke remained stable. In a few comparisons, the risk estimates became 

statistically non-significant, because the pooled risk estimates had wider 95%-CI due to the lower 

number of cohorts included in these sensitivity analyses. For CAS, the sensitivity analyses with 

volume thresholds showed similar results compared to the primary analyses. 
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DDISCUSSION 

Our systematic review and meta-analysis shows a decreased risk of procedural death and stroke 

following CEA and CAS in high operator and high hospital volume. For CEA, the unadjusted and 

adjusted pooled risk estimates for procedural death or stroke, procedural death and procedural 

stroke almost all show better outcomes in high volume operators and hospital. For CAS, similar 

results were found in a limited number of studies. The association between operator or hospital 

volume and procedural MI; procedural death, stroke or MI; and procedural cranial nerve injury has 

been less extensively studied, leading to less robust results. Importantly, we found limited evidence 

for publication bias. 

Historically, two explanations have been proposed for the observed association between volume 

and outcome: The practice-makes-perfect hypothesis (note that this term has been criticized for 

being used in volume assessment but rather describes learning curve assessment50), assumes that 

the increasing experience of an operator or hospital leads to a reduction in adverse events. The 

selective-referral-pattern hypothesis stresses the influence of higher number of patient referrals to 

operators and hospital with better outcomes.51 The latter hypothesis assumes high volume 

operators and hospitals select lower risk patients. However, in our meta-analyses, pooled 

unadjusted risks for death or stroke were comparable to adjusted risks. Furthermore, hospital 

readmission rates may be partly linked to hospital quality, regardless of patient-related factors.52 It 

is often assumed that the experience or skill of the operator has an important impact on outcomes.53 

This is underlined by a study in which operator volume remained statistically significantly 

associated with CEA procedural death after extra adjustment for hospital volume.54 

Our literature search was extensive and the inclusion of studies in our study was only influenced 

by suitability for the analyses. Our findings strengthen the evidence that operator and hospital 

volume influence the outcome following CEA and CAS.55 

Nonetheless, our study has several limitations. First, there was considerable heterogeneity in 

volume definitions and thresholds. For this reason, the magnitude of the effect could only be 
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measured for the dichotomized determinant volume groups: high versus low. Since most original 

studies did not pre-specify thresholds and possibly selected thresholds to maximize differences in 

outcome between volume groups, bias might be introduced. Next to that, not all studies provided 

data on annual volume, but sometimes different timeframes were used. Second, the majority of 

the included studies used administrative data as data source that might be of inferior quality with 

regard to symptom status, high-risk status, and perioperative stroke.56,57 Third, individual operator 

experience or ‘learning curve’ is knowingly not included as a determinant in this study.58-61 The 

experience prior to the measured timeframe is unknown. The influence of developing clinical 

practice and the position of the operator on the learning curve might be underestimated, and the 

influence of other provider characteristics such as academic status of the hospital and experience 

with carotid interventions in high-risk patients is unknown.62 Fourth, the assessment of the 

relationship between volume and outcome is hampered since not all studies adjusted for 

characteristics that are known to influence outcome following carotid revascularization (Tables 

S5-S6).6,63-65 Fifth, we may have missed publications where operator and hospital volume was 

assessed but not clearly reported. Sixth, despite our efforts to prevent double-counting of 

patients by excluding overlapping datasets from meta-analyses, studies based on administrative 

datasets could potentially still have included overlapping patient groups. 

Our results indicate an association between increasing volume and decreasing procedural death 

and stroke. Studies investigating determinants of outcome following carotid revascularization 

should adjust for operator volume and hospital volume. Heterogeneity in thresholds and 

definitions of determinants and outcomes emphasizes the need for clear definitions in order to 

improve the comparability of studies. Our findings question the decision of the Leapfrog initiative 

to drop volume standard for CEA as safety standard in surgical procedures.11,17 The heterogeneity 

in the identified studies cannot justify direct introduction of set volume-thresholds, but do call for 

a closer examination of volume-effects within carotid revascularization. 

The possibility of another relationship besides a dichotomized high versus low volume groups 

might be clinically relevant. For this reason, we extracted data from studies in which the volume-
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outcome relation was assessed continuously. The possibility of a plateau phase in which the effect 

of additional cases per year after a certain number minimally affects outcomes should be 

considered, since this was found for many surgical procedures. 

In conclusion, our study shows a decreased risk of death and stroke following CEA and CAS in 

high operator and high hospital volume. The association for CAS has been studied in fewer 

studies. The relationship of operator and hospital volume with procedural MI and procedural 

cranial nerve injury has less extensively been studied and therefore remains uncertain. Our 

results indicate that aiming for a high operator and hospital volume may help minimize adverse 

events following carotid revascularization. Further research is needed to establish the optimum 

volume thresholds balancing a minimum adverse event rate and practical feasibility. 
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AABSTRACT 

Objective Different competencies and skills are required and obtained during medical 

specialization. However, whether or not these impact on procedural outcomes of carotid 

endarterectomy (CEA) or carotid artery stenting (CAS) is unclear. We assessed the 

reported association between operator specialization and procedural outcomes following 

CEA or CAS to determine whether CEA and CAS should be performed by specific 

specialties.  

Methods We systematically searched PubMed and EMBASE up to 21 August, 2017 for 

randomized clinical trials and observational studies that compared two or more 

specialties performing CEA or CAS for symptomatic and asymptomatic carotid artery 

stenosis. The composite primary outcome was procedural stroke or death (i.e., occurring 

within 30-days of the procedure or prior to discharge). Risk estimates were pooled with a 

generic inverse variance random effects model. 

Results A total of 35 studies (26 providing data on CEA; 8 on CAS; one both CEA and 

CAS) were included, describing 256,033 CEA and 38,605 CAS procedures. For CEA, 

decreased risk of procedural stroke or death for operations performed by vascular 

surgeons compared to neurosurgeons was found with pooled unadjusted relative risk 

(RR) of 0.63 (95% CI 0.46 to 0.86; 7 studies) and RR of 0.81 (95% CI 0.66 to 0.99; 6 

studies) when compared to general surgeons. An increased risk of procedural stroke or 

death for operations performed by neurosurgeons compared to cardiothoracic surgeons 

was found with a pooled unadjusted RR of 1.22 (95% CI 1.02-1.46). No studies adjusted 

for potential confounding and no significant unadjusted associations were found in other 

comparisons of operator specialty for the primary outcome. For CAS, no differences in 

procedural stroke or death were found by operator specialty. 
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CConclusions Studies were at high risk of bias mainly due to potential confounding by 

patient selection for CEA and CAS. Current evidence is insufficient to restrict CEA or 

CAS to specific specialties.  

Registration This systematic review was registered (PROSPERO CRD42017071959). 
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IINTRODUCTION 

Carotid endarterectomy (CEA) and carotid artery stenting (CAS) are commonly 

performed vascular procedures and a low procedural death and stroke rate is necessary to 

achieve long-term clinical benefit, because both procedures are performed as prophylaxis 

for future stroke.1 Patient characteristics, such as age, smoking, coronary heart disease, 

chronic renal insufficiency, diabetes, type of preprocedural neurologic symptom, and 

contralateral carotid stenosis, are known to influence outcome after carotid 

revascularization.2-6 Procedural characteristics that influence outcome are timing of 

intervention after the neurologic event7,8 and patch-use.9 Type of anesthesia,10,11 shunt 

use during CEA,12 and use of cerebral protection devices during CAS have not been 

shown to influence procedural outcomes.13  

Operator characteristics have recently received more attention,14 resulting in volume 

thresholds,15-19 and which have driven reconfiguration of vascular centers with the 

creation of high-volume ‘hubs’.20 

Operator specialty has been proposed to influence patient outcomes after vascular 

procedures,21 and may be particularly important for CEA and CAS, since these 

procedures are traditionally performed by a large variety of specialties with different 

training backgrounds.22 However, reports of a relationship between specialty and 

outcome after carotid revascularization vary between studies and have not systematically 

reviewed. Consequently, there is no consensus whether carotid revascularization should 

be performed by specific specialties. 

We aimed to systematically review and pool risk estimates on the association between 

operator specialty and procedural outcome after carotid revascularization with CEA or 

CAS.
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MMATERIALS AND METHODS 

This systematic review and meta-analysis was conducted with a predefined protocol that 

has been registered prospectively in the international prospective registry for systematic 

reviews (PROSPERO): CRD42017071959. We followed the Preferred Reporting Items for 

Systematic Reviews and Meta-analyses (PRISMA) recommendations,23 and our study 

adhered to the Meta-analysis of Observational Studies in Epidemiology (MOOSE) 

guidelines (Appendix S1).24  

Data sources and searches 

We searched PubMed and EMBASE on August 21, 2017 for studies describing (subgroup 

analyses of) randomized clinical trials (RCTs) and observational studies (Appendix S2). 

Eligibility criteria 

Inclusion criteria: 1) full-text articles published in peer-reviewed journals; 2) written in 

English, French, German, Spanish, or Dutch; 3) presenting original data on patients 

undergoing either CEA or CAS for asymptomatic or symptomatic carotid stenosis; 4) 

comparing two or more operator specialties; 5) presenting effect estimates or providing 

raw data with which effect estimates could be calculated.  

Study selection 

Two authors (MHFP and ECB) independently screened all titles and abstracts for 

eligibility and subsequently assessed full-text copies for final inclusion in this study. 

Reasons for exclusion after full-text evaluation were recorded. Reference lists of included 

articles and identified reviews were checked for further relevant studies. In case of 

disagreement, discrepancies were resolved between three authors (MHFP, ECB and 

GJdB).  

Data extraction 

The following study characteristics were extracted from the included studies by two 

authors (MP and EB) independently: Methods: study design, design of data-collection, 

Chapter 9211

9



data source, setting study, number of study centers, number of operators, geographic 

area (country and continent) of study, study years, and sample size (patients/procedures); 

Patient characteristics: sex, age, cardiovascular risk factors (adhering to the definitions of 

the individual studies); Disease characteristics: symptomatic or asymptomatic status, 

degree of stenosis, duration of hospital stay; Determinant: different specialty groups; 

Outcome: definition of the outcome as used by the authors, specification of the 

timeframe of outcome measurement (e.g. 30-days or in-hospital), number of surgeons 

per specialty, number of patients/procedures per specialty, number of events per 

specialty, unadjusted relative risks (RRs) or odds ratios (ORs), adjusted RRs, ORs or 

hazard ratios (HRs) with corresponding 95%-confidence intervals (CI), and the 

adjustment factors where applicable.  

OOutcome measures 

Primary 

The primary outcome was procedural stroke or death, either in-hospital or 30-days (using 

authors’ description of outcome).  

A composite endpoint has the potential disadvantage of opposite directions of the risks of 

its constituents. For example, a higher risk of death and a lower risk of stroke within the 

same comparison. However, these two clinically relevant procedural outcomes are often 

reported together. 

Secondary 

The secondary outcomes were procedural: 1) death; 2) stroke; 3) MI; 4) combined death, 

stroke or MI; 5) postoperative cranial nerve deficit after CEA. 

Quality assessment 

Two authors (MHFP and ECB) independently used an adapted version of the Newcastle-

Ottawa Scale to assess: patient selection (representativeness of study cohort and 

ascertainment of intervention), comparability of case-mix between specialties, and 
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assessment of outcome and addressing of incomplete data. An overview of criteria to 

assign high or low risk of bias can be found in the PROSPERO protocol.  

SStatistical analyses 

We obtained RRs, ORs and HRs with 95%-CI or we calculated RRs (using number of 

patients per event or the number of procedures if the number of patients was not 

provided). If no events occurred, we added 0.5 to the events and procedures of specialties 

to estimate an unadjusted RR.25 We only used the relative risks and did not use the 

absolute risks per specialty in the statistical analysis, since the absolute risks might 

change between settings, cohorts and over time and should therefore not be compared 

directly.  

We used the definitions of the operator specialty as provided by the original articles and 

compared different specialties in the following order, for CEA: vascular surgeons, 

neurosurgeons, general surgeons, cardiothoracic surgeons; and for CAS: cardiologists, 

radiologists, vascular surgeons, neurosurgeons. Cardiovascular surgeons, cardiothoracic 

surgeons, cardiac surgeons and thoracic surgeons were considered cardiothoracic 

surgeons. Interventional cardiologists were considered cardiologists. Interventional 

radiologists, neuroradiologists and interventional neuroradiologists were considered 

radiologists. 

We pooled risk estimates with a random effects model to account for heterogeneity 

between studies. Study weights were based on the generic inverse variance method. We 

included only the largest study in the meta-analysis if studies described (partly) 

overlapping data for a specific outcome. We performed separate analyses for: 1) CEA and 

CAS; 2) RRs, ORs, and HRs; 3) unadjusted and adjusted risk estimates. R version 3.1.3 

was used for all analyses.26 
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HHeterogeneity  

Heterogeneity across studies was assessed with the Cochran’s Q test, I2-statistic and 

prediction intervals.27,28 Prediction intervals were calculated if ≥3 studies were included 

in a meta-analysis. Prediction intervals should be interpreted as follows: there is a 95% 

chance that a risk estimate of a subsequent study with comparable characteristics will fall 

within the limits of the prediction interval. Wide prediction intervals indicate more 

heterogeneity than narrow prediction intervals. Heterogeneity was considered minor if I2 

<50%, Cochran’s Q p>0.05, and narrow prediction intervals were found. Otherwise, the 

heterogeneity was considered substantial.  

Publication bias 

Risk of publication or reporting bias was assessed with funnel plots. Symmetric funnel 

plots indicate low evidence for publication or reporting bias. Potential asymmetry was 

assessed visually and tested by Egger’s regression.29 A p-value of <0.05 indicates 

asymmetry.22 Funnel plots were constructed if ≥10 studies were included in a meta-

analysis.22 

Sensitivity analyses 

Sensitivity analyses for the primary outcome were performed with studies: 1) reporting 

≥80% symptomatic patients or stratified risk estimates by symptomatic patients; 2) 

reporting ≥80% asymptomatic patients or stratified risk estimates by asymptomatic 

patients; 3) based on clinical data and data from registries; 4) of high quality. High quality 

was assigned to studies with prospective data-collection, no patient selection, and case-

mix adjustment. 
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RRESULTS 

After screening 7,021 publications, 35 eligible studies were identified (Figure 1).5,17,18,30-61 

Twenty-six studies reported CEA data, eight CAS data, and one both. In total, 256,033 

CEA and 38,605 CAS procedures were described. Three studies were based on data from 

one RCT17,18,59 and 32 studies were observational studies. All studies described 

procedures performed in North America (Table 1). 

The number of patients per specialty is provided in Table 2. The number of events and 

patients per outcome is provided in Table 3.  

Risk of bias assessment 

Most studies applied no selection of patients based on risk factors that could have 

potentially affected outcomes when enrolling in the study. Few studies adjusted for 

patient variables in their analyses of the association between operator specialty and 

procedural outcomes, and seven studies adjusted for surgeon and/or hospital variables. 

Potential confounding due to the selection of patients by specialty could have affected the 

observed outcomes. Outcomes were almost never assessed blindly. Missing data in ≥20% 

of the patients was very uncommon. We found no study of high quality reporting on the 

primary outcome. (Table S1) 
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FFigure 1. Flowchart
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TTable 1. Overview of study characteristics 

CEA (27 studies)  
No. of studies (%)  

CAS (9 studies)  
No. of studies (%)  

Study ccharacteristics 
Study approach 

 Cohort 26 (96.3%) 6 (66.7%) 
 Subgroup of RCT 1 (3.7%) 3 (33.3%) 
 Population-based 9 (33.3%) 2 (22.2%) 
 Multicenter 22 (81.5%) 8 (88.9%) 

Data-collection 
 Prospective 4 (14.8%) 6 (66.7%) 
 Retrospective 22 (81.5%) 3 (33.3%) 
 Unknown 1 (3.7%) 0 

Data source 
 Clinical 12 (44.4%) 5 (55.6%) 

   Administrative 15 (55.6%) 4 (44.4%) 
Continent 

 North-America 27 (100%) 9 (100%) 
Number of operators

 ≥100 operators 7 (25.9%) 6 (66.7%) 
 <100 operators 13 (48.1%) 0 
 Unknown 7 (25.9%) 3 (33.3%) 

Patient characteristics 
Sex 

 Reported 23 (85.2%) 7 (77.8%) 
   ≥66% male 4 (17.4%) 1 (14.3%) 
Age 

 Reported 15 (55.6%) 8 (88.9%) 
 Mean or median ≥70 years 7 (46.7%) 4 (50.0%) 

Disease characteristics  
Reported symptomatic status 18 (66.7%) 7 (77.7%) 
≥50% symptomatic patients 8 (44.4%) 0 (NA) 
Reported degree of stenosis 6 (22.2%) 2 (22.2%) 
Reported duration of hospital stay 8 (29.6%) 3 (33.3%) 
CAS, carotid stenting; CEA, carotid endarterectomy; RCT, randomized clinical trial 

Table 2. Overview of procedures per specialty 

CEA  CAS  
 PProcedures, No. (%) Procedures, No. (%)  

Vascular surgeons 129 282 (50.5) 2973 (7.7) 
Neurosurgeons 12 388 (4.8) 170 (0.4) 
General surgeons 45 083 (17.6) N/A 
Cardiothoracic surgeons 29 630 (11.6) N/A
Cardiologists N/A 9019 (23.4) 
Radiologists N/A 1952 (5.1) 
Specialties combineda 39 650 (15.5) 24 491 (63.4) 
Total  256 033  38 605  

CAS, carotid artery stenting; CEA, carotid endarterectomy; N/A, not available. 
a Different specialties were combined in one group for the analyses in the original studies. 
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TTable 3. Overview of number of events, patients, and studies per outcome 

CEA  CAS  
 EEvents / patients, No. (%) No. of studies  Events / patients, No. (%) No. of studies  

Procedural outcomes  
Stroke or death 1749 / 45 135 (3.88%) 14 >175‡ / 11 143 (N/A) 4 
Death >1036* / 197 814 (N/A) 14 236 / 28 041 (0.84%) 3 
Stroke >1997† / 186 541 (N/A) 16 1029 / 28 666 (3.59%) 4 
MI 1040 / 104 573 (0.99%) 6 463 / 24 665 (1.88%) 3 
Death, stroke or MI 4558 / 96 345 (4.80%) 4 >253§ / 12 289 (N/A) 5 
Cranial nerve deficit 124 / 43 840 (0.28%) 3 NA NA 
CAS, carotid artery stenting; CEA, carotid endarterectomy; MI, myocardial infarction; NA, not applicable; N/A, not 
available.  
* The number of patients with procedural death after CEA was not provided in two studies. † The number of patients
with procedural stroke after CEA was not provided in one study. ‡ The number of patients with procedural stroke
after CAS was not provided in one study. § The number of patients with procedural death, stroke or MI combined
after CAS was not provided in one study.

Operator specialty and outcome after CEA 

Unadjusted analyses showed a significantly decreased risk of procedural stroke or death 

for vascular surgeons compared to neurosurgeons (RR 0.63 (95% CI 0.46-0.86); 7 

studies) and compared to general surgeons (RR 0.81 (95% CI 0.66-0.99); 6 studies). An 

increased risk of procedural stroke or death was found for neurosurgeons compared to 

cardiothoracic surgeons (RR 1.22 (95% CI 1.02-1.46); 4 studies) (Table 4). 

Unadjusted analyses showed a decreased risk of procedural death for vascular surgeons 

compared to general surgeons (RR 0.70 (95% CI 0.58-0.85); 11 studies), and an increased 

risk of procedural death was found for neurosurgeons compared to general surgeons (RR 

1.50 (95% CI 1.04-2.15); 9 studies), compared to cardiothoracic surgeons (RR 1.80 (95% 

CI 1.16-2.79); 7 studies (Table S2).  

Unadjusted analyses showed a decreased risk of procedural stroke for vascular surgeons 

compared to neurosurgeons (RR 0.57 (95% CI 0.46-0.72); 11 studies), to general 

surgeons (RR 0.69 (95% CI 0.60-0.79); 10 studies) and to cardiothoracic surgeons (RR 

0.70 (95 CI 0.58-0.86); 8 studies). The risk of procedural stroke for vascular surgeons 

compared to general surgeons remained significant in the meta-analysis of adjusted risk 

estimates (RR 0.70 (95% CI 0.58-0.83); 5 studies) (Table S2). 
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The (pooled) estimates for the outcomes procedural MI, procedural death, stroke or MI 

combined, and cranial nerve deficit are provided in Table S2. Heterogeneity was minor in 

most pooled analyses. 

TTable 4. Pooled risk estimates for the relation between specialties and procedural stroke or death 
after CEA  

Index specialty  Reference 
sspecialty 

Unadjusted RR  
(95% CI)  

No. of studies  Cochran’s Q  I22 Prediction 
iintervala 

Vascular 
surgeons 

vs Neurosurgeons 00.63 (0.46--
0.86) 

731,36,37,40,42,45,46 df: 6; Q: 11.832; 
p=0.07 

54.3% 0.27-1.48 

vs General 
surgeons 

0.81 (0.66--
0.99)  

631,32,37,40,42,45 df: 5; Q: 6.560; 
p=0.26 

0.0% 0.61-1.07 

vs Cardiothoracic 
surgeons 

 0.87 (0.63-1.19) 531,32,40,42,45 df: 4; Q: 5.280; 
p=0.26 

25.8% 0.39-1.94 

Neurosurgeons vs General 
surgeons 

1.53 (0.85-2.74) 531,37,40,42,45 df: 4; Q: 
11.682; p=0.02 

63.2% 0.24-9.77 

vs Cardiothoracic 
surgeons 

1.22 (1.02--1.46)  431,40,42,45 df: 3; Q: 2.150; 
p=0.54 

0.0% 0.82-1.81 

General 
surgeons 

vs Cardiothoracic 
surgeons 

1.16 (0.85-1.57) 531,32,40,42,45 df: 4; Q: 3.660; 
p=0.45 

12.5% 0.58-2.31 

CI , confidence interval; df , degrees of freedom; RR , relative risk. 
The risk estimates in a bbold font are considered statistically significant. Data on risk estimates for 
comparisons with specialty groups combined as reference category are provided in Table S2. 

a Only estimated if ≥3 studies were included in the meta-analyses. 

Operator specialty and outcome after CAS 

We found no associations between operator specialty and procedural stroke or death 

(Table 5), or death and stroke separately (Table S3). 

The (pooled) estimates for the outcomes procedural MI, and procedural death, stroke or 

MI combined are provided in Table S3. No substantial heterogeneity was found in the 

meta-analyses. 

Table 5. Risk estimates for the relation between operator specialty and procedural stroke or death 
after CAS 

Index specialty  Reference specialty  Unadjusted RR (95% CI)  No. of studies  
Cardiologists vs Radiologists 0.95 (0.47-1.90) [1 study]41 

vs Vascular surgeons 0.81 (0.49-1.32) [1 study]41 
vs Neurosurgeons 0.64 (0.16-2.56) [1 study]41 

Radiologists vs Vascular surgeons 0.85 (0.39-1.82) [1 study]41 
vs Neurosurgeons 0.68 (0.15-3.03) [1 study]41 

Vascular surgeons vs Neurosurgeons 1.27 (0.30-5.26) [1 study]41 
CI, confidence interval; RR relative risk. 
Data on risk estimates for comparisons with specialty groups combined as reference category are provided in 
Table S3. 
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PPublication bias 

None of the four constructed funnel plots showed statistical evidence for asymmetry 

indicating that there is no statistical evidence for publication bias (Figure S1).  

Sensitivity analyses 

Two studies reported on the primary outcome by symptomatic status,31,32 five studies 

were based on clinical data31,32,36,37,45 and three studies used administrative data.40,42,46 In 

these sensitivity analyses, the associations between operator specialty and the primary 

outcome were comparable to the main analyses with regard to magnitude and direction 

of the association. (Table S4). No studies of high quality reported on the primary 

outcome. 
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DDISCUSSION 

Our study showed that vascular surgeons had a lower unadjusted risk of stroke or death 

after CEA compared to neurosurgeons and general surgeons. Neurosurgeons had a 

higher unadjusted risk of stroke and death after CEA compared to cardiothoracic 

surgeons. Studies did not adjust for selection of patients for CEA by speciality. We found 

no associations for procedural stroke or death after CAS. 

Several explanations have been suggested for the relationship between operator specialty 

and procedural outcomes that might explain our findings: the effect of higher volume for 

more specialized surgeons, different patient selection, and experience of the healthcare 

team.62 These and other possible confounding factors were, however, not addressed in 

the included studies.  

In a recent study, operator specialization has been associated with a lower risk of death 

after CEA.63 However, the approach of this study was criticized because operator 

specialization was defined as the percentage CEAs of all procedures performed by an 

operator, but did not account for the absolute number of CEAs performed. As a result, a 

surgeon with a lower number of CEAs could be considered more specialized than a 

surgeon with a higher number of CEAs. Specialization should instead be understood as 

the relative number of CEAs supplemented by the total number of CEAs, since operator 

volume and learning curve have been shown to be associated with lower procedural 

risks.14  

In the Carotid Revascularization Endarterectomy versus Stenting Trial (CREST), CEA 

and CAS performed by vascular surgeons were compared. A lower risk of periprocedural 

stroke was found after CEA and a lower risk of periprocedural MI after CAS, but no 
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significant difference was found for the composite periprocedural outcome of stroke, MI, 

or death.59 

Our literature search was extensive and we used predefined selection criteria for 

inclusion. We report the first systematic review and meta-analysis that quantified the 

association between operator specialty and procedural outcomes for CEA and CAS by 

pooling risk estimates from different studies. The current literature has several 

limitations. First, the definition of operator specialty differed between studies, ranging 

from practice designations, training level of operators, and self-reporting of specialty. 

Furthermore, specialty training can differ between programs among countries and the 

training of surgeons developed separately over the years. However, we decided not to 

restrict our search to more recent articles with lower procedural risks, as a consequence 

of improved medical therapy, because we did not use absolute numbers but risk ratios. 

This seems justified since we found no evidence for differential improvement over time 

across specialties. Second, operator or hospital experience and the ‘learning curve’ are 

not included as determinants in this study. Also, patient and disease characteristics that 

are known to influence outcome after carotid revascularization, such as symptomatic 

status, were not used as adjustment factors in most included studies and the published 

data did not allow for stratification of these characteristics. The same holds for operator-

specific characteristics that have been found to be associated with mortality for surgery in 

general, for example age and sex of the operator.64,65 Third, assessment of the outcome 

measures was not standardized between studies and often not performed, or reported to 

be performed, by an (independent) neurologist in case of procedural stroke. Fourth, some 

studies used administrative databases that might be of inferior reporting quality and 

most studies used retrospective data-collection. Fifth, we tried to exclude overlapping 

datasets from meta-analyses to prevent double counting of patients, but some meta-

Chapter 9222



analyses could potentially still have included overlapping patient groups. Sixth, 

generalizability of our findings might be limited since only studies from North America 

were available. Finally, we may have missed publications in which operator specialty was 

assessed but buried in a few words within the body of the text. 

In future research, prospective, long-term evaluations of operator experience, including 

any learning-curve, operator and hospital volumes are needed. In addition, identification 

of specialty-specific skills and competencies which may reduce the risk of adverse 

procedural outcomes need to be explored. 

In conclusion, vascular surgeons showed a lower unadjusted risk of stroke and death 

after CEA compared to neurosurgeons and general surgeons. Neurosurgeons showed a 

higher unadjusted risk of stroke and death after CEA compared to cardiothoracic 

surgeons. No associations between specialty and procedural outcomes after CAS were 

found for the primary outcome. There is insufficient evidence that CEA or CAS should 

be performed by specific specialties, since most studies did not adjust for case-mix 

differences and were therefore at high risk of bias mainly due to confounding by 

indication. 
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MATERIAL AND METHODS









TTable 1. Patient and disease characteristics 
Patients with a procedural 
sstroke or death (N = 103) 

Patients without a procedural stroke 
oor death (N = 3591) 

Patient characteristics 
Age at CEA, y 68.9 ± 7.9 68.3 ± 7.8 
Male sex 65 (63.1%) 2496 (69.5%) 
Systolic blood pressure, mmHg 148 ± 19.5 147 ± 20.2 
Diastolic blood pressure, mmHg 83 ± 11.2 81 ± 10.4 
Diabetes mellitus 34 (33.0%) 899 (25.0%) 
Ischaemic heart disease 41 (39.8%) 1346 (37.8%) 
Prior contralateral symptoms 32 (31.1%) 782 (21.8%) 
Medical therapy  
Anti-platelet therapy 73 (77.7%) 2725 (77.8%) 
Anticoagulant 3 (3.2%) 91 (2.6%) 
Antihypertensive therapy 55 (68.8%) 2086 (69.8%) 
Lipid-lowering therapy 30 (38.0%) 972 (32.5%) 
Disease characteristics 
Ipsilateral stenosis >80% 39 (42.9%) 1435 (42.2%) 
Contralateral stenosis >60% 35 (38.5%) 974 (28.7%) 
Contralateral occlusion 16 (17.6%) 353 (10.4%) 
Brain infarct on imaging 27 (33.8%) 947 (33.4%) 
Intra--operative care  
General anaesthesia 30 (61.2%) 1294 (64.3%) 
Intraoperative shunt 31 (51.7%) 837 (38.0%) 
Patch angioplasty 22 (36.7%) 844 (38.3%) 

Categorical variables are reported as absolute number and percentage and continuous variables as mean and 
standard deviation (SD). 
CEA, carotid endarterectomy. 

Of 103 procedural complications, 86 were strokes and 17 were non-stroke related deaths. Of 86 

strokes, 18 (21%) were fatal, 23 (27%) were disabling, and 45 (52%) were non-disabling. Sixty-

seven (78%) were ipsilateral to the operated artery, 17 (20%) contralateral and two (2%) were 

vertebrobasilar. Forty-five strokes (52%) were ischaemic, nine (11%) were haemorrhagic, and in 32 

(37%) patients (6 patients from VA, 12 from ACAS, 5 from ACST-1 and 9 from GALA) stroke 

subtype could not be determined. 

Timing and severity of procedural stroke or death 

Forty-three (50%) procedural strokes occurred on the day of the procedure, 18 (21%) between day 

1 and 3, and 25 (29%) between day 4 and 30. Of the procedural strokes on the day of the 

procedure, 19 (44%) were intraoperative and 17 (40%) were postoperative. Forty-four (43%) 

procedural deaths and strokes occurred on the day of procedure, 23 (22%) between day 1 and 3, 

and 36 (35%) between day 4 and 30. Six (54.5%) of the 11 fatal myocardial infarctions occurred 
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between day 4 and 30. (Table 2 & Figure 2). The severity of procedural strokes by timing after 

CEA is provided in Figure 3. 

TTable 2. Procedural deaths and strokes by timing after CEA 

Total  Day of the procedure  Day 1--3  Day 4--30  

Intraoperative  Postoperative  Unclear 
ttiming 

Total day 0  

Death / stroke per RCT (%)  
VACS 12 - - 3 (25) 3 (25) 5 (42) 4 (33) 
ACAS 13 2 (15) 2 (15) 1 (8) 5 (38) 3 (23) 5 (38) 
ACST-1 42 12 (29) 10 (24) - 22 (52) 7 (17) 13 (31) 
GALA 36 6 (17) 5 (14) 3 (8) 14 (39) 8 (22) 14 (39) 
Procedural outcome in all RCTs combined (%) 
Stroke or death 
(%) 

103 20 (19) 17 (17) 7 (7) 44 (43) 23 (22) 36 (35) 

Stroke (%) 86 19 (22) 17 (20) 7 (8) 43 (50) 18 (21) 25 (29) 
Fatal MI (%) 11 1 (9) - - 1 (9) 4 (36) 6 (55) 
Any death (%) 35 4 (11) 4 (11) - 8 (23) 8 (23) 19 (54) 

MI, myocardial infarction. RCT, randomized clinical trial. 

Figure 2. Timing of procedural strokes and deaths between days 0 and 30 after CEA and on the 
day of procedure
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FFigure 3. Severity of procedural strokes by timing after CEA between days 0 and 30 after CEA and 
of the day of procedure 
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DDISCUSSION 

In this individual patient data analysis from four randomized clinical trials, half of procedural 

complications occurred after the day of operation and one third of the complications occurred 

between day 4 and 30. At least half of the procedural strokes were ischaemic and ipsilateral to the 

treated artery. Half the strokes occurred after the day of the procedure.  

Our findings are consistent with a previous study in symptomatic patients who reported that 

about half of the events also occurred on the day of the CEA.13 This study also found that patients 

who underwent carotid artery stenting were at greater risk of complications at the day of the 

procedure compared to CEA, but not for complications beyond the day of the operation. 

Previous studies showed that the pathogenesis of stroke may vary with the time interval from 

intervention.7,12,14-17 It was concluded that early strokes could be due to thrombosis or thrombotic 

occlusion of the carotid artery sometimes associated with hypotension, while later strokes could 

be due to hyperperfusion. Data from ACST-1 revealed the same results with most post procedural 

events being related to hyperperfusion.12 Understanding the patho-physiological mechanism of 

procedural stroke informs the surgeon about specific technical aspects (in, for example, cases of 

residual stenosis) and the application of additional protective measures, such as use of dual 

antiplatelet therapy to prevent increased thrombo-embolisation, or additional postoperative TCD 

monitoring to prevent hyperperfusion might results in lower procedural stroke risk.  

Procedural complication rates after CEA in asymptomatic patients have decreased since 

recruitment of the included RCTs .18 Reasons for this decrease may include improvements in 

medical treatment, better patient selection, and possibly the increased understanding of the 

mechanisms of procedural strokes and increased attention to postoperative blood pressure 

control. There is also a trend towards centralization of CEA in high volume centres with high 

volume surgeons.19  

Stroke risk factors include age, smoking, diabetes mellitus, ischaemic heart disease, heart and 

renal failure.20 Contralateral stenosis or occlusion and use of patch angioplasty have been 
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implicated.21,22 Hyperperfusion syndrome (HPS) can lead to intracerebral haemorrhage and intra-

arterial blood pressure monitoring for the first 3-6 hours postoperatively, followed by hourly non-

invasive blood pressure monitoring for the first 24 hours, may help prevent HPS and enable early 

intervention.23-25 Furthermore, transcranial doppler (TCD) monitoring during and after CEA 

identifies patients at high risk of developing cerebral hyperperfusion.25,26 Intra-operative 

monitoring might also include measuring stump pressure, near-infrared spectroscopy, 

assessment of backflow in the internal carotid artery following clamping. Residual thrombus and 

large intimal flaps might be identified before blood flow restoration by angioscopy or, after blood 

flow restoration, by angiography or DUS. Residual stenosis might also be discovered by 

angiography or DUS. Despite, the evidence for these monitoring options is low, and therefore the 

recent ESVS guidelines leave to the operator to decide whether to use of either of these intra-or 

post procedural measures.27  

Our study has some limitations. Procedural stroke and death were included but not non-fatal 

myocardial infarctions, retinal infarctions, hematomas, and cranial nerve injury. Recruitment of 

patients in the four RCTs stopped more than a decade ago. The inclusion of patients who 

underwent CEA for mild stenosis. Data on management of procedural strokes was not 

systematically collected. The high number of procedural strokes in which the stroke subtype was 

not reported. Stroke severity was not assessed with the same standardized outcome scale, but 

reporting of strokes in the included RCTs allowed to determine strokes severity, in terms of non-

disabling, disabling or fatal. We were not able to identify risk factors for early and late procedural 

complications due to the limited number of outcomes. Minor deficits may have been missed in 

the operation room, but noticed later when a neurologist examined the patient, leading to an 

underestimation of intraoperative strokes. 

In conclusion, at least half of the procedural strokes in this study were ischaemic and most were 

ipsilateral to the treated artery. Half of all procedural complications occurred on the day of 

surgery, but one third of complications occurred after day 3 when many patients have been 

discharged. Reported in-hospital stroke or death rates might underestimate true risks after CEA. 
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Intensive medical therapies, particularly antihypertensive and antithrombotic regimes, should be 

used for optimal procedural stroke prevention. In addition, patients should be informed about 

signs and symptoms of stroke and should receive clear instructions about seeking emergent 

medical help lest stroke occurs after discharge. 
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AABSTRACT 

Background and purpose: The net benefit of carotid endarterectomy (CEA) is determined partly by 

the risk of procedural stroke or death. Current guidelines recommend CEA if 30-day risks are <6% 

for symptomatic stenosis and <3% for asymptomatic stenosis. We aimed to identify prediction 

models for procedural stroke or death after CEA and to externally validate these models in a large 

registry of patients from the United States. 

Methods: We conducted a systematic search in MEDLINE and EMBASE for prediction models for 

procedural outcomes after CEA. We validated these models with data from patients who underwent 

CEA in the American College of Surgeons National Surgical Quality Improvement Program (ACS-

NSQIP, 2011-2017). We assessed discrimination and calibration. We determined the number of 

patients with predicted risks that exceeded recommended thresholds of procedural risks to perform 

CEA. 

Results After screening 788 reports, 15 studies describing 17 prediction models were included. Nine 

were developed in populations including both asymptomatic and symptomatic patients, two in 

symptomatic and five in asymptomatic populations. In the external validation cohort of 26,293 

patients who underwent CEA, 717 (2.6%) developed a stroke or died within 30-days. C-statistics 

varied between 0.52 and 0.64 using all patients, between 0.51 and 0.59 using symptomatic patients, 

and between 0.49 to 0.58 using asymptomatic patients. The Ontario Carotid Endarterectomy 

Registry (OCER) model that included symptomatic status, diabetes mellitus, heart failure and 

contralateral occlusion as predictors, showed best discrimination and good concordance between 

predicted and observed risks. This model identified 4.5% of symptomatic and 2.1% of 

asymptomatic patients with procedural risks that exceeded recommended thresholds. 

Conclusions: Of the 17 externally validated prediction models, the OCER risk model had most 

reliable predictions of procedural stroke or death after CEA and can inform patients about 

procedural hazards and help focus CEA toward patients who would benefit most from it. 
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IINTRODUCTION 

Carotid endarterectomy (CEA) aims to prevent long-term stroke and should be performed in 

patients who may derive greatest benefit in terms of stroke risk reduction. Symptomatic patients 

who have had a recent stroke or transient ischemic attack (TIA) related to an ipsilateral high-

grade stenosis are recommended to undergo CEA in addition to medical therapy.1-5 The absolute 

benefits of CEA have become smaller due to improvement of medical preventive therapy in 

patients without recent symptoms related to the carotid stenosis.6-9 The net benefit depends not 

only on the long-term reductions in stroke risk, but is also determined by the procedural hazards 

of CEA. 

Current guidelines recommend to consider CEA in patients who have a risk of procedural stroke 

or death of less than 6% in symptomatic patients and 3% in asymptomatic patients who also have 

a life expectancy of five years.1,10 Risk prediction models might help to inform patients about 

procedural hazards and possibly patient selection for CEA by providing individualized risk 

estimations by taking several patient and disease characteristics into account.11 Before 

implementation of risk prediction models in clinical practice, validation to assess discrimination 

and calibration should be performed in generalizable data with representative absolute 

procedural risks of patients who underwent CEA. We conducted a systematic review of published 

studies of prediction models for procedural stroke or death after CEA and then externally 

validated these models in a large contemporary registry of patients who underwent CEA in the 

United States. 

Chapter 11251

11



MMETHODS 

Systematic review 

We conducted a systematic review according to a protocol that we registered (PROSPERO 

CRD42019141835), and report the results of our systematic review consistent with the Preferred 

Reporting Items for Systematic Reviews and Meta-analysis (PRISMA).12 

Search strategy 

We performed electronic searches in MEDLINE (via PubMed interface) and EMBASE (via 

EMBASE interface) from December 2016 to January 1, 2020 to update a previous systematic 

review of risk prediction models for outcomes after carotid revascularization (Table S1).11  

Eligibility criteria 

We included studies that: (1) addressed development (with or without internal or external 

validation) of prognostic prediction models to select patients for CEA using procedural (in-

hospital or 30-days) risk of stroke or death as predicted outcome; (2) in patients with carotid 

artery stenosis; (3) regardless of symptomatic status; (4) using predictors that are available before 

the intervention and can be used for patient selection; (5) based on data from observational 

studies or randomized clinical trials; (6) without restrictions on baseline characteristics such as 

age, sex, or ethnicity and; (7) were published in peer-reviewed journals without any language 

restrictions. 

Screening process and data extraction 

Two authors (MHFP and KD) independently screened all titles and abstracts of the retrieved 

references and subsequently independently reviewed full-text copies for final inclusion in this 

study. We performed backward citation searching using the bibliographies of included studies.  

Two authors (MHFP and RARH) independently extracted the following data from the included 

prediction models based on the CHARMS checklist:13 source of data, study setting, geographic 

area (country and continent), study years, modelling method (eg, logistic model), proportion of 

participants with missing data, handling of missing data, appropriateness of modelling 

assumptions, methods for predictor selection, shrinkage of predictor weights, number of 

outcome events, number of participants, degree of stenosis, number and type of predictors 
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(diagnostic variables) used in the final model, number of outcome events per variable, 

presentation of model, model performance (discrimination and calibration ). In studies that 

reported internal validation of prediction models, we extracted the following additional data: 

method of internal validation (e.g., cross-validation, bootstrap); whether the model was adjusted 

or updated after internal validation. In studies reporting external validation of a prediction model, 

we extracted the following additional data: type of external validation (e.g., geographical and/or 

temporal distinct population); whether authors of the external validation also developed the 

original model; performance of the model before or after model recalibration. 

CCritical appraisal 

One  author (RARH) assessed the included prediction models for the risk of bias and applicability 

using the Prediction model Risk Of Bias ASsessment Tool (PROBAST) and the assessment was 

supervised by one author (JAAD).14 The assessment of risk of bias consisted of four domains 

(participants; predictors; outcome; and analysis) and the applicability consisted of three domains 

(participants; predictors; and outcome). Risk of bias and applicability was judged as low, high or 

unclear for each domain.15 Each model was evaluated separately if multiple models were 

developed in one study. 

External validation 

For external validation, we adhered to the Transparent Reporting of a multivariable prediction 

model for Individual Prognosis Or Diagnosis (TRIPOD) statement.16 

External validation cohort 

We used a prospectively maintained cohort of patients who were registered between January 2011 

and December 2017 in the Targeted Vascular module of the American College of Surgeons 

National Surgical Quality Improvement Program (ACS-NSQIP) registry for external validation of 

the prediction models identified in our systematic review.17 In 2017, 708 participating hospitals 

collected data of patients who underwent a carotid intervention, including 30-days procedural 

outcomes. Classification of procedures was based on Current Procedural Terminology.18 Trained 

surgical clinical reviewers in each hospital collected data from medical charts and operative case 

logs using strict variable definitions to maintain uniformity across hospitals. Patients were 
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contacted by letter or phone calls at 30-days after the carotid intervention to obtain data on 

procedural complications after discharge, if necessary. In addition, the ACS-NSQIP performed 

random reliability auditing to minimize information bias. Definition of variables in ACS-NSQIP 

and their validity have been investigated in previous reports.19 

The Targeted Vascular Module of the ACS-NSQIP recorded additional disease- and procedure-

related data and outcomes that were deemed crucial by vascular surgeons in a subset of 29 

participating hospital of all hospitals performing vascular interventions. 

PPredicted outcome 

We externally validated the prediction models for stroke or death within 30-days after CEA. 

Procedural strokes were defined as any new acute focal neurological deficit lasting more than 24 

hours or postoperative radiological signs of new infarction. 

Statistical analysis 

Characteristics of the external validation cohort were summarized using standard methods. 

Missing data were imputed using chained equation with the MICE package in R. The imputation 

model included the predicted outcome of procedural death or stroke and predictors of the 

included prediction models. The algorithm started with the lowest proportion of missing data. 

The imputation continued until convergence of each predictor with a maximum of 20 iterations 

for each imputed dataset. Fifteen imputed datasets were computed (Table 2). The number of 

imputed datasets was determined by taking the highest percentage of missing values and round 

that to the closest multiple of five.20,21 The imputation was evaluated graphically with convergence 

plots. 

The regression formula, including the intercept and beta-coefficients (predictor weights) that 

allows calculation of the predicted probabilities, was used to calculate the 30-day risk of stroke or 

death for each patient. We contacted authors to provide the regression formula if it was not 

provided in the original report. If the authors could not provide the regression formula, we 

calculated a sum score (total points) for each participant by summing the scores of the score chart 

assigned to each predictor in the original reports. We matched the predictors with the variables in 

the external validation cohort. Proxies were used if a direct match was not available. An overview 
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of the proxies is provided in Table S2. Predictors were excluded from the external validation if no 

proxy was available. The risk equations to calculate the predicted probabilities used in our 

external validation are provided in Table S3. 

We assessed the predictive performance in terms of discrimination and calibration of the 

included prediction models. Discrimination was assessed using c-statistics. C-statistics were 

calculated per imputed dataset and results were combined using Rubin’s rules.22,23 Calibration 

was assessed using calibration plots showing the predicted risks calculated with the prediction 

models against the observed risks in the external validation cohort. The predicted probabilities 

were split in deciles to enable comparison between calibration plots and the mean predicted and 

observed risk with corresponding 95% confidence intervals was calculated for each decile. We 

used a lower number of groups (with a minimum number of 500 patients for each group to 

obtain precise estimates) for models that did not allow splitting in deciles because the variation of 

probabilities was too limited. Calibration plots were created for each imputed dataset and we 

found that the calibration plots did not differ materially across the imputed datasets. The 

calibration plots using the fifteenth imputed dataset were therefore presented. We recalibrated 

the prediction models to the mean incidence of 30-days stroke or death in our external validation 

cohort to adapt the models to current clinical practice and because some models were developed 

with either stroke alone or death alone as predicted outcome or were restricted to outcomes that 

occurred in-hospital. For this, we re-estimated the intercept (referred to as ‘recalibration-in-the-

large’ or ‘updating the intercept’) by fitting a logistic model with a fixed slope and the intercept as 

the only free parameter.24  

Three assessments of discrimination and calibration were performed: 1) including all patients 

who underwent CEA regardless of symptomatic status; 2) in patients who underwent CEA for 

symptomatic carotid artery stenosis; and 3) for CEA in patients with asymptomatic carotid 

stenosis.  

We calculated the number of symptomatic patients with risk of procedural stroke or death 

exceeding 6% and 4% and the number of asymptomatic patients with risk of procedural stroke or 
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death exceeding 3% and 2%. We performed sensitivity analysis in complete cases. R version 3.5.1 

was used for statistical analyses and constructing figures. 
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RRESULTS 

After screening of 788 unique reports and assessing the full-texts of 59 for eligibility, we included 

15 studies reporting 17 prediction models (Figure 1 and Table S4).25-39 Two (12%) models were 

developed in populations of symptomatic patients,34,35 five (29%) models in populations of 

asymptomatic patients,36-38 and nine (53%) in populations of both symptomatic and asymptomatic 

patients (Table 1). Symptomatic status was included as predictor in these nine prediction 

models25-33 of which one used qualifying event as predictor.29 Other predictors used frequently in 

the 17 included models were age in eight (47%),26-30,33,37,39 sex in seven (41%),29,33,35,36,38 heart 

failure in eleven (65%),25-31,38,39 coronary heart disease in seven (41%),25,29,36-38 and degree of 

contralateral stenosis in seven (47%).26,28,30,31,34,36,38 An overview of the included predictors is 

provided in Figure 2. The number of predictors varied from three to eleven. The number of 

patients used for development varied from 218 to 39,411. Four (24%) models considered outcome 

events before discharge26-28,39 and thirteen (76%) outcome events during 30-days after CEA.25,29-38 

Nine models (59%) were internally validated (Table S5).29,30,35-39 
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TTable 1. Selected characteristics of included prediction models 

First author, 
year of 
publication 

Symptomatic/ 
aasymptomatic 

patients 

Predicted outcome(s)  N events /  
N patients 

(%) 

Timeframe 
of 

outcome 

Number 
of 

predictors  

1. Sridharan et
al, 201825

Both Stroke, death, MI 56 / 1496 
(3.7) 

30-days 7 

2. Eslami et al,
201626

Both Stroke, MI, death or 
discharge to rehabilitation 

facility  

389 / 8661 
(4.5) 

In-hospital 8 

3. Chaudhry et
al, 201627

Both Stroke, cardiac 
complications or death 

1494 / 49,411 
(3.0) 

In-hospital 7 

4. Wimmer et
al, 201428

Both Stroke or death 213 / 12,889 
(1.7) 

In-hospital 7 

5. Bekelis et al,
201329

Both Stroke, MI or death 994 / 35,698  
(2.8) 

30-days 11 

6. Goodney et
al, 200830

Both Stroke or death 60 / 3092 
(1.9) 

30-days 6 

7. Tu et al,
200331

Both Stroke or death 362 / 6038 
(5.9) 

30-days 5 

8. Kuhan et al,
200132

Both Major stroke or death 29 / 741 
(3.9) 

30-days 3 

9. Kucey et al,
199833

Both Stroke or death 81 / 1280 
(6.3) 

30-days 7 

10. Stavrinou et
al, 201634

Symptomatic TIA, PRIND, amaurosis 
fugax or MI

12 / 218 
(5.5) 

30-days 6 

11. Rothwell et
al, 199935

Symptomatic Major stroke or death 84 / 1203 
(6.9) 

30-days 3 

12. DeMartino et
al, 201736

Asymptomatic Stroke 287 / 31,939 
(0.9)

30-days 11 

13. Gupta et al,
201337

Asymptomatic Stroke, MI or death 324 / 17,692 
 (1.8) 

30-days 6 

14. Calvillo-King
et al, 2010a38

Asymptomatic Stroke or death 200 / 6553 
(3.1) 

30-days 8 

15. Calvillo-King
et al, 2010b38

Asymptomatic Stroke or death 200 / 6553 
(3.1) 

30-days 7 

16. Calvillo-King
et al, 2010c38

Asymptomatic Stroke 165 / 6553 
(2.5) 

30-days 7 

17. Matsen et al,
200539

NR Death 125 / 23,237 
(0.5) 

In-hospital 6 

MI, myocardial infarction; N, number; PRIND, prolonged reversible ischemic neurologic deficit; TIA, 
transient ischemic attack. 
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FFigure 2. Overview of included predictors 

Bar chart showing the frequency of the predictors used in the included risk prediction models.  
1 Symptomatic status was included as predictor in all models that were developed in populations of asymptomatic and symptomatic 
patients. 

Risk of bias 

The overall risk of bias was deemed low in four models,26,28,36,37 unclear in one model,29 and high 

in twelve models.25,27,30-35,38,39 Concerns with applicability of the models to our population of 

interest was deemed low in six models,27,28,30,31,35,36 and high in 11 models.25,26,29,32-34,37-39 Reasons 

for high concerns included using a different predicted outcome for development compared with 

our external validation or using single center data for development, An overview of the risk of 

bias and applicability of each model is provided in Table S6. 

External validations 

The validation cohort consisted of 26,293 patients who underwent CEA, of whom 702 (2.7%) 

developed a stroke or died within 30-days. Some 14,772 (57%) patients underwent CEA for 

asymptomatic carotid stenosis and 11,035 (43%) for symptomatic carotid stenosis, in whom 5096 

(20%) the qualifying event was stroke, 4083 (16%) hemispheric TIA, and 1856 (7%) amaurosis 

fugax. Characteristics of the external validation cohort in the models are provided in Table 2. 
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TTable 2. SSelected characteristics of external validation cohort 

All patients  
(n = 26,293) 

Patients with 
procedural 

stroke or death 
(n = 702) 

Patients 
without 

procedural 
stroke or death 

((n = 25,591) 

Percentage of 
pparticipants 

with missing 
data 

Patient characteristics 
Age (years) 71 ± 9.2 72 ± 9.5 71 ± 9.2 0 
Male sex 16,136 (61%) 434 (62%) 15702 (61%) 0 
Diabetes Mellitus 8082 (31%) 261 (37%) 7821 (31%) 0 
Current smoker 7011 (27%) 210 (30%) 6801 (27%) 0 
COPD 2650 (10%) 99 (14%) 2551 (10%) 0 
Heart failure 380 (2%) 34 (5%) 346 (1%) 0 
Nonwhite race 1720 (7%) 56 (9%) 1664 (7%) 9.0 
Preoperative hematocrit (%) 39 ± 4.9 39 ± 5.7 40 ± 4.9 3.8 
Preoperative creatinine (mg/dL) 1.1 ± 0.72 1.2 ± 0.90 1.1 ± 0.71 3.5 
Preprocedural antiplatelet 
medication 

23,426 (89%) 617 (89%) 22,809 (89%) 0.4 

Antihypertensive drugs use 21,924 (83%) 606 (86%) 21,318 (83%) 0 
ASA Classification 0.1 

ASA I-III 20,997 (80%) 461 (65%) 20,536 (80%) - 
ASA IV-V 5262 (20%) 240 (35%) 5022 (20%) - 

Functional status 0.1 
Independent 25,541 (97%) 662 (94%) 24,878 (97%) - 
Partially dependent  672 (3%) 34 (5%) 638 (2%) - 
Totally dependent 44 (0%) 5 (1%) 39 (1%) - 

Disease characteristics 
Symptomatic status 1.8 

Stroke 5096 (20%) 249 (36%) 4847 (19%) - 
Hemispheric TIA 4083 (16%) 142 (21%) 3941 (16%) - 
Amaurosis fugax 1856 (7%) 32 (5%) 1824 (7%) - 
Asymptomatic 14,772 (57%) 267 (38%) 14,505 (58%) - 

Ipsilateral ICA stenosis1 2.1 
<50% 316 (1%) 8 (1%) 308 (1%) - 
50-79% 7875 (31%) 218 (32%) 7657 (31%) - 
80-99% 17,245 (67%) 449 (65%) 16,796 (67%) - 
100% 296 (1%) 11 (2%) 285 (1%) - 

Contralateral ICA stenosis1 11.8 
<50% 13,281 (58%) 290 (46%) 12,991 (58%) - 
50-79% 7169 (31%) 218 (36%) 6951 (31%) - 
80-99% 1725 (7%) 65 (11%) 1660 (7%) - 
100% 1004 (4%) 40 (7%) 964 (4%) - 

Elective surgery 22,194 (82%) 458 (64%) 21,035 (82%) 0.1 
Continuous variables are presented as mean ± SD, categorical variables are presented as N (%). 
1 Measured with doppler ultrasound or CT angiography.  
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AAll patients 

The c-statistics of nine prediction models varied between 0.60 and 0.6426-28,30,31,33,34,38 and of eight 

between 0.52 and 0.5925,29,32,35-39 in the validation population (Figure 3). 

Figure 3. Discriminative performance of risk prediction models
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The Ontario Carotid Endarterectomy Registry (OCER) model had the highest discrimination 

value of 0.64 (95% CI 0.62-0.66).31 The OCER model was developed in a population that 

consisted of symptomatic and asymptomatic patients and was validated using symptomatic status 

(stroke or hemispheric TIA vs. amaurosis fugax or retinal infarct vs. asymptomatic), diabetes 

mellitus, heart failure and contralateral occlusion as predictors. The calibration plot showed good 

concordance across all risk groups. Most patients (42.9%) were in the lowest risk group with a 

predicted and observed risk of 1.9% and 1.4%, respectively. The highest risk group of 638 (2.3%) 

patients showed a predicted and observed risk of 6.0% and 6.7%, respectively (Figure 4). 

Calibration plots of other validated models are provided in Figure S1. 

FFigure 4. Calibration plots 

Symptomatic patients 

External validation in 11,035 patients who underwent CEA for symptomatic carotid stenosis 

showed c-statistics that varied between 0.51 and 0.59 (Figure 3).25-39 Two models were developed 

in populations of symptomatic patients and had c-statistics of 0.59 (95% CI 0.56-0.61; Münster 

model) and 0.54 (95% CI 0.51-0.56; European Carotid Surgery Trial [ECST] model), but 

calibration was inaccurate.34,35 

The Vascular Study Group of New England (VSGNE) model showed the highest discrimination 

values of 0.59 (95% CI 0.56-0.62)26 (Figure 3). The calibration plot VSGNE model showed good 

concordance between predicted and observed risks in lower risk groups, but overestimated risks 

in the high risk group.26 
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The OCER model showed c-statistic of 0.58 (95% CI 0.56-0.61) and the calibration plot of the 

OCER model showed good concordance across all risk groups.31 Most patients (71.7%) were in the 

lowest risk group with a predicted and observed risk of 3.4% and 3.3%, respectively. 

In total, 508 (4.5%) patients had a predicted risk above 6% and 3167 (28.2%) above 4% (Figure 

4). Of these 3167 patients, 1211 (38.2%) had ipsilateral stenosis of 50-79% and 1831 (57.8%) had 

ipsilateral stenosis of 80-99%. Calibration plots are provided in Figure S1-S2. 

AAsymptomatic patients 

External validation in 14,772 patients who underwent CEA for asymptomatic carotid stenosis 

showed c-statistics that varied between 0.49 and 0.58.25-39 Models that were developed in 

populations of asymptomatic patients had c-statistics between 0.49 and 0.56.36-38 The OCER 

model had the highest discrimination value of 0.58 (95% CI 0.56-0.59)31 (Figure 3). The 

calibration plot showed good concordance across all risk groups. Most patients (64.0%) were in 

the lowest risk group with a predicted and observed risk of 1.6% and 1.4%, respectively. The 

highest risk group of 859 (6.2%) patients had a predicted and observed risk of 3.0% and 3.7%, 

respectively.  

In total, 306 (2.1%) patients had a predicted risk of above 3% and 5423 (36.0%) above 2% (Figure 

4).  

Sensitivity analysis 

Complete case analysis showed similar results (Table S7). 
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DDISCUSSION 

Our study compared the predictive performance of 17 risk models of procedural stroke or death 

after CEA in a representative contemporary setting. We found that the Ontario Carotid 

Endarterectomy Registry (OCER) model that included symptomatic status, diabetes mellitus, 

heart failure and contralateral occlusion as predictors showed fair discrimination and good 

concordance between predicted and observed risks of procedural stroke or death after CEA. This 

model could therefore reliably inform patients and clinicians about expected procedural risks of 

CEA in symptomatic and asymptomatic patients. The model identified 508 (4.6%) symptomatic 

and 306 (2.1%) asymptomatic patients with procedural risks exceeding recommended thresholds 

of 6% and 3% for symptomatic or asymptomatic carotid stenosis, respectively. 

We identified a risk prediction model which showed in whom CEA can be performed with 

acceptable risk. Current procedural risk thresholds to consider CEA are 6% in symptomatic and 

3% in asymptomatic patients, but might be reduced in the future since the risk of stroke in 

medically treated patients has decreased.40 If the thresholds of procedural stroke or death are to 

be reduced to 4% in symptomatic and 2% in asymptomatic patients, the proportion of patients 

with predicted risks based on the OCER model exceeding these thresholds will increase to 28% of 

symptomatic and 36% of asymptomatic patients.  

A previous external validation of the Carotid Stenosis Trialists' Collaboration that compared 19 

prediction models with short-term outcome after CEA found poor discriminative performance.41 

Their external validation cohort consisted of 4754 patients from the EVA-3S, SPACE, ICSS, and 

CREST trials resulting in a more homogenous population as a result of patient selection. This 

might explain the poorer discriminative performance compared with our study. 

Risks of procedural stroke or death also depend on the qualifying symptom and timing of 

CEA.42,43 Patients with ischemic strokes have higher risks compared with ocular symptoms, and 

possibly hemispheric TIAs. Type of symptom was only included as predictor in one of the 

validated models (NSQIP).29 Procedural risks are higher when CEA is performed within 48 hours 
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after ischemic stroke.44 The risk of stroke recurrence is also high initially and decreases over 

time, reducing the benefit of CEA. The optimal timing of CEA should therefore balance the risk 

of recurrent events and procedural risks. 

The beneficial effect is clear in symptomatic patients with 70-99% stenosis without near-

occlusion and somewhat less clear in patients with 50-69% stenosis.45 These benefits have 

become less clear over time since medical therapy for stroke prevention has improved and the 

absolute gains that individual patients might receive from CEA is smaller. The Carotid Stenosis 

Risk (CAR) score has been developed to predict the risk of ipsilateral stroke in patients with 

recently symptomatic carotid stenosis on medical therapy.46 The currently ongoing ECST-2 re-

evaluates the net benefit in symptomatic patients with moderate risk of stroke recurrence, ie. 

<20% 5-year risk (ISRCTN97744893) calculated with the CAR score. Some predictors of the CAR 

score overlap with predictors of models for procedural stroke or death, indicating that these 

predictors identify patient at high risk of stroke rather than selecting patients for the appropriate 

management strategy. 

The absolute risk of a first ipsilateral stroke in patients with asymptomatic carotid stenosis in 

patients using medical preventive therapy is presumably low but estimates are imprecise due to 

small sample sizes.40,47,48 In addition, not all patients are using adequate medical preventive 

therapy.49 Stratification tools aiming to identify patients with a higher risk of ipsilateral stroke 

have been developed but not validated in contemporary cohorts.50,51 The use of imaging to identify 

characteristics of plaques vulnerability might improve prediction, but have not been included in 

established risk prediction models.52 Validated models of long-term stroke risk in patients with 

medically treated carotid stenosis showing good predictive performance could be used in 

conjunction with models of treatment effects to determine who might benefit from carotid 

interventions.53 
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SStrengths and Limitations 

The present study has several strengths. We conducted a comprehensive literature search to 

identify existing prediction models according to a prespecified protocol. A large registry 

representative of contemporary clinical practice was used for validation. Missing data were 

limited for most variables and our findings were unaffected by missing data. We also included 

30-day outcome events that occurred after discharge to estimate procedural hazards reliably.54,55 

We performed additional analyses by symptomatic status to determine absolute risks of 

procedural stroke or death in those patients.  

The present study also has several limitations. First, though data were collected prospectively, 

these were not collected primarily for the present analyses. We used proxies when a direct match 

between the predictors in the models and variables in the external validation cohort was not 

available, but proxies were not available for some predictors. This might have influenced 

predictive performance of the validated prediction models. We have therefore provided the linear 

predictor functions that we used for validation (Table S3). Second, some predictors were not 

available in the external validation cohort or could not be used due too many missing values 

(Table S2). Third, some risk prediction models did not allow splitting predicted risks in deciles 

hampering a direct comparison of calibration plots. However, visual assessment of the calibration 

plots clearly showed the concordance between predicted and observed risks. Fourth, data on 

hospital and operator volume, possibly two of the most important determinants of procedural 

hazards,56,57 were not available in the external validation cohort and could therefore not be 

validated in one model that included annual surgeon volume.33 Fifth, it is unclear whether our 

findings are generalizable to patients with restenosis, tandem stenosis, or who received previous 

cervical radiation therapy.58,59 Sixth, the number of patients who were deemed ineligible for 

carotid intervention was not collected. Seventh, we were not able to validate some risk prediction 

models that were developed (partly) in the same dataset.60-62 
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IImplications for practice and future research 

Risk prediction models help inform patients about procedural hazards and might also contribute 

to the calculation of the net benefit of CEA in contemporary practice. The OCER model might be 

further refined by adding additional predictors, such as age, medical history, type of symptom, 

timing of CEA, and imaging characteristics, as well as by addressing identified shortcomings (in 

the statistical methods). 

Future research will also determine which patients have the greatest reduction in absolute risk by 

undergoing CEA in contemporary practice weighting short-term procedural hazards against long-

term stroke rates in unoperated patients and proportional reduction in non-perioperative stroke 

following successful CEA. Validation of established risk prediction models and assessment of 

predictive value of additional imaging characteristics to determine stroke risk in medically 

managed asymptomatic and (low-risk) symptomatic carotid stenosis is urgently needed.63 This 

together with the second Carotid Revascularization versus Stenting Trial (CREST-2; 

NCT02089217), the ECST-2 (ISRCTN97744893), and the Asymptomatic Severe Atherosclerotic 

Carotid Artery Stenosis at Higher than average Risk of Ipsilateral Stroke (ACTRIS; 

NCT02841098) will provide reliable evidence to guide clinical decision making. 

Conclusion 

This external validation study assessed the predictive performance of 17 models for procedural 

stroke or death after CEA. We found that the Ontario Carotid Endarterectomy Registry (OCER) 

model that included symptomatic status (symptomatic vs. asymptomatic), diabetes mellitus, 

heart failure and contralateral occlusion as predictors showed fair discrimination and good 

concordance between predicted and observed risks in the calibration plot. This model can be 

applied to symptomatic and asymptomatic patients and can reliably inform patients and 

clinicians about expected risks of procedural stroke or death of CEA. It might also help focus CEA 

toward patients who benefit most from it.
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GGENERAL DISCUSSION 

In this dissertation, we showed ways to improve prevention of ischaemic strokes by early 

detection and optimising modifiable risk factors. In the first part, we focused on the detection of 

asymptomatic carotid stenosis, i.e. the estimated diameter reduction of 50% or more, in a 

screened population and populations of patients with lower-extremity arterial disease. We 

validated six risk prediction models and developed two novel risk prediction models to detect 

high-risk cases, thereby enabling targeted screening. We found that the number needed to screen 

(NNS) to detect a case with asymptomatic carotid stenosis was reduced greatly compared with 

population-level screening. 

In the second part, we investigated the association between adiposity measures and atrial 

fibrillation (AF) in men and women. We found that both body mass index (BMI) and waist 

circumference (WC) were associated with AF in men and women. BMI seemed a more 

informative measure about risk of AF in women and WC seemed more informative in men. In 

addition, we validated 14 risk prediction models for AF using data from 2.5 million participants 

who underwent an ECG. We found two models that could reliably detect AF in screened 

participants and were able to identify a group of participants at high risk of AF. These models 

outperformed the currently used age criterion for screening of 65 years and older and models for 

treatment of AF, such as CHA2DS2-VASc.  

In the third part, we determined the yield and accuracy of screening for AF and carotid stenosis 

following cardiovascular risk stratification. For this, we stratified participants based on their 

predicted 10-year risk of CVD using the ASCVD risk prediction model. We found that detection 

rates of AF and carotid stenosis were higher in people who were a higher predicted CVD risk and 

the NNS was more than halved. This identified 39.0% of cases with AF and 41.4% of cases with 

carotid stenosis by screening only 18% of all participants. In addition, we found that additional 

measurement of height and weight could further refine AF screening. Finally, the estimated risks 

of AF-related complications, such as ischaemic stroke and systemic thrombo-embolism were 

higher in participants at high risk of CVD. These cases might therefore benefit most from 

preventive therapy in terms of absolute CVD risk reduction. 

In the fourth part, we focused on the treatment of carotid stenosis by carotid revascularisation. 

Since carotid revascularisation is a preventive intervention that comes with procedural hazards, 

the net clinical benefit is crucial. We found that high operator volume and high hospital volume 

are strongly associated with a decreased risk of procedural stroke or death. For operator speciality, 

we could not find much reliable evidence for associations. In addition, we investigated the timing 

of these complications to further reduce the risk of procedural stroke or death. We found that at 

least of the complications occurred on the day of the operation, but one-third after day 3 when 

most patient have been discharged. Finally, we investigated the predictive performance of 17 risk 
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prediction models that were developed to predict procedural hazards of carotid endarterectomy 

(CEA) and we validated such models in a dataset of 26,293 patients who underwent CEA in the 

United States. This contemporary dataset showed representative absolute procedural risks of 

stroke or death after CEA. We found one risk prediction models that showed reliable predictions 

and could therefore be used to inform patients about procedural hazard and might also help 

focus CEA toward patients who would benefit most from it. 

TTargeted screening for asymptomatic carotid stenosis 

For a successful targeted screening programme, it needs to fulfil several conditions. First, the 

condition that is being prevented implies an important health burden. Stroke is the second 

leading cause of death worldwide and one of the main causes of disability among adults.1 Fifteen 

to twenty percent of ischaemic strokes are related to carotid stenosis.2 Stroke is therefore an 

important condition to prevent and carotid stenosis might be a target for prevention. 

Second, the targeted screening programme needs to reduce the risk of cardiovascular disease, 

including ischaemic stroke, myocardial infarction and premature vascular death. There is no 

direct evidence yet that targeted screening reduces these risks. Data from primary prevention 

trials clearly showed, however, benefit from antihypertensive and lipid-lowering therapy on 

cardiovascular disease (CVD) incidence (as outlined in Chapter 1).3-5  

Third, the screening test should be valid and reliable. A systematic review and meta-analysis 

showed a sensitivity of 98% and specificity of 88% when duplex ultrasound was used as 

diagnostic tool. Reliability was however limited and clinically important variation in 

measurement properties was found among laboratories.6 

Fourth, the NNS to detect a case with asymptomatic carotid stenosis should be low. We showed 

that the NNS can be greatly reduced by identification of a high-risk group. In our population, the 

NNS of population-level screening was 53 and could be reduced to 13 by screening only cases in 

the decile at highest predicted risk. This identified around 40% of cases with asymptomatic 

carotid stenosis of 50% or more. This will also improve the ratio of true-positive to false-positive 

results that are expected to be brought about with population-level screening. 

Fifth, harms of screening and treatment in positive cases should also be considered. Duplex 

ultrasound is a widely available and non-invasive test and comes without significant harms 

(except anxiety about the result). Confirmatory test in positive cases might be needed and have 

potential intrinsic harms, such as small amount of radiation exposure in case of CT angiography 

or might be difficult in patients with for example severe kidney disease. Harms of treatment 

include side-effects of medical preventive therapy. When carotid revascularisation is considered 

as treatment, harms include procedural hazards such as stroke, death, myocardial infarction, 

nerve injury, haematoma, and other systemic complications. However, because of the 
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considerable disagreement around the net benefit of carotid revascularisation in patients with 

asymptomatic carotid stenosis in contemporary practice with effective medical therapy, the 

current ESVS guidelines concludes that selective screening for asymptomatic carotid stenoses 

should not be used to identify candidates for invasive carotid interventions.7 

Finally, screening should also be cost-effective. This depends on the cost of screening and 

subsequent treatment in positive cases, but presumably most important is the reduction in stroke 

risk with initiated or improved preventive therapy. In a recent Markov model analysis comparing 

one-time screening of men aged 65 years with duplex ultrasound and initiation of medical 

preventive therapy in positive cases concluded that this approach may be cost-effective with €5744 

per incremental quality adjusted life year (QALY) gained.8 Our studies showed that risk 

prediction models can help to focus screening toward those at high risk of carotid stenosis, 

thereby reducing costs. 

Although the risk reduction by medical therapy might be substantial, there is large variation in 

risk reduction that can be achieved in patients with asymptomatic carotid stenosis based on 

available evidence. This hampers a more precise evaluation of targeted screening. 

CContemporary stroke risk in patients with medically managed asymptomatic carotid 

stenosis 

Current available evidence 

The lack of contemporary data on absolute stroke risks of patients with medically managed 

asymptomatic carotid stenosis is widely acknowledged.7 Risks are presumably low and have 

declined over time,9 but reported estimates are imprecise due to small sample size and vary 

between studies due to different selection criteria and regimes of preventive therapy. There is 

surprising little evidence on subgroups of medically managed patients at high risk of stroke to 

guide medical decision-making. 

The largest study addressing this issue is the Asymptomatic Carotid Stenosis and Risk of Stroke 

Study (ACSRS).10 This natural history study recruited 1121 patients with 50-99% stenosis 

(measured with the ECST method - that might overestimate the degree of stenosis compared with 

the NASCET method that is now the standard worldwide) between 1998 and 2002. ACSRS 

included patients in whom surgery was either inadvisable or was not being considered as the 

physicians did not routinely operate on asymptomatic patients. 

During the mean follow-up of 4 years, 59 patients had an ischaemic stroke resulting in an annual 

stroke risk of 1.3%.11 Three risk models were developed to stratify patients according to the risk of 

stroke. One model included the clinical predictors degree of stenosis, pack-years (<10 vs. ≥10 

years), history of contralateral TIA or stroke and used ipsilateral cerebral or retinal ischemic 

events as predicted outcome. Two models included degree of stenosis and duplex-based imaging 
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predictors, such as grayscale median, plaque area, and discrete white areas for the predicted 

outcomes ipsilateral cerebral or retinal ischemic events and ipsilateral hemisphere stroke.11 

Regimes of medical therapy were not prespecified and only 25% of patients used lipid-lowering 

therapy and 84% antiplatelet therapy at baseline. These percentages increased to 85% and 95% 

toward the end of the study for lipid-lowering and antiplatelet therapy, respectively. 

Discrimination of these models varied between an AUROC of 0.66 (95% CI 0.62-0.72) for the 

model with clinical predictors and 0.82 (95% CI 0.78-0.86) for the model that included duplex-

based imaging predictors. Calibration showed that most patients (58%) were in the low-risk 

group (defined as a 5-year predicted ipsilateral stroke risk of <5%) with an observed risk of 1% 

(95% CI 0.2%-2%). In the high-risk group (defined as a 5-year predicted ipsilateral stroke risk of 

≥20%) of 86 (7.7%) patients, an observed risk of 29% (95% CI 14%-33%) was found. 

Interestingly, 84 (98%) of these 86 patients had ≥70% asymptomatic carotid stenosis. 

Attempts to pool the results of the ACSRS with other study-level results have been published.9,12,13 

The overall pooled annual risk of ipsilateral stroke was 1.68% (95% CI 1.45%-2.11%) in 26 studies 

in patients with asymptomatic carotid stenosis of 50% or more.12 A similar ipsilateral stroke rate 

of 1.6% (95% CI 1.3%-1.9%) was found in 10 studies reporting risks in patients with 

asymptomatic carotid stenosis of 70% or more.13 It was also found that the risk of stroke declined 

over time, presumably as a result of improved medical preventive therapy.9,12 

The current literature has important shortcomings. The most important shortcoming is that 

outcomes are only provided on study-level and not stratified by usage of medical therapy and 

regimes for medical therapy are not prespecified, for example target level of blood cholesterol. 

This hampers the disclosure of the full potential of current medical therapy. Different grading 

systems have been used to determine the degree of stenosis.14 Some patients underwent carotid 

interventions during follow-up and are not always censored properly. Selection of patients and 

outcome ascertainment bias should also be considered. 

IImaging characteristics of plaque vulnerability 

The ACSRS study used duplex-based imaging predictors in addition to patient and disease 

characteristics and showed improved prediction of ipsilateral cerebrovascular or retinal ischaemia 

by using plaque echodensity (by measuring grayscale median), plaque heterogeneity (by 

measuring discrete white areas) and plaque area. 

Plaque echolucency has histopathological correlates of lipid-rich necrotic core and intraplaque 

haemorrhage.15,16 The risk of ipsilateral stroke was increased in patients with asymptomatic 

carotid stenosis of 50% or more with predominantly echolucent plaques compared with 

predominantly echogenic plaques in a meta-analysis of five studies, with a relative risk (RR) of 

2.61 (95% CI 1.47-4.63).17 
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Other findings from the ACSRS study include the identification of stenosis progression as risk 

factor for ischaemic stroke, with an RR of 1.92 (95% CI 1.14-3.25),18 juxtaluminal black 

(hypoechoic) area on computerised plaque analysis, with a hazard ratio (HR) of 2.34 (95% CI 

1.89-2.91),19 silent brain infarction on CT, with a HR of 3.0 (95% CI 1.46-6.29).20 

Another study that has contributed to this field is the Asymptomatic Carotid Emboli Study 

(ACES). This was a prospective multinational observational study that included 482 patients with 

asymptomatic carotid stenosis of 70% or higher. Included patients underwent transcranial 

Doppler ultrasound. Transcranial Doppler ultrasound can be used to measure asymptomatic 

embolisation. These are circulating emboli that are captured during recording of the ipsilateral 

middle cerebral artery. The presence of embolic signals was associated with a higher risk of 

ipsilateral stroke, with an odds ratio (OR) of 5.35 (95% CI 1.51-18.94).21 When pooled with data 

from five other studies, the pooled OR was 6.63 (95% CI 2.85-15.44).22-26 

Transcranial Doppler ultrasound was used in the ACES study to measure cerebral reactivity.27 

This reactivity is a response of the blood flow in the middle cerebral artery to vasodilatory stimuli, 

such as increased inspired carbon dioxide or an intravenous injection of the carbonic anhydrase 

inhibitor acetazolamide. Impaired cerebrovascular reactivity was associated with an increased risk 

of ipsilateral stroke when combined in a meta-analysis of four studies, with an OR of 6.14 (95% 

CI 1.27-29.75).27-30 The findings should be interpreted with caution, because the wide confidence 

intervals due to the low number of patients and events indicate considerable uncertainty about 

the effect size.  

Predictors of high stroke risk using MRI were identified, such as intraplaque haemorrhage (HR 

4.59 [95% CI 2.91-7.24]; 7 studies), lipid-rich necrotic core (HR 3.00 [95% CI 1.51-5.95]; 4 

studies), and thinning/rupture of the fibrous cap (HR 5.93 [95% CI 2.65-13.20]; 4 studies).31 

Apart from the duplex-based imaging predictors included in the ACSRS risk model, imaging 

characteristics have not been included in risk prediction models to identify patients at high risk of 

stroke. The current ESVS guidelines concluded that CEA should be considered in patients with 

≥60% asymptomatic carotid stenosis in the presence of one or more imaging characteristics that 

may be associated with a higher risk of ipsilateral stroke.7 It has been suggested that these criteria 

are expected to lack enough discriminative ability to identify patients at higher risk of ipsilateral 

stroke to justify CEA.32 This is also recognised in the ESVS guidelines and a validated risk 

prediction model to identify patients at high risk of ipsilateral stroke is needed, because at this 

moment it is unclear how these imaging characteristics translate into long-term absolute risks of 

ipsilateral stroke in patients using effective medical therapy and it is also unclear how much 

predictive value is added by including imaging in risk prediction models compared with models 

that use patient and disease predictors. 
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UUnited Kingdom Carotid Cohort Study 

We designed a large prospective observation study to fill this evidence gap. For this, we designed 

the United Kingdom Carotid Cohort Study (UKCCS) with the aim to assess contemporary stroke 

risks among patients with carotid stenosis who are managed medically. This is a pilot study of 

1000 eligible participants from Oxfordshire and Gloucestershire NHS vascular laboratories who 

underwent a duplex ultrasound of the carotid arteries. 

The main outcome is the long-term risk of stroke over 5 and 10 years, among people with and 

without significant carotid artery stenosis (defined a maximum diameter reduction of the carotid 

artery of 50% or more). 

The inclusion criteria for this study were: 

1) Male or female participants aged 18 years or above;

2) Carotid duplex or non-invasive carotid imaging at an NHS hospital with either

a) visible unilateral or bilateral carotid artery stenosis of the common carotid

artery or internal carotid artery (≥50%; “cases”) or

b) No clinically significant carotid artery stenosis (<50%; “controls”)

3) Willing and able to give written informed consent for participation in the study.

Exclusion criteria for this study were: 

1) Lacks capacity

2) Does not have an NHS number (eg. From Guernsey, Jersey or the Isle of Man). This

is required for follow-up data-linkage and ascertainment of outcome events.

3) Recent carotid revascularisation (ie, 6 week post-operative duplex scan)

The duplex ultrasound of the carotid arteries is performed as part of routine clinical care. 

Vascular scientists use locally available duplex equipment and quantify the degree of carotid 

stenosis using the North American Symptomatic Carotid Endarterectomy Trial (NASCET) 

method. We recorded the peak systolic velocity (PSV) and end diastolic velocity (EDV) of the 

internal and common carotid arteries. We used the standard conversion table published by the 

joint working group from the Vascular Society of Great Britain and Ireland and the Society for 

Vascular Technology of Great Britain to estimate the degree of stenosis.14 If both sides showed 

asymptomatic carotid stenosis, patients were classified according to the greatest percent non-

occlusive diameter reduction.  

Baseline characteristics including past medical history, current medications and vascular risk 

factors were collected with a medical questionnaire. Tracking of outcome events during follow-up 

is planned through electronic data-linkage with central registries (NHS Digital for hospital 
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episode statistics and Office of National Statistics for mortality data). This approach has shown to 

have good validity for major outcome events, such as strokes.33  

We recruited 882 patients between August 2018 and January 2020, but recruitment was 

suspended early 2020 due to COVID-19. The manuscript was intended to be part of this 

dissertation but could not be included due to these unprecedented circumstances. 

We performed interim analysis of the first 800 patients in September 2019. These preliminary 

results are shown in Figure 1. Results of the follow-up are expected in 2025 and 2030. This pilot 

study will inform the design of a large-scale study that is planned after UKCCS pilot study. This 

will provide reliable and precise estimates of long-term stroke risk in patients with medically 

managed asymptomatic carotid stenosis and might help disclose the optimal prevention strategy 

for relevant subgroups of such patients. 

FFigure 1. 

Plasma biomarkers 

Markers of excessive endothelial and coagulation system activation might also improve risk 

prediction, but these have not been used as predictors in published risk modelling studies. 
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OOptimizing strategies to prevent carotid-related ischaemic stroke 

Targeted screening in Sweden 

The most recent study on screening for carotid stenosis was performed in Uppsala between 

2007-2009, of which the cost-effectiveness have been discussed above.34,35 In total, 4,657 men 

aged 65 years who attended screening for abdominal aortic aneurysm were invited for duplex 

ultrasound of the carotid arteries to detect carotid stenosis (measured with the ECST method – as 

stated above, this method might overestimate the degree of stenosis compared with the NASCET 

method).34  

Carotid stenoses of 50-99% were detect in 94 (2.0%) men and carotid occlusion in 15 (0.3%) 

men. Antiplatelet and lipid-lowering therapy were used in only 42% and 41% of patients with 

stenoses, respectively. Participants were invited after five years for a re-screening.35 In total, 3,057 

were re-screened at age 70, and 61 (2.0%) new 50-99% stenoses were detected in patients <50% 

stenosis at first screening.35 Progression of stenosis was seen in four (13%) patients with known 

stenosis of 50-79%, of whom two developed symptoms and an additional five (42%) of twelve 

patients with known stenosis of 80-99% developed symptoms. These symptoms included TIA, 

amaurosis fugax and ischaemic stroke. 

These findings provoked concerns, since rates were expected to be much lower in these patients 

with asymptomatic carotid stenosis of 50-99% detected at age 65 years and despite prescription 

of statins and antiplatelet therapy.34,36,37 However, compliance of medical therapy after 5 years in 

patients with 50-99% carotid stenosis at 65 years was rather low and might have contributed to 

these findings.35,38 Nevertheless, despite these shortcomings in compliance, the rate of major 

strokes was very low since “most were transient in nature”.38 Unfortunately, actual annual 

(ipsilateral) stroke rates were not provided. It nevertheless stresses the importance of careful 

implementation of targeted screening for asymptomatic carotid stenosis with close follow-up in 

detected cases to maintain compliance.  

Offering screening for asymptomatic carotid stenosis together with AAA ultrasound screening 

facilitates and decreases costs of implementation. In this dissertation, we suggested targeted 

screening can also be offered following cardiovascular risk stratification (Chapter 7). This has 

several advantages: Cardiovascular risk stratification is commonly used in clinical practice. 

Several predictors that are also associated with increased risk of carotid stenosis are included in 

the risk stratification. Using this stratification of people might be more accurate in identifying 

people who should be tested for asymptomatic carotid stenosis. It might also be more cost-

effective because of the higher prevalence (and lower NNS) in high risk groups. Compliance 

might be improved because screening is part of cardiovascular risk management that aims to 

optimise multiple modifiable risk factors and implies close follow-up. 
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AAntithrombotic therapy and the COMPASS trial 

A new landmark trial is the COMPASS trial that included 27,395 patients with stable 

atherosclerotic vascular disease of whom 1919 patients were recruited because of previous stable 

carotid disease (defined as carotid revascularisation or carotid stenosis of at least 50%).39,40 The 

overall trial result showed that low-dose rivaroxaban twice a day plus aspirin once a day reduced 

major adverse cardiovascular events compared with aspirin alone. The effects were clear in 

subgroups of patients with stable peripheral arterial disease and stable coronary artery disease, 

but the effect was not seen in patients with stable carotid disease.40,41 However, this RCT was not 

designed to detect treatment effects in this specific subgroup of patients with carotid stenosis and 

subgroups should always be interpreted with caution.42 In addition, while the confidence 

intervals were wider due the relative low number of patients with carotid disease included, the 

point estimates were comparable between subgroups.40 

It raised the possibility of long-term prevention by dual pathway inhibition in patients with 

asymptomatic carotid stenosis or after carotid revascularisation but presumably needs additional 

confirmation. 

Net clinical benefit of carotid revascularisation 

In patients in whom it is thought that carotid revascularisation is needed, the net benefit of 

prevention does also on procedural hazards. In this dissertation, we showed that high operator 

volume and high hospital volume are possibly two of the most important determinants of 

procedural hazards after CEA (Chapter 8). Although the current available evidence did not allow 

to provide a quantified volume threshold, it indicates that centralisation of operative care will lead 

to better outcomes after CEA. Some RCTs, such as the Carotid Revascularization Endarterectomy 

versus Stenting Trial (CREST),43,44 Endarterectomy Versus Angioplasty in Patients with 

Symptomatic Severe Carotid Stenosis (EVA-3S),45 the Stent-Protected Angioplasty versus Carotid 

Endarterectomy (SPACE),46 and the International Carotid Stenting Study (ICSS),47 also used 

volume threshold for their credentialing processes. This is important because it diminishes an 

operator effect when determining the efficacy of carotid revascularisation. 

We also showed when procedural complications occur (Chapter 10). We showed that one-third of 

procedural complications occurred after day 3 when most patients have been discharged. This 

was also seen after carotid revascularisation in the American College of Surgeons National 

Surgical Quality Improvement Program (ACS-NSQIP).48,49 This stressed the importance of 

reporting 30-days outcomes after discharge to estimate true risks after carotid revascularisation, 

but also the need for methods to reduce procedural complications after discharge. 

Finally, we showed how risk prediction models can be used for patient selection and inform 

patients about procedural hazards of CEA (Chapter 11). We were able to show how the risk 
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prediction model of the Ontario Carotid Endarterectomy Registry (OCER) can predict the risk of 

stroke or death reliably.50 This risk prediction model included symptomatic status, diabetes 

mellitus, heart failure, and contralateral occlusion as predictors and showed fair discrimination 

and good concordance between predicted and observed risks. This model identified 508 (4.6%) 

symptomatic and 306 (2.1%) asymptomatic patients with predicted procedural risks above the 

recommended threshold of 6% and 3% procedural stroke or death for CEA in symptomatic and 

asymptomatic patients, respectively.7 To determine the net clinical benefit of CEA in 

contemporary practice, long-term stroke rates in unoperated patients and the proportional 

reduction in non-perioperative strokes following successful CEA also need to be considered. 

Other considerations to determine and optimise the net clinical benefit of carotid 

revascularisation, such as the optimal anti-thrombotic therapy in early secondary prevention, are 

beyond the scope of this dissertation and can be found in relevant section of current 

guidelines.7,51 

TTargeted screening for AF 

Current recommendations for targeted screening of AF include pulse palpation or ECG rhythm 

strip in patients aged 65 years and older or considering systematic screening in people aged 75 

years and older.52 These recommendations are based on the SAFE study that showed a 60% 

improvement over 12 months in detection of AF by opportunistic and systematic screening 

compared with routine care.53,54  

In the recent pragmatic, cluster RCT from the Netherlands, opportunistic screening for AF 

using a single-lead ECG (MyDiagnostick) in GP practices did not result in a higher yield of AF 

cases compared with usual care.55 The participation rate was low with 10.7% of the potentially 

eligible patients. In the opportunistic screening group, 123 (1.43%) new AF cases were detected. 

Of these, 95 patients were detected with usual care and 28 with screening. In the usual care 

group, 117 AF cases were detected (1.37%). The rate was not statistically significant, with P=0.73. 

It should be noted that the rate of detected AF cases in the usual care group was considerably 

higher compared with the 1.04% in the SAFE study. This might indicate that detection rates by 

usual care have improved compared with a decade ago. 

Undetected AF and screen tests 

Undetected AF is common and was found in 1.4% adults aged 65 years and older in the general 

population using a single time-point screening.56,57 A single time-point screening is however 

likely to underestimate the true burden of AF since it is often paroxysmal and asymptomatic. The 

Swedish STROKESTOP study screened 7173 participants from the general population who were 

75 or 76 years old with a single ECG and found undetected AF in 0.5% of participants. This 

increased to 3.0% with intermittent ECG recordings over two weeks.58 
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The assessment of Remote Heart Rhythm Sampling Using the AliveCor Heart Monitor to Screen 

for Atrial Fibrillation (REHEARSE-AF) used the CHA2DS2-VASc for selection of patients.59 Using 

this enriched population identifies patients in whom anticoagulation should be considered if AF 

is found. In total, 1001 participants were included and were randomised between twice-weekly 

ECG screening using a single handheld lead for 30 seconds over a period of 12 months or no 

screening. All AF diagnoses were confirmed by cardiologists. More AF cases were detected in the 

screening group than in the no screening group (19 vs 5 cases), resulting in a HR of 3.9 (95% CI 

1.4-10.4). It should be noted that eight (42%) cases in the screening group were asymptomatic 

and none in the no screening group. In addition, 12 (63%) cases had paroxysmal AF compared 

with none in the no screening group. Finally, although this study was not powered to detect 

difference in stroke outcomes, a similar number of strokes and TIAs were found in both groups. 

The detection rate of AF is likely to increase with a range of new wearable devices to continuously 

monitor cardiac rhythm that have become available, for example the AppleWatch (using 

photoplathysmography).60 In the Apple Heart Study, 419,297 self-enrolled participants over 8 

months and if irregular pulse was detected by the AppleWatch, participants were notified to 

contact the study doctor to discuss wearing a one week ECG patch. Only 2161 (0.5%) of 

participants received a notification of irregular pulse and 450 (21%) of them eventually wore the 

ECG patch. AF was ultimately detected in 153 (34%) of these 450, resulting in a positive predictive 

value of 84%.  

The use of modern technology will certainly contribute to more self-monitoring of health and 

might be used to earlier detect conditions such as AF. It tends, however, to attract more young 

participants. This was also seen in the Apple Heart Study in which the mean age was 41 (SD: 13) 

years.60 This might, however, also lead to more false-positive cases. We described the use of risk 

prediction models to detect AF in high risk groups. The prevalence in these high-risk groups is 

higher compared with the prevalence in the population and leads to lower number of false-

positive cases. 

During continuous monitoring of heart rhythm, brief episodes of AF or atrial arrhythmia are also 

detected. These brief episodes are called atrial high rate episodes (AHRE) and their clinical 

significance in terms of stroke risk is currently uncertain. 

HHarms of AF screening 

The US Preventive Services Task Force (USPSTF) found no evidence whether harms were 

associated with AF screening.61 A subset of patients included the SAFE study reported no 

difference in anxiety scores between systematic and opportunistic screening.54 
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The high number of false-positive cases, especially in screening low-risk populations is a 

potential harm. These patients might be exposed to unnecessary investigations and an increased 

risk of haemorrhage if anticoagulant therapy is initiated. 

RRisk of AF-related complications 

It is clear that patients with AF are at higher risk of stroke and other cardiovascular disease 

outcomes.62 Anticoagulation with either a vitamin K antagonist such as warfarin or a Direct Oral 

Anticoagulant (DOAC) can reduce their stroke risk by around 65% in high risk patients. The 

CHA2DS2-VASc is recommended to determine which patients with non-valvular AF are at high 

risk of ischaemic stroke and systemic thrombo-embolism.63 Anticoagulants are, however, 

associated with an increased risk of haemorrhage and individualised risk predictions to predict 

the risk of major haemorrhage can be done with the HAS-BLED score.64 

Frequency of duration of AF episodes are not included in these risk prediction models. Some 

found that thrombo-embolic risks of AF are not influenced by symptomatic status of AF,65,66 but 

generalisability of the risk scores to patients from the general population with screen detected AF 

or AHRE is unclear. The net clinical benefit of anticoagulant treatment in this specific group of 

patients therefore needs further refinement. 

This was also the greatest concern of the USPSTF to recommend against routine screening with 

ECG to detect AF.61 There was insufficient evidence that treatment of screen detected 

asymptomatic AF resulted in better outcomes than treatment after detection by usual care or after 

symptoms develop. 

Cost-effectiveness of AF screening 

Several studies have been published on the cost-effectiveness of AF screening, assessing different 

screening approaches and screening tests. Costs of AF screening depend on the screening tests, 

selection criteria for screening, the duration and frequency of screening, the number of patients 

treated with antithrombotic therapy (and adherence), and the number of prevented strokes. 

A systematic review evaluated different economic evaluations of screening strategies for AF.67 

This study compared nine studies and it was concluded that both opportunistic and systematic 

population-level screening are cost-effective compared with no screening. Opportunistic was 

more cost-effective compared with systematic population-level screening. This recommendation 

was mainly based on the economic evaluation of the SAFE-study where opportunistic screening 

of 65-year-old individuals from the UK was found to be cost-effective, with estimated costs of 

£363 compared with no screening.54 Importantly, the detection rate of the SAFE study, as 

described above, should be realised and should be higher than routine care.67 We have seen that 

the detection rate of AF by routine care improved since the recruitment of the SAFE study.55 
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Different approaches, such as nurse pulse palpation, photoplethysmography, or modified blood 

pressure monitors with confirmation of findings with a 12-lead ECG are probably more cost-

effective. Screening approaches that use a single screen at a given age are more cost-effective 

when people at higher ages were screened, but repeat screening was more cost-effective than 

single screenings if compliance to antithrombotic therapy remained adequate.67 

Another study simulated and compared over two billion different AF screening designs and 

found cost-effective seven designs. In addition, it was shown that repeat screening is beneficial at 

reasonable costs.68 Targeted screening for AF using our validated risk prediction models (Chapter 

6) have not been evaluated for cost-effectiveness. Recently, however, the cost-effectiveness of 

targeted screening using a machine learning risk prediction algorithm was determined and 

showed that the costs per QALY decreased with this approach compared with opportunistic and 

systematic screening.69,70

RRisk prediction modelling as replacement or surrogate for randomised clinical trials? A 

critical note 

The availability of large amounts of data, often called ‘big data’, has had an enormous impact on 

the development of risk prediction modelling research. This type of statistical modelling often 

requires large amounts of data to obtain precise estimates. Such large datasets also formed the 

basis of the research presented in this dissertation. 

Risk prediction models are a powerful way to guide clinical decision making by taking multiple 

predictors into account and obtain more individualised predictions of risks. The stratification of 

patients might help to focus health resources to those who benefit most from it and to refrain 

from those who do not benefit (although identification of a clinically relevant threshold is 

sometimes difficult). Prediction research is increasingly promoted as alternative to RCTs to 

determine the effects of treatment using “real-world evidence” and providing a more 

personalized approach. In contrast, trials are expensive and use strict inclusion criteria to make 

the sample of patients homogeneous, but not representative for the whole patient population, it is 

claimed. 

It is true that in some circumstances, the relation between a treatment and its effect is so strong 

that bias can be ruled out as an explanation. This type of relationship is coined a “dramatic effect”, 

and defined as “(a) that the conventionally calculated probability of the two groups of observations 

coming from the same population should be less than 0.01 and (b) that the estimate of the 

treatment effect (rate ratio) should be large.”71 Example of such dramatic effects include insulin 

for diabetes or neostigmine for myasthenia gravis. 

When treatment effects are moderate, it is however important to note that potential biases are 

inherent to observational data (and the same holds true for risk prediction modelling using trial 
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data) underlying the risk prediction modelling. These potential biases are important if they lead 

to false conclusions that a treatment produces benefit or harm, even after application of strategies 

capable of adjusting with certainty for bias. In those circumstances, RCTs are generally required 

to obtain reliable evidence about treatment effects.  

In a recent article, the importance of RCTs is clearly summarized: “The “magic” of randomization 

is that it is guaranteed to result in groups of patients that are balanced (give or take the play of 

chance) with respect to both known and unknown risk factors (regardless of whether those risk 

factors have been assessed and, hence, with respect to their risks of any type of health outcome.”72 

The observed effect can be attributed as causal to the allocated treatment. 

Risk prediction modelling can complement evidence form RCTs in some instances. As stated 

above, there is strong need for a risk prediction model to predict the long-term stroke risk in 

medically managed patients with asymptomatic carotid stenosis. Reliable predictions will help to 

determine the absolute gains that individual patients might receive from CEA in addition to 

medical therapy, but potential biases cannot be fully ruled out.  

It is for this reason that researchers are commended for the tremendous efforts to undertake 

RCTs, such as the ACST-2, CREST-2, and ACTRIS. It is disappointing that SPACE-2 and ECST-2 

had to be stopped because of recruitment rates that were slower than anticipated.73,74 

Collaborations to combine data of RCTs, such as the Carotid Stenosis Trialists' Collaboration, are 

of crucial importance to guide patient care appropriately.75-77 
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FFUTURE PERSPECTIVES 

Carotid stenosis: beyond the controversy and the formulation of a research agenda for 

contemporary practice 

There is perhaps no other field in cerebrovascular neurology that has caused so much controversy 

as asymptomatic carotid stenosis. The excessive number of published reviews, opinions, 

comments or positions statement largely outweighs the original data studies. In this paragraph, I 

hope to formulate a research agenda that will inform contemporary practice.  

Targeted screening for asymptomatic carotid stenosis 

For a targeted screening programme to be worthwhile, it should be clear what the aim of 

screening is, i.e. initiation or improvement of medical preventive therapy. Taking this as a 

starting point, it is necessary to determine the optimal threshold for targeted screening. For this, 

risks of strokes and other cardiovascular events in patients with medically managed 

asymptomatic carotid stenosis should be determined and how many events can be prevented by 

improved cardiovascular risk management in those in whom asymptomatic carotid stenosis is 

detected. Finally, the cost-effectiveness of a targeted screening programme should be determined 

and will depend on the latter findings but also on how the targeted screening programme is 

implemented in clinical practice. 

Previous reports investigated whether common carotid intima-media thickness improved risk 

prediction of CVD and found that there was only a small improve that was possibly not clinical 

meaningful.78 However, whether asymptomatic carotid stenosis can in turn improve the 

prognostic accuracy of cardiovascular risk prediction using traditional predictors needs further 

research. 

Antithrombotic therapy in patients with carotid stenosis 

As highlighted in the general introduction of this dissertation, the evidence underlying 

recommendations for antiplatelet therapy in patients with asymptomatic carotid stenosis is scarce 

and generalisability of the COMPASS trial that included a subgroup of patients who underwent 

carotid revascularisation or with asymptomatic carotid stenosis of at least 50% to patients with 

carotid disease presumably needs further confirmation.40 

A complementary approach might be to determine in which patients with carotid stenosis (both 

asymptomatic and symptomatic) currently recommended antithrombotic therapy is not sufficient 

to prevent long-term stroke and other manifestations of CVD. These patients might benefit from 

additional antithrombotic therapy, but this should be weighed against the risk of haemorrhage. 

Risk prediction models like CHA2DS2-VASc might help identifying such patients.  
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Antithrombotic therapy in the acute phase after ischaemic stroke or TIA related to carotid 

stenosis is beyond the scope of this dissertation and current recommendations can be found in 

relevant guidelines.7,51 

CCarotid interventions  

It is necessary to determine the net clinical benefit of prevention in contemporary practice to 

determine the role of carotid intervention. As outlined above, contemporary practice is 

characterised by more effective medical therapy that reduced the risk of stroke and with that the 

absolute gains patients might receive from an additional CEA.79 

Possible approaches to obtain more reliable estimates and predictions of stroke risk in medically 

managed patients with asymptomatic carotid stenosis would be an individual patient data (IPD) 

meta-analysis or an extension of the UKCCS in order to obtain precise estimates of stroke risk 

and disclose optimal prevention strategies for relevant subgroups of patients. In addition, 

validated risk stratification tools in contemporary populations using medical preventive therapy 

are needed.11,80 

These risk prediction models should ideally include predictors that are routinely collected in 

clinical practice but might also consider imaging characteristics or plasma biomarkers as 

predictors, if that would improve the predictive performance. 

In addition, to reduce the risk of procedural stroke and death, optimal volume thresholds 

balancing a minimum adverse event rate and practical feasibility need to be established. Other 

measures of quality of care should be identified and implemented. There is also a need for 

methods to reduce procedural complications after discharge. 

This will be complemented by evidence from ongoing RCTs: 

CREST-2 randomises asymptomatic patients between medical therapy plus CEA vs. medical

therapy alone and medical therapy plus CAS vs. medical therapy alone;

ACTRIS will randomise asymptomatic patients at higher risk of ipsilateral stroke between

BMT vs. BMT plus CEA/CAS.

 These RCTs will re-assess the efficacy and safety of additional carotid revascularisation in 

contemporary practice.  

In asymptomatic patients in whom the absolute gain of carotid revascularisation are found to be 

worthwhile, the ACST-2 will explore whether CEA or CAS is better, especially in a pooled 

analyses with ACT-1, SPACE-2, CREST-1, CREST-2 and ECST-2. Transcarotid artery 

revascularization with flow reversal is a new approach for carotid stenting and showed 

promising results.81,82 A trial with randomised treatment allocation is needed to determine the 

role of this new technique. 
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AAtrial fibrillation: determining the clinically relevant burden 

Future research should determine what the optimal approach for targeted AF screening is in 

terms of the screening test, selection criteria for screening, and duration and frequency of 

screening. It is also necessary to determine how many strokes can be prevented by improved 

preventive therapy in patients with screen detected AF or AHRE. Validated risk prediction 

models could guide decisions about antithrombotic therapy in such populations. New RCTs also 

started to address these issues. 

Current ongoing RCTs in AF screening 

Recently, four studies on AF screening were initiated to determine whether screening is cost-

effective and improves outcomes of patients with AF: 

The Screening for Atrial Fibrillation with ECG to Reduce stroke (SAFER; ISRCTN16939438)

study is a feasibility study to include 9600 participants of whom some will be invited to be

screened with a handheld single-lead ECG recorder to record their heart rhythm at home over

a period of 2-4 weeks.

VITAL-AF (NCT03515057) is a pragmatic cluster-trial to include 35,308 participants with eight

primary care practice randomised to AF screening using a single-lead ECG device and eight

primary care practices to usual care.83

The Active monitoring for atrial fibrillation (AMALFI; ISRCTN15544176) aims to randomise

2500 participants with CHA2DS2-VASc of 3 or more in men or 4 or more in women in the UK

between a self-applied ECG monitor that is worn for two weeks to detect undiagnosed AF and

usual care.

Detecting and Diagnosing Atrial Fibrillation (D2AF; NTR4914) is a cluster randomised trial to

compare different case-finding approaches with usual care in 19,200 participants aged 65 or

older and compare detection rates after 1 year.

The SAFER study is powered to detect differences in long-term AF-related complications, such as 

ischaemic stroke rates, major haemorrhage, and mortality. This will help determine the risks and 

benefits of anticoagulant therapy in patients with screen detected AF compared with patients 

with symptomatic AF. The yield and accuracy of screening targeted to high-risk patients is 

examined in the VITAL-AF and the Silence Study (NCT02893215). AMALFI, together with 

SCREEN-AF (NCT02392754), will determine which device is most accurate and cost-effective.   
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Use of innovative technology, such smartwatches, will increase the detection rate of silent AF. 

Future research should determine what burden of screen detected AF is significant and which of 

these patients benefit from anti-thrombotic treatment weighing long-term risk of stroke and 

systemic thromboembolism against haemorrhagic complications. Two studies have been 

registered to address the optimal treatment in patients with AHRE: NOAH (NCT02618577) and 

ARTESiA (NCT01938248).84,85
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SSummary 
Stroke is the second leading cause of death and a major cause of disability worldwide. Around 12 
million people suffer a stroke annually and over 100 million people live with the consequences of 
a stroke resulting in stroke-related disability-adjusted life years. Stroke has two broad causes that 
both result in disruption of the cerebral blood flow that is necessary to deliver oxygen and 
nutrients to the brain: ischaemia and haemorrhage. 

Ischaemic strokes are caused by a lack of blood flow and haemorrhage is caused by excess of blood 
outside the blood vessels leading to compression of surrounding tissue. In approximately 80% of 
stroke the cause is ischaemic in nature and the resulting 20% is haemorrhagic. In this dissertation, 
we focused on (the prevention of) ischaemic strokes. 

Some fifteen to twenty percent of ischaemic strokes are related to carotid stenosis and another 
fifteen to twenty percent to atrial fibrillation (AF), the most common cardiac arrhythmia. In both 
cases, blood clots are formed that block access to particular regions of the brain. Strokes related to 
carotid stenosis and AF tend to be more disabling and fatal compared with other ischaemic stroke 
subtypes. The risk of stroke recurrence is also higher with these stroke subtypes. 

Prevention strategies to reduce the stroke risk in patients with carotid stenosis or AF are well 
established, but many people with these conditions go undetected. Ischaemic stroke might even be 
the first manifestation of these conditions. This led to an interest in screening to detect carotid 
stenosis and AF. Early detection. This allows the initiation or intensification of prevention 
strategies to optimise modifiable risk factors. 

The most rigour and simple approach to screening is systematic screening of the population. This 
will identify all people with the conditions, but it will also bring about many false-positive and false-
negative cases. In addition, the costs of systematic screening are high, and it is presumably not the 
most efficient way to use available health resources. This is the reason that screening for carotid 
stenosis is currently not recommended. The yield is screening is too low due to the low prevalence 
of carotid stenosis in the population. Screening for atrial fibrillation is recommended in people 
aged 65 and older by pulse palpation following by an electrocardiogram if an irregular pulse is 
found. This is a type of targeted screening where age is used as selection criterion. 

In the ffirst part of this dissertation, we have assessed published risk prediction models and 
developed novel risk prediction models to detect carotid stenosis. These risk prediction models use 
multiple predictors, such as age and sex, but also medical history, physical and blood 
measurements, to estimate the risk of carotid stenosis. This risk estimation can be used to target 
screening to people at high risk. A targeted screening is more efficient, more cost-effective, and 
will bring about less false-positive and false-negative cases. 

It is important that the predictions are accurate. The risk prediction model should be able to 
discriminate between with and without carotid stenosis and the predicted risks should concord the 
observed risks. If for example, the risk prediction model overestimates the risks, the yield of 
screening will be lower than anticipated if applied in practice. Accurate predictions are a necessary 
condition for targeted screening. 
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In CChapter 2, we have searched the literature for published risk prediction models to detect 
asymptomatic carotid stenosis in the population and we validated them in a contemporary large 
population of 600,000 people who underwent screening. We identified six models of which two 
showed accurate predictive performance and could be used to identify individuals at high risk 
reliably. In Chapter 3, we developed a novel risk prediction model by adding new predictors and we 
were able to improve the yield of targeted screening. If this novel risk prediction model were to be 
used for a targeted screening programme to screen individuals in the highest decile of risk only, 
the number of people that need to be screened to detect one individual with carotid stenosis was 
decreased a fourfold compared with systematic screening of the population. Such a targeted 
screening would identify around 40% of all cases with carotid stenosis. 

It is known that certain patients have a higher risk of carotid stenosis, for example patients with 
peripheral arterial disease. Their overall risk of carotid stenosis is higher compared with the general 
population. In Chapter 4, we developed a novel risk prediction model to detect asymptomatic 
carotid stenosis in patients with peripheral arterial disease. We found that the risk of asymptomatic 
carotid stenosis could be predicted reliably, and the yield of screening would be higher compared 
with targeted screening of patients without peripheral arterial disease. 

In the ssecond part of this dissertation, we shifted our attention to AF. Individuals who are 
overweight or obese are at higher of AF. A commonly used measure of adiposity is body mass index 
(BMI), but other measures are also available. One of them is waist circumference, a measure of 
central or abdominal adiposity. This measure has received less attention than BMI yet may provide 
additional information on the risk of AF. It is currenly unclear whether the risk of AF varies across 
different measures of adiposity and between sexes. 

In CChapter 5, we found a positive association between BMI and AF (above 20 kg/m2), and between 
WC and AF in both men and women. When performing analyses by sex, we found that BMI seems 
a more informative measure about risk of AF in women and WC seems more informative in men. 

In CChapter 6, we search the literature for risk prediction models to detect AF and assessed their 
predictive performance in a population of 2.5 million people who underwent screening and in 
whom 10,464 AF was found. We found 14 risk prediction models to detect AF, all of which 
outperformed an age threshold of 65 years. The risk prediction models that were originally 
developed to detect AF performed better than model originally developed for the treatment of AF 
(such as CHADS2 and CHA2DS2-VASc). We assessed whether CHADS2 and CHA2DS2-VASc could 
also be used to detect AF, because that offers the possibility of using a single score for prediction 
of AF diagnosis and risk stratification of outcomes, such as stroke or systemic thromboembolism. 

Two risk prediction models showed reliable predictions of the risk of AF. If these models were to 
be used to targeted screening programme to screen individuals in the highest decile of risk only, 
the number of people that need to be screened to detect one individual with AF was decreased a 
fourfold compared with systematic screening of the population. Such a targeted screening would 
identify 39% of all cases with AF. 

In the tthird part, we determined the yield and accuracy of targeted screening for AF and carotid 
stenosis following cardiovascular risk stratification. Cardiovascular risk stratification aims to 
reduce the incidence of cardiovascular disease (CVD) in individuals without manifestations of CVD 
by optimizing modifiable risk factors. These prevention strategies overlap partly with prevention 
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strategies in patients with AF or carotid stenosis, but these latter patients are by definition at high 
risk of CVD and additional disease-specific preventive interventions. 

In CChapter 7, we showed that targeted screening of AF and carotid stenosis following cardiovascular 
risk stratification showed a higher prevalence of AF and carotid stenosis in those at higher risk of 
CVD. In addition, the risk of AF-related complications, such as ischaemic stroke and thrombo-
embolism, in was higher cases at high risk of CVD, suggesting that those in whom AF is detected 
by targeted screening might achieve the highest reduction in absolute CVD risk by improving 
primary prevention strategies. 

A carotid intervention to remove the stenosis might further reduce the risk of stroke in some 
patients with carotid stenosis, but the net benefit of prevention in part depends on procedural 
hazards. In the fourth part, we investigated ways to reduce the risk of procedural complications 
after carotid revascularisation. 

In CChapter 8, we pooled the results of 87 studies on the association between operator and hospital 
volume on outcomes after carotid endarterectomy (CEA) and carotid artery stenting (CAS). We 
showed that high operator volume and high hospital volume are possibly two of the most important 
determinants of procedural hazards after CEA. Although the current available evidence did not 
allow to provide a quantified volume threshold, it indicates that centralisation of operative care will 
lead to better outcomes after CEA. 

In CChapter 9, we determined whether operator speciality was also associated with outcomes after 
CEA and CAS. We found 35 studies, but most studies did not assess the relationship reliably and 
were at high risk of bias hampering to restricted CEA or CAS to specific specialities. 

To further reduce the risk of procedural stroke or death, it is necessary to analyse when and how 
procedural complications might be prevented. In Chapter 10, we assessed the frequency and timing 
of procedural complications after CEA for asymptomatic carotid stenosis. At least half of the 
procedural strokes in this study were ischaemic and ipsilateral to the treated artery. Half of all 
procedural complications occurred on the day of CEA, but one-third after day 3 when most patients 
have been discharged. It stresses the need for methods to reduce procedural complications after 
discharge and clear instructions to patients when they experience a procedural complication. 

In CChapter 11, we searched the literature for risk prediction models to select patients for CEA based 
on the predicted risk of procedural stroke or death. To determine the predictive performance of 
such models, we validate the models in a dataset of 26,293 patients who underwent CEA in the 
United States. We assessed 17 models and found that most models were not able to predict the risk 
of procedural stroke or death reliably. One model, however, developed in the Ontario Carotid 
Endarterectomy Registry (OCER) showed reasonable predictive performance. This model used 
symptomatic status, diabetes mellitus, heart failure and contralateral occlusion as predictors. 

When we restricted the analyses to 11,035 symptomatic and 14,772 asymptomatic patients, we 
found that the OCER model was again most reliable. This model identified 508 (4.6%) 
symptomatic and 306 (2.1%) asymptomatic patients who had a predicted risk of procedural stroke 
or death that exceeded currently recommended thresholds. The OCER risk model can therefore 
inform patients about procedural hazards and help focus CEA toward patients who would benefit 
most from it. 
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The studies in this dissertation aimed to reduce stroke incidence by improving primary and 
secondary prevention strategies for AF and carotid stenosis-related ischaemic stroke. To enable 
primary prevention strategies, we assessed targeted screening approach for early detection of AF 
and carotid stenosis. In patients in whom carotid stenosis (that has caused a stroke or that has not 
yet caused a stroke) is detected, we showed ways to improve the net clinical benefit of carotid 
revascularisation. 
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SSamenvatting in Nederlands 
Elk jaar krijgen in Nederland 50,000 patiënten een beroerte, ook wel een cerebrovasculair 
accident (CVA) genoemd. Een ingrijpende gebeurtenis in het leven van mensen. Op dit moment 
zijn er 300,000 mensen in Nederland die leven met de gevolgen van een CVA. Er bestaan 
verschillende typen CVA. De belangrijkste zijn: een herseninfarct (in ongeveer 80% van de 
gevallen) en een hersenbloeding (in ongeveer 20% van de gevallen). Deze dissertatie richt zich op 
herseninfarcten. 

Een herseninfarct is een afsluiting van een belangrijk bloedvat dat de hersenen van bloed 
voorziet. Hierdoor krijgt het gedeelte van het hersenweefsel dat achter de afsluiting ligt 
onvoldoende bloedtoevoer. Dit heeft tot gevolg dat er tekort is aan zuurstof optreedt in de 
hersenen. 

Deze afsluiting van het bloedvat naar de hersenen is meestal het gevolg van een bloedpropje. Dit 
propje wordt veelal elders in de bloedvaten gevormd en wordt met de bloedstroom vervoerd naar 
de hersenen. De vorming van dit propje kan komen door een afwijkend hartritme 
(boezemfibrilleren) of door langzame vernauwing van de halsslagaderen (aderverkalking). We 
hebben ons gericht op patiënten met herseninfarcten die veroorzaakt worden door vernauwing 
van de voorste halsslagaders of door een afwijkend hartritme. Patiënten met deze condities 
hebben een verhoogd risico op het krijgen van een herseninfarct. 

Het is mogelijk bij patiënten met boezemfibrilleren of halsslagadervernauwing het risico op een 
herseninfarct te verlagen. Dit wordt preventie genoemd. Om tot preventie over te gaan moet eerst 
vastgesteld worden dat mensen een van deze twee aandoeningen hebben, want veelal geven ze 
geen klachten voordat ze een herseninfarct veroorzaken. Dit kan door middel van screening. 

De meest eenvoudige en grondige vorm van screening is het screening van de volledige 
populatie. Het voordeel is dat alle gevallen worden gedetecteerd, maar het nadeel is dat veel 
patiënten onterecht als negatief (vals negatief) en positief (vals positief) worden aangemerkt. 
Daarnaast brengt het hoge kosten en veel gebruik van beschikbare middelen met zich mee. Op 
dit moment wordt screening op halsslagadervernauwing daarom niet aanbevolen. De opbrengt 
van een dergelijke screening is te laag omdat te weinig mensen de aandoening hebben. 
Screening op boezemfibrilleren wordt wel aangeraden bij patiënten boven de 65 jaar door de pols 
te nemen en indien het ritme onregelmatig is wordt een hartfilmpje (ECG) gemaakt om vast te 
stellen of er daadwerkelijk boezemfibrilleren is. Dit is een vorm van selectieve screening, waarbij 
de leeftijd als criterium wordt genomen. 

In het eeerste deel van deze dissertatie hebben we gezocht naar voorspelmodellen die voorspellen 
of mensen een halsslagadervernauwing hebben. Deze voorspelmodellen gebruiken meerdere 
karakteristieken van patiënten zoals leeftijd en geslacht, maar ook informatie uit de medische 
voorgeschiedenis en bloedonderzoek en geven op basis van deze informatie een personaliseerde 
risicoschatting. Deze risicoschatting kan gebruikt worden om selectief patiënten te screening 
waarvan het voorspelmodel aangeeft dat het om een hoog risicopatiënt gaat. Een selectieve 
screening heeft als voordeel dat het effectiever en daarmee goedkoper is en er minder mensen 
een vals positieve of vals negatieve uitslag krijgen. 

Belangrijk is uiteraard wel dat het voorspelmodel accuraat is. Het moet goed onderscheid kunnen 
maken met mensen met en mensen zonder een halsslagadervernauwing en het voorspelde risico 
moet overeenkomen met het risico in de te screenen populatie. Als het voorspelmodel de risico 
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bijvoorbeeld overschat, zal de opbrengst van screening lager uitvallen dan verwacht en vice versa. 
Accurate voorspellingen zijn dus een noodzakelijke voorwaarde voor een selectieve screening. 

In hhoofdstuk 2 van deze dissertatie hebben we gezocht naar eerder gepubliceerde 
voorspelmodellen om halsslagadervernauwing te detecteren en gekeken hoe goed de 
voorspellingen uitpakten in een grote hedendaagse populatie van 600,000 patiënten die een 
screening hebben ondergaan. We vonden zes modellen waarvan er twee accurate voorspellingen 
deden. Toch bleef de opbrengst van selectieve screening van hoog risicopatiënten beperkt. In  
hoofdstuk 3 hebben we daarom een nieuw voorspelmodel ontwikkeld en hebben we extra 
voorspellers toegevoegd. De opbrengst van selectieve screening op halsslagadervernauwing 
konden we daarmee verbeteren. Wanneer met behulp van dit nieuwe voorspelmodel een selectief 
screeningprogramma wordt opgezet waarbij enkel de 10% hoogste risicopatiënten wordt 
gescreend, zal het aantal patiënten dat gescreend moet worden om één nieuwe patiënt met 
halsslagadervernauwing te detecteren een viervoud lager liggen ten opzichte van een 
systematische screening van de gehele populatie. Bij een dergelijk selectief 
screeningsprogramma zal ongeveer 40% van alle patiënten met halsslagadervernauwing worden 
gevonden. 

Het is bekend dat er bepaalde patiënten zijn die een extra hoog risico hebben op 
halsslagadervernauwing. Een bekende groep zijn patiënten met slagadervernauwing van de 
benen (perifeer arterieel vaatlijden). In deze groep ligt het risico een stuk hoger dan in de 
populatie. Toch heeft ook niet iedere patiënt met perifeer arterieel vaatlijden hetzelfde risico op 
een halsslagadervernauwing. In hhoofdstuk 4 beschrijven we daarom de ontwikkeling van een 
voorspelmodel om te kijken welke patiënten met perifeer arterieel vaatlijden een hoog risico 
hebben op een halsslagadervernauwing. De opbrengst van selectieve screening in deze specifieke 
groep patiënten bleek nog hoger te zijn dan selectieve screening van patiënten zonder perifeer 
arterieel vaatlijden. 

In het ttweede deel van deze dissertatie richten we ons op boezemfibrilleren. Het is bekend dat 
boezemfibrilleren vaker voorkomt bij patiënten met overgewicht. Om overgewicht vast te stellen, 
wordt vaak body mass index (BMI) of Quetelet index gebruikt. Dit wordt berekend door het 
gewicht in kilogrammen te delen door het kwadraat van de lengte in meters. Er zijn echter ook 
andere methoden om overgewicht vast te stellen. Een daarvan is het meten van de buikomvang. 
Eerder onderzoek heeft laten zien dat buikomvang vooral schadelijk is bij mannen en in mindere 
mate bij vrouwen. Het is echter onduidelijk welke van de twee methoden het best het risico op 
boezemfibrilleren kan voorspellen en of deze man-vrouw verschillen ook belangrijk zijn wanneer 
het gaat om het risico op boezemfibrilleren. 

In hhoofdstuk 5 hebben we laten zien dat zowel BMI als buikomvang voorspellers zijn voor het 
risico op boezemfibrilleren. Dit effect was iets meer uitgesproken voor buikomvang dan voor 
BMI wanneer we alle patiënten samen analyseerden. Wanneer mannen en vrouwen echter apart 
geanalyseerd werden, zagen we dat buikomvang bij mannen en BMI bij vrouwen een betere 
risico-inschatting gaf. 

Daarna hebben we iin hoofdstuk 6 gekeken of er ook voorspelmodellen voor boezemfibrilleren 
gepubliceerd zijn en hebben we bepaald hoe accuraat de voorspellen zijn door deze modellen toe 
te passen op een populatie van 2,5 miljoen mensen die een screening ondergingen waarvan er 
10,464 (0.41%) boezemfibrilleren hadden. We vonden 14 gepubliceerde voorspelmodellen die 
allemaal betere voorspellingen deden dat het aanbevolen leeftijdscriterium. De voorspelmodellen 
die specifiek voor de detectie van boezemfibrilleren waren ontwikkeld, voorspelden beter dan 
voorspelmodellen die ontwikkeld waren voor de behandeling van boezemfibrilleren (zoals de 
CHADS2 en CHA2DS2-VASc). Dat laatste werd onderzocht om te kijken of een selectieve 
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screening op boezemfibrilleren toegepast kon worden op patiënten die vervolgens ook behandeld 
dienen te worden met bloedverdunners. 

We vonden dat de twee beste voorspelmodellen accuraat konden voorspellen wie er een hoog 
risico heeft op boezemfibrilleren. Wanneer met behulp van deze voorspelmodellen een selectief 
screeningsprogramma wordt opgezet waarbij enkel de 10% hoogste risicopatiënten wordt 
gescreend, zal het aantal patiënten dat gescreend moet worden om één nieuwe patiënt met 
boezemfibrilleren te detecteren een viervoud lager liggen ten opzichte van een systematische 
screening van de gehele populatie. Bij een dergelijk selectief screeningsprogramma zal 39% van 
alle patiënten met aanwezige boezemfibrilleren worden gevonden. 

In het dderde deel hebben we onderzocht of screening op halsslagadervernauwing en 
boezemfibrilleren gecombineerd kan worden met het cardiovasculair risicomanagement dat 
doorgaans door huisartsen wordt gedaan. Cardiovasculair risicomanagement heeft als doel het 
opsporen van patiënten met een hoog risico op het ontwikkelen van hart- en vaatziekten om 
preventieve maatregelen te kunnen nemen. Deze preventieve maatregelen overlappen voor een 
deel met de maatregelen bij halsslagadervernauwing en boezemfibrilleren, maar patiënten met 
deze laatste twee aandoeningen hebben per definitie een hoog risico op hart- en vaatziekten en 
aanvullende preventieve maatregelen zijn doorgaans nodig. 

In hhoofdstuk 7 bleek dat patiënten met een hoog risico op hart- en vaatzieken ook een hoog risico 
hadden op halsslagadervernauwing of boezemfibrilleren. De opbrengst van selectieve screening 
op basis van het vastgestelde risico op hart- en vaatzieken bleek hoger dan screening van de 
gehele populatie. Tevens bleek dat het voorspelde risico op een herseninfarct hoger was bij 
patiënten die tevens een hoog risico op hart- en vaatziekten hadden. Dit betekent dat screening 
van deze patiënten ook de meeste potentie biedt om door middel van preventie risico’s te 
verlagen. 

De preventieve maatregelen bij patiënten met halsslagadervernauwing en boezemfibrilleren 
bestaan uit levensstijladviezen (stoppen met roken, afvallen, gezond dieet), medicamenteuze 
behandeling (cholesterolverlagende medicatie, bloeddrukverlagende medicatie en 
bloedverdunners). In sommige gevallen wordt er een aanvullende interventie gedaan om de 
halsslagadervernauwing op te heffen (carotis desobstructie). Bij alle preventieve maatregelen 
moet een afweging gemaakt worden tussen het beoogde effect en mogelijke bijwerkingen. Het 
beoogde doel is het voorkomen van een herseninfarct, maar de behandeling met bloedverdunner 
brengt het risico van een bloeding met zich mee en een interventie de risico’s van de operatie. 
Tijdens de operatie kan men een herseninfarct ontwikkelen of zelfs overlijden. In het vvierde deel 
hebben we onderzocht hoe complicaties van de operatie zo laag mogelijk gehouden kunnen 
worden. 

In hhoofdstuk 8 hebben we onderzocht of operatieve risico’s lager zijn wanneer patiënten door 
chirurgen worden geopereerd die veel van dergelijke operaties doen of in ziekenhuizen worden 
behandeld die deze operaties vaak uitvoeren. Hiervoor hebben we resultaten van 87 
gepubliceerde studies samengevoegd om het gemeenschappelijke effect te kunnen bepalen. We 
vonden dat zowel de hoeveelheid operaties van de chirurg als de hoeveelheid operaties dat in het 
ziekenhuis wordt verricht van zeer groot belang is om de operatieve risico’s te verminderen. Het 
bleken zelfs twee van de sterkste voorspellers. 

In hhoofdstuk 9 werd gekeken of de specialisatie van de chirurg eveneens een belangrijke rol 
speelt. Hier konden we in de 35 gepubliceerde studies geen aanwijzingen voor vinden, maar werd 
ook niet duidelijk dat er geen verband was. Er waren simpelweg te weinig betrouwbare gegevens 
beschikbaar om dit met zekerheid vast te kunnen stellen. 
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Om het risico op een operatieve beroerte of overlijden te kunnen verlagen, is het belangrijk 
inzicht te hebben wanneer deze operatieve complicaties optreden. Dit is ook belangrijk om 
patiënten na de operatie veilig met ontslag te kunnen laten gaan. In hhoofdstuk 10 hebben we 
gekeken wanneer complicaties optraden en van wat voor type beroertes er sprake was. We zagen 
dat de meeste beroertes herseninfarcten waren die optraden aan de kant waar de operatie had 
plaatsgevonden. Ongeveer de helft vond plaats op de dag van de operatie, maar een derde vond 
plaats na dag 3 wanneer de meeste met ontslag zijn. Deze analyse benadrukt het belang van het 
instellen van patiënten op de juiste medicatie en heldere instructies aan patiënten bij ontslag hoe 
te handelen bij tekenen van een beroerte. 

In hhoofdstuk 11 hebben we gezocht naar gepubliceerde voorspelmodellen die het risico op 
operatieve complicaties voorspellen bij patiënten die een carotis desobstructie ondergingen. We 
hebben gekeken hoe accuraat de voorspellingen waren in een hedendaagse dataset van 26,293 
patiënten die in Amerika behandeld waren. We hebben in totaal 17 voorspelmodellen vergeleken 
en vonden dat de bruikbaarheid veelal beperkt was. Wel was er één model (ontwikkeld in de 
Ontario Carotid Endarterectomy Registry [OCER]) dat betrouwbaar kon voorspellen welke 
patiënten een laag en welke patiënten een hoog risico op operatieve complicaties hebben. Dit 
model gebruikte symptomatische status (dat is of de halsslagadervernauwing de afgelopen zes 
maanden een TIA of herseninfarct veroorzaakt heeft), suikerziekte (diabetes mellitus), hartfalen 
en volledige afsluiting van de niet geopereerde halsslagader als voorspellers. 

Ook wanneer we aparte analyses uitvoerden voor 11,035 symptomatische en 14,772 
asymptomatische patiënten kwam hetzelfde model als beste naar voren. Deze laatste analyses 
lieten zien dat het model betrouwbaar 508 (4.6%) symptomatische en 306 (2.1%) 
asymptomatische patiënten kon identificeren die een voorspeld operatief risico hadden boven de 
aanbevolen drempelwaarde in hedendaagse richtlijnen van 6% bij symptomatische en 4% bij 
asymptomatische patiënten. 

De studies die ten grondslag liggen aan deze dissertatie hebben als doel het voorkómen van 
herseninfarcten die veroorzaakt worden door halsslagadervernauwing of boezemfibrilleren door 
het optimaliseren van primaire en secundaire preventiestrategieën. Om primaire preventie te 
kunnen verbeteren hebben we de mogelijkheid van selectieve screening op 
halsslagadervernauwing en boezemfibrilleren onderzocht om zo deze condities in een vroeg 
stadium te detecteren. In patiënten bij wie een halsslagadervernauwing (die een herseninfarct 
veroorzaakt heeft of dat nog niet gedaan heeft) is gedetecteerd, hebben we gekeken naar 
manieren waarop we de effectiviteit van operatieve behandeling konden verbeteren. 
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Table S1. Search strategy 


 MEDLINE (via PubMed interface) 


1.  "Endarterectomy, Carotid"[Mesh] OR carotid endarterectom*[tiab] 
2.  "Stents"[MeSH] OR "Angioplasty"[Mesh] OR "Angioplasty, balloon"[Mesh] OR carotid artery 


stent*[tiab] OR carotid stent*[tiab] OR Angioplast*[tiab] 
3.  "Carotid stenosis"[MeSH] OR "carotid artery diseases"[MeSH] OR Carotid stenos*[tiab] 
4.  #2 AND #3 
5.  #1 OR #4 
6.  "Postoperative complications"[MeSH] OR Treatment outcome[MeSH] OR Mortality[MeSH] 


OR "stroke"[MeSH Terms] OR "myocardial infarction/surgery"[MeSH] OR "cranial 
nerves/injuries"[MeSH] OR "stents/adverse effects"[MeSH] OR "Vascular Surgical 
Procedures/adverse effects"[MeSH] OR "Brain ischemia"[MeSH] OR "Endarterectomy, 
Carotid/adverse effects"[Mesh] 


7.  "procedural death"[tiab] OR "procedural mortality"[tiab] OR "procedural stroke"[tiab] OR 
"procedural myocardial infarction"[tiab] OR "postoperative death"[tiab] OR "postoperative 
mortality"[tiab] OR "postoperative stroke"[tiab] OR "postoperative myocardial 
infarction"[tiab] OR "postoperative cranial nerve"[tiab] OR "perioperative death"[tiab] OR 
"perioperative mortality"[tiab] OR "perioperative stroke"[tiab] OR "perioperative myocardial 
infarction"[tiab] OR "30-day outcome"[tiab] OR "30-day results"[tiab] OR "in-hospital 
stroke"[tiab] OR "in-hospital myocardial infarction"[tiab] OR "in-hospital death"[tiab] 


8.  #6 OR #7 
9.  "Stratification" OR "Stratif*" OR "ROC Curve"[MeSH] OR "Risk assessment"[MeSH] OR 


"Forecasting"[MeSH] OR "Predictive Value of Tests" [MeSH] OR "Discrimination" OR 
"Discriminate" OR "c-statistic" OR "c statistic" OR "Area under the curve" OR "AUC" OR 
"Calibration" OR "Indices" OR "Algorithm" OR "Multivariable" OR "Risk prediction model" 


10.  #5 AND #8 AND #9 
  
 EMBASE (via OVID EMBASE interface)1 


1.  exp carotid endarterectomy/ 
2.  exp carotid artery stenting/ OR exp carotid angioplasty/ 
3.  (carotid).ti,ab,kw. 
4.  (endarterectomy OR endarterectomies OR stenting OR stent OR angioplasty).ti,ab,kw. 
5.  3 AND 4 
6.  1 OR 2 OR 5 
7.  exp surgical mortality/ OR exp death/ OR exp stroke/ OR exp myocardial infarction/ 
8.  (postoperative or perioperative or periprocedural or procedural or postprocedural or procedure-


related or rate or rates).ti,ab,kw. 
9.  (death OR mortality OR stroke OR myocardial infarction).ti,ab,kw. 
10.  8 AND 9 
11.  7 OR 10 
12.  predict.ti. 
13.  (validat* or rule*).ti,ab. 
14.  (predict* and (outcome* or risk* or model*)).ti,ab. 


 
1 https://www.nice.org.uk/guidance/ng50/documents/search-strategies 
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15.  ((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. 


16.  decision*.ti,ab. and statistical model/ 
17.  (decision* and (model* or clinical*)).ti,ab. 
18.  (prognostic and (history or variable* or criteria or scor* or characteristic* or finding* or 


factor* or model*)).ti,ab. 
19.  (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. 
20.  receiver operating characteristic/ 
21.  12 OR 13 OR 14 OR 15 OR 16 OR 17 OR 18 OR 19 OR 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.  6 AND 11 AND 21 
39.  38 NOT 37 
40.  limit 39 to embase 
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Table S2. Matching of predictors in external validation dataset to ACS-


NSQIP 


 Match Proxy used No match or 
proxy 


Patient characteristics    
Age *   
Sex *   
Race *   
Antiplatelet medication *   
Smoking status *   
Comorbidity    
Heart failure *   
Coronary heart disease   * 
Peripheral vascular disease   * 
History of contralateral stroke or 
TIA 


*   


Diabetes mellitus *   
COPD or dyspnea *   
Renal insufficiency  *a  
Dialysis  *b   
Hypertension *   
Valvular heart disease   * 
Atherosclerosis *   
Anemia  *c  
Atrial fibrillation   * 
History of myocardial infarction   * 
Other comorbiditiesd   * 


Physical and functional status    
Pre-operative mRSe   * 


Physical status *   
ASA classification *   
Disease characteristics    
Symptomatic status *   
Degree of contralateral stenosis *   
Degree of ipsilateral stenosis *   
Operative side    * 
Procedural characteristics    
Elective surgery *   
Operator experience   * 
COPD, chronic obstructive pulmonary disease. TIA, transient ischemic attack. mRs, modified Rankin Scale.a estimated with MDRD 
formula.1 b This was defined as serum creatinine > 1.5 mg/dL in the original report. c We estimated hemoglobin with pre-operative 
hematocrit levels, using the following formula: Hb in g/dL = Ht / 3. d Other comorbidities included cerebral degeneration, history of 
aneurysm repair and a composite of heart diseases, including angina pectoris, previous myocardial infarction, heart failure and cardiac 
arrhythmia. e We did not use this predictors in the external validation, since imputation of this variable was not possible due to the large 
number of missing values (84%).  
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Table S3. Linear predictor functions used for external validation 
 Prediction model Linear predictor functions 
1.  Sridharan et al, 20182 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑎𝑎𝑆𝑆𝑎𝑎𝑎𝑎 = 1 ∗ Hypertension + 1 ∗ DM + 1 ∗ Creat > 1.5 mg/dL +


1 ∗ COPD + 1 ∗ HF  
2.  DeMartino et al, 20173 𝐿𝐿𝐿𝐿𝐷𝐷𝑒𝑒𝑀𝑀𝑎𝑎𝑆𝑆𝑀𝑀𝑆𝑆𝑎𝑎𝑀𝑀 =  0.42 ∗ Female sex – 0.11 ∗ ASA 3 + 0.42 ∗ ASA 4/5 −


0.21 ∗ Hb 10to12 + 0.26 ∗ Hb < 10 – 0.27 ∗ Ipsi60to80 – 0.41 ∗
 Ipsi80to99 +  0.55 ∗  Hypertension –  0.27 ∗  Aspirin use +  0.21 ∗
 eGFR2 +  0.26 ∗  eGFR3 +  0.35 ∗ eGFR4 + 0.42 ∗ eGFR5  


3.  Stavrinou et al, 20164 𝐿𝐿𝐿𝐿𝑆𝑆𝑀𝑀𝑎𝑎𝑆𝑆𝑆𝑆𝑆𝑆𝑎𝑎𝑀𝑀𝑆𝑆 = 1 ∗ qTIA + 2 ∗ Stroke + 1 ∗ Contra50to99 + 2 ∗
Contra occl  


4.  Eslami et al, 20165 𝐿𝐿𝐿𝐿𝐸𝐸𝐸𝐸𝐸𝐸𝑎𝑎𝐸𝐸𝑆𝑆 = 0.56 ∗ Age ≥ 75 yrs + 2.03 ∗ Nursing home + 0.35 ∗ DM +
0.49 ∗ HF + 0.28 ∗ Contra occl + 0.72 ∗ Sympta + 1.02 ∗ Urgent  


5.  Chaudhry et al, 20166 𝐿𝐿𝐿𝐿𝐶𝐶ℎ𝑎𝑎𝑆𝑆𝑆𝑆ℎ𝑆𝑆𝑟𝑟 = 0.14 ∗ Age > 70 yrs +  0.59 ∗  HF +  0.49 ∗  CRF +


 0.63 ∗  Sympta  +  0.49 ∗  Smoking  
6.  Wimmer et al, 20147 𝐿𝐿𝐿𝐿𝑊𝑊𝑆𝑆𝐸𝐸𝐸𝐸𝑒𝑒𝑆𝑆 = 0.23 ∗ Age (per 10 yrs) + 0.32 ∗ DM + 0.53 ∗ Sympta +


0.82 ∗ Contra occl + 0.87 ∗ Female sex  
7.  Gupta et al, 20138 𝐿𝐿𝐿𝐿𝐺𝐺𝑆𝑆𝐺𝐺𝑀𝑀𝑎𝑎 =  −0.29 ∗ Age60to69 – 0.17 ∗ Age70to79 + 0.42 ∗ Age ≥


80 + 0.36 ∗ Dyspnea + 0.55 ∗ COPD + 1.02 ∗ Dependent  
8.  Bekelis et al, 20139 a 𝐿𝐿𝐿𝐿𝐵𝐵𝑒𝑒𝐵𝐵𝑒𝑒𝐸𝐸𝑆𝑆𝐸𝐸 =  0.02 ∗ Age (yrs) + 0.17 ∗ Male sex + 0.36 ∗ COPD + 0.25 ∗


 qTIA + 0.74 ∗ HF + 0.72 ∗ Dialysis  
9.  Calvillo-King et al, 


2010a10 
𝐿𝐿𝐿𝐿𝐶𝐶𝑎𝑎𝐸𝐸𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸𝑀𝑀−𝐾𝐾𝑆𝑆𝑎𝑎𝐾𝐾 =  0.39 ∗ Female sex + 0.59 ∗ Nonwhite race + 0.39 ∗


Stroke/TIA + 0.57 ∗ Contra50to99 + 0.49 ∗ HF  
10.  Calvillo-King et al, 


2010b10 
𝐿𝐿𝐿𝐿𝐶𝐶𝑎𝑎𝐸𝐸𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸𝑀𝑀−𝐾𝐾𝑆𝑆𝑎𝑎𝐾𝐾 = 0.42 ∗ Female sex + 0.60 ∗ Nonwhite race + 0.49 ∗


Stroke/TIA + 0.57 ∗ Contra50to99  
11.  Calvillo-King et al, 


2010c10 
𝐿𝐿𝐿𝐿𝐶𝐶𝑎𝑎𝐸𝐸𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸𝑀𝑀−𝐾𝐾𝑆𝑆𝑎𝑎𝐾𝐾 = 1 ∗ Female sex + 1 ∗ Nonwhite race + 1 Stroke/TIA +


1 ∗ HF  
12.  Goodney et al, 200811 𝐿𝐿𝐿𝐿𝐺𝐺𝑀𝑀𝑀𝑀𝑆𝑆𝑎𝑎𝑒𝑒𝑟𝑟 = 0.26 ∗ Age > 70 yrs + 1.03 ∗ Contra occl – 0.92 ∗ ASP +


0.47 ∗ HF + 1.95 ∗ Urgent + 0.88 ∗ Stroke/TIA  
13.  Matsen et al, 200512 𝐿𝐿𝐿𝐿𝑀𝑀𝑎𝑎𝑀𝑀𝐸𝐸𝑒𝑒𝑎𝑎 = 0.57 ∗ Age ≥  75 yrs + 1.47 ∗ HF + 1.88 ∗ Anemia  
14.  Tu et al, 200313 𝐿𝐿𝐿𝐿𝑇𝑇𝑆𝑆 =  0.56 ∗ Stroke/TIA + 0.54 ∗ Contra occl + 0.59 ∗ HF + 0.25 ∗


DM  
15.  Kuhan et al, 200114 𝐿𝐿𝐿𝐿𝐾𝐾𝑆𝑆ℎ𝑎𝑎𝑎𝑎 = 1 ∗ DM + 1 ∗ Stroke  
16.  Rothwell et al, 199915 𝐿𝐿𝐿𝐿𝑅𝑅𝑀𝑀𝑀𝑀ℎ𝑤𝑤𝑒𝑒𝐸𝐸𝐸𝐸 = 0.72 ∗ Female sex + 0.79 ∗ Hypertension  
17.  Kucey et al, 199816 𝐿𝐿𝐿𝐿𝐾𝐾𝑆𝑆𝐾𝐾𝑒𝑒𝑟𝑟 = 0.55 ∗ Symptb + 0.19 ∗ Age > 75 yrs + 0.29 ∗ Female sex  


 
 


  Original intercept Intercept of recalibrationc 


   All patients Symptomatic 
patients 


Asymptomatic 
patients 


1.  Sridharan et al, 20182 NA NA NA NA 
2.  DeMartino et al, 20173 0.035 -4.0672 -3.7148 -4.4504 
3.  Stavrinou et al, 20164 NA NA NA NA 
4.  Eslami et al, 20165 -4.019 -4.7659 -4.9082 -4.5085 
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5.  Chaudhry et al, 20166 NR -4.3909 -4.3281 -4.4808 
6.  Wimmer et al, 20147 -6.1609 -4.6744 -4.5647 -4.8236 
7.  Gupta et al, 20138 -4.3392 -3.7382 -3.4017 -4.1084 
8.  Bekelis et al, 20139 NR -5.2030 -4.8783 -5.5643 
9.  Calvillo-King et al, 


2010a10 
NR -4.5997 -4.4170 -4.8309 


10.  Calvillo-King et al, 
2010b10 


NR -4.6585 -4.5169 -4.8450 


11.  Calvillo-King et al, 
2010c10 


NA NA NA NA 


12.  Goodney et al, 200811 NR -3.4518 -3.4547 -3.4474 
13.  Matsen et al, 200512 NR -4.6947 -4.3261 -5.0909 
14.  Tu et al, 200313 -3.2831 -3.9532 -3.8256 -4.1237 
15.  Kuhan et al, 200114 -4.2726 -4.1663 -4.0265 -4.2395 
16.  Rothwell et al, 199915 NR -4.7196 -4.3357 -5.1266 
17.  Kucey et al, 199816 NR -4.1275 -4.0418 -4.2475 
ASA, ASA physical status classification system; Contra occl, Contralateral ICA occlusion; Contra50to99, Contralateral 
ICA stenosis >50%; COPD, chronic obstructive pulmonary disease; Creat, serum creatinin (mg/dL); CRF, chronic renal 
failure; Dependent, Dependent functional status; DM, diabetes mellitus; eGFR, GFR estimated with MDRD formula; Hb, 
hemoglobin level (g/dL); HF, heart failure; Ipsi60to80, Ipsilateral ICA stenosis 60-80%; Ipsi80to99, Ipsilateral ICA 
stenosis 80-99%; NA, not applicable; NR not reported; Nursing, Patient admitted from nursing home; qTIA, Qualifying 
event TIA; Smoking, Current smoking within one year; Sympt, symptomatic status; Urgent, urgent surgery. 
a Ischemic stroke with and without residual symptoms were used as predictors, but not available in the external validation 
dataset.s 
b Symptomatic status was not used as predictor in separate analyses for symptomatic and asymptomatic patients 
c The mean intercept across the 15 imputed dataset is reported. The predicted probabilities we used for validation can be 
calculated with the following formula: 𝐿𝐿𝑆𝑆𝑒𝑒𝑆𝑆𝑆𝑆𝐾𝐾𝑀𝑀𝑒𝑒𝑆𝑆 𝐺𝐺𝑆𝑆𝑀𝑀𝑝𝑝𝑎𝑎𝑝𝑝𝑆𝑆𝐸𝐸𝑆𝑆𝑀𝑀𝑟𝑟 = 𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼+ 𝐿𝐿𝐿𝐿


1+𝑒𝑒𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼+ 𝐿𝐿𝐿𝐿  
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Table S4. Full-text evaluation 


 First author, year of 
publication 


R
ev


ie
w


 


R
is


k 
fa


ct
or


s i
de


nt
ifi


ed
 w


ith
ou


t 
de


ve
lo


pm
en


t o
f p


re
di


ct
io


n 
m


od
el


 


Pr
ed


ic
to


r f
in


di
ng


 st
ud


y 


H
ea


lth
-e


co
no


m
ic


 re
se


ar
ch


 


N
ot


 p
re


di
ct


ed
 o


ut
co


m
e 


of
 in


te
re


st
 


Lo
ng


-te
rm


 o
ut


co
m


e 
pr


ed
ic


te
d 


Ex
te


rn
al


 v
al


id
at


io
n 


stu
dy


 


R
is


k 
pr


ed
ic


tio
n 


m
od


el
 fo


r C
A


S 


D
ev


el
op


m
en


t c
oh


or
t s


am
e 


co
ho


rt 
as


 e
xt


er
na


l v
al


id
at


io
n 


co
ho


rt 


U
se


 o
f i


nt
ra


-o
pe


ra
tiv


e 
m


ea
su


re
s a


s 
pr


ed
ic


to
rs


 


In
cl


ud
ed


 st
ud


ie
s 


Identified from search update 
1.  AbuRahma et al, 201717  *          
2.  Arhuidese et al, 201718  *          
3.  Arif et al, 201619  *          
4.  Basic et al, 201620  *          
5.  Bennett et al, 201721         *   
6.  Burke et al, 201922      *      
7.  Carmo et al, 201823      *      
8.  Clouse et al, 201924  *          
9.  Dakour-Aridi et al, 202025        *    
10.  Dasenbrock et al, 201926         *   
11.  DeMartino et al, 20173           * 
12.  de Waard et al, 201927        *    
13.  Doig et al, 201628  *          
14.  Donald et al, 201829     *       
15.  Dua et al, 201630   *         
16.  Ehlert et al, 201631   *         
17.  Eslami et al, 201932       *     
18.  Garzon-Muvdi et al, 201633   *         
19.  Gavrilenko et al, 201734 *           
20.  Hicks et al, 201835  *          
21.  Hung et al, 201636  *          
22.  Keyhani et al, 201837      *      
23.  Luebke & Brunkwall, 201638    *        
24.  Luebke & Brunkwall, 201639    *        
25.  Moses et al, 201840       *     
26.  Nejim et al, 201641  *          
27.  Obeid et al, 201642  *          
28.  Oksala et al, 201943  *          
29.  Saedon et al, 201844  *          
30.  Sridharan et al, 20182           * 
31.  Stangenberg et al, 201645     *       
32.  Stravrinou et al, 20164           * 
33.  Tanashian et al, 201746     *       
34.  Tanaskovic et al, 201847     *       
35.  Vatan et al, 201648  *          
36.  Vinogradov et al, 201849 *           
37.  Yamauchi et al, 201850     *       
38.  Zapata-Arriaza et al, 201651     *       
39.  Zhou et al, 201952        *    
Included from previous systematic review 
40.  Ackerstaff et al, 200053          *  
41.  Ackerstaff et al, 200554          *  
42.  Alcocer et al, 201355      *      
43.  Aronow et al, 201056        *    
44.  Bekelis et al, 20139           * 
45.  Bennett et al, 201557         *   
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46.  Bertges et al, 201058     *       
47.  Bertges et al, 201659     *       
48.  Calvillo-King et al, 201010           * 
49.  Chaudhry et al, 20166           * 
50.  Cheng et al, 201660        *    
51.  Conrad et al, 201361      *      
52.  Eslami et al, 20165           * 
53.  Fanous et al, 201562        *    
54.  Gates et al, 201563      *      
55.  Goodney et al, 200811           * 
56.  Gupta et al, 20138           * 
57.  Halm et al, 200564          *  
58.  Hawkins et al, 201265        *    
59.  Hofmann et al, 200666        *    
60.  Hoke et al, 201267        *    
61.  Kucey et al, 199816           * 
62.  Kuhan et al, 200114           * 
63.  Liu et al, 201668        *    
64.  Matsen et al, 200512           * 
65.  McCrory et al, 199369          *  
66.  Morales-Gisbert et al, 201470      *      
67.  Rothwell et al, 199915           * 
68.  Ruiz-Carmona et al, 201671      *      
69.  Setacci et al, 201072        *    
70.  Stoner et al, 200673  *          
71.  Tu et al, 200313           * 
72.  Van Lammeren et al, 201274      *      
73.  Wallaert et al, 201375      *      
74.  Wallaert et al, 201676      *      
75.  Wimmer et al, 201277        *    
76.  Wimmer et al, 20147           * 
Identified in reference lists of studies included 
77.  Melin et al, 201578       *     
78.  Press et al, 200679       *     
 Total 2 14 3 2 8 11 4 12 3 4 15 
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Table S5. Characteristics of included prediction models  


 Total (N = 17) 
Methods 
Data source  
 Single center 3 (18%) 
 Multicenter 13 (76%) 
 Trial data 1 (6%) 
Publication year, mean (range) 2010 (1998-2018) 
Predicted outcomes   
 Stroke or death 8 (47%) 
 Stroke, death or MI 3 (18%) 
 Death 1 (6%) 
 Stroke 2 (11%) 
 Other 3 (18%) 
Period of follow-up  
 Postprocedural in-hospital 4 (24%) 
 30 days after procedure 13 (76%) 
Presentation of prediction model  
 Regression coefficients 3 (18%) 
 Risk score 3 (18%) 
 Both 11 (64%) 
Modelling method   
 Logistic regression 16 (94%) 
 Other 1 (6%) 
Shrinkage of predictor weights  
 Any 2 (12%) 
 None 15 (88%) 
Internally validated models  
 Bootstrapping 3 (18%) 
 Cross-validation 3 (18%) 
 Split sample validation 1 (6%) 
 Any 2 (11%) 
 None 8 (47%) 
Results  
Number of patients 6553 (218-39,411) 
Number of outcome events 200 (12-1494) 
Percentage of events 3.1 (0.5-7.0) 
C-statistic in derivation cohorts 0.66 (0.58-0.71) 
External validations  
Number of external validation studies 46,12,32,80 
Number of times models have been externally 
validated 


 


 0 3 (18%)2-4 
 1 11 (64%)7-11,13-16 
 2 3 (18%)5,6,12 
Type of external validations  
 Temporal 1 (6%)6 
 Geographical 2 (12%)5,12 
 Fully external  14 (82%)5-16 
Model updates  
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Number of updated prediction models *  145-16 † 
Updated intercepts or regression formula 
reported 


0 


Continuous variables are presented as median (range), categorical variables are presented as N (%).  
* Updates included recalibration of intercept and/or calibration slope. † One model was updated twice.5 
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Table S6. Risk of bias assessment using PROBAST 
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Table S7. Discrimination values of complete case analysis 


 Author, Year of publication C-statistics (95% CI) 
1.  Sridharan et al, 20182 0.55 (0.53-0.57) 
2.  DeMartino et al, 20173 0.58 (0.56-0.61) 
3.  Stavrinou et al, 20164 0.63 (0.61-0.65) 
4.  Eslami et al, 20165 0.64 (0.62-0.66) 
5.  Chaudhry et al, 20166 0.60 (0.58-0.62) 
6.  Wimmer et al, 20147 0.63 (0.60-0.65) 
7.  Gupta et al, 20138 0.53 (0.51-0.56) 
8.  Bekelis et al, 20139 0.55 (0.53-0.58) 
9.  Calvillo-King et al, 2010a10 0.61 (0.58-0.63) 
10.  Calvillo-King et al, 2010b10 0.60 (0.57-0.62) 
11.  Calvillo-King et al, 2010c10 0.59 (0.57-0.61) 
12.  Goodney et al, 200811 0.63 (0.61-0.66) 
13.  Matsen et al, 200512 0.54 (0.52-0.56) 
14.  Tu et al, 200313 0.65 (0.63-0.67) 
15.  Kuhan et al, 200114 0.59 (0.57-0.61) 
16.  Rothwell et al, 199915 0.51 (0.49-0.53) 
17.  Kucey et al, 199816 0.60 (0.58-0.62) 
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Table S8. Predicted and observed risk of procedural stroke or death across 
risk groups after imputation 
Risk groups using the model developed by Sridharan et al, 2018 (risk score) 


 All patients 
Risk score 0 1 2 3 4* 5* 
Predicted risk (%) 1.0 1.3 2.5 3.8 5.3 1.5 
Observed risk (%) 1.7 2.4 4.1 3.1 5.7 0 
Total number of patients 3240 12,641 1902 8307 194 9 
Number of patients with 
procedural stroke or death 


55 300 78 258 11 0 


 
 Symptomatic patients 
Risk score 0 1 2 3 4* 5* 
Predicted risk (%) 1.0 1.3 2.5 3.8 5.3 15.2 
Observed risk (%) 2.3 3.6 6.0 4.6 5.8 0 
Total number of patients 1724 5393 715 3316 69 3 
Number of patients with 
procedural stroke or death 


40 192 43 152 4 0 


 
 Asymptomatic patients 
Risk score 1 1 2 3 4* 5* 
Predicted risk (%) 1.0 1.3 2.5 3.8 5.3 15.2 
Observed risk (%) 0.9 1.5 2.9 2.1 5.6 0 
Total number of patients 1516 7248 1187 4991 125 6 
Number of patients with 
procedural stroke or death 


15 108 35 106 7 0 


* Groups with risk score 4 and 5 were omitted in the calibration plots due to the low number of patients (N<500) 
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Risk groups using the model developed by DeMartino et al, 2017 


 All patients 
Risk group 1 2 3 4 5 6 7 8 9 10 
Predicted risk (%)*  1.1 1.5 1.7 1.9 2.4 2.6 2.8 3.1 3.9 6.1 
Observed risk (%) 2.0 1.7 1.9 2.4 2.4 2.3 3.6 2.5 4.0 4.2 
Total number of patients 3318 2352 2233 2636 3052 2959 1899 2681 2756 2407 
Number of patients with 
procedural stroke or death 


68 39 42 64 72 69 68 68 111 101 


 
 Symptomatic patients 
Risk group 1 2 3 4 5 6 7 8 9 10 
Predicted risk (%)*  1.6 2.1 2.4 2.9 3.4 3.7 4.1 4.6 5.6 8.5 
Observed risk (%)  2.6 2.2 3.2 3.4 3.1 3.6 4.8 4.1 6.2 4.9 
Total number of patients 1326 1019 1026 1168 1085 1110 1465 779 1130 1112 
Number of patients with 
procedural stroke or death 


35 22 33 40 34 40 70 32 70 55 


 
 Asymptomatic patients 
Risk group 1 2 3 4 5 6 7 8 9 10 
Predicted risk (%)*  0.8 0.9 1.1 1.3 1.6 1.8 1.9 2.1 2.7 4.2 
Observed risk (%) 1.7 1.3 1.3 1.5 1.7 1.5 2.4 1.5 2.3 3.2 
Total number of patients 1992 1328 1260 1494 1892 1890 848 1358 1760 1251 
Number of patients with 
procedural stroke or death 


33 17 16 22 33 29 20 20 41 40 


* after re-calibration of the intercept 
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Risk groups using the model developed by Stavrinou et al, 2016 (risk score) 


 All patients 
Risk score 0 1 2 
Predicted risk (%) 0.9 1.9 20.8 
Observed risk (%) 1.7 3.2 4.9 
Total number of patients 16,205 4756 5332 
Number of patients with 
procedural stroke or death 


282 154 266 


 
 Symptomatic patients 
Risk score 0 1 2 
Predicted risk (%) 0.9 1.9 20.8 
Observed risk (%) 1.5 3.4 4.9 
Total number of patients 1827 4061 5332 
Number of patients with 
procedural stroke or death 


28 137 266 


 
 Asymptomatic patients 
Risk score 0 1 2* 
Predicted risk (%) 0.9 1.9 20.8 
Observed risk (%) 1.8 2.5 NA 
Total number of patients 14,378 695 0 
Number of patients with 
procedural stroke or death 


254 17 0 


* Group with risk score 2 was omitted in the calibration plot of asymptomatic patients due to the low number of patients 
(N<500) 
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Risk groups using the model developed by Eslami et al, 2016  


 All patients 
Risk group 1 2 3 4 5 6 7 8 9 
Predicted risk (%)*  0.8 1.2 1.5 1.7 2.0 2.4 3.1 4.9 10.2 
Observed risk (%) 1.3 2.3 1.4 2.4 2.1 3.6 3.3 4.6 5.7 
Total number of patients 5579 2871 3972 2868 1613 1701 2506 3165 2018 
Number of patients with 
procedural stroke or death 


74 65 55 68 34 62 82 147 115 


 
 Symptomatic patients 
Risk group 1 2 3 4 5 6 7 8 
Predicted risk (%)*  1.5 2.1 2.6 3.6 4.1 5.6 6.8 12.8 
Observed risk (%) 2.4 3.9 2.9 2.9 4.8 6.2 5.3 6.4 
Total number of patients 2868 1294 2000 748 1674 693 1250 693 
Number of patients with 
procedural stroke or death 


68 50 58 22 80 43 66 44 


 
 Asymptomatic patients 
Risk group 1 2 3 4 5 
Predicted risk (%)* 1.1 1.5 1.9 2.6 4.9 
Observed risk (%) 1.3 2.3 1.4 2.1 4.1 
Total number of patients 5579 2871 3972 1613 1038 
Number of patients with 
procedural stroke or death 


74 65 55 34 43 


* After re-calibration of the intercept 
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Risk groups using the model developed by Chaudhry et al, 2016 


 All patients 
Risk group 1 2 3 4 5 6 7 8 9 
Predicted risk (%)*  1.3 1.9 2.3 2.3 2.6 3.2 3.7 4.1 5.7 
Observed risk (%) 1.6 1.6 4.1 1.8 3.1 2.0 3.6 3.5 5.6 
Total number of patients 5753 3480 1821 3712 3200 750 2926 3124 1527 
Number of patients with 
procedural stroke or death 


92 56 74 67 99 15 104 110 85 


 
 Symptomatic patients 
Risk group 1 2 3 4 
Predicted risk (%)*  2.6 3.9 4.5 6.1 
Observed risk (%) 3.7 3.5 3.7 5.3 
Total number of patients 4322 2882 2518 1498 
Number of patients with 
procedural stroke or death 


158 100 93 80 


 
 Asymptomatic patients 
Risk group 1 2 3 4 5 6 7 
Predicted risk (%)*  1.1 1.3 1.8 1.8 2.1 2.1 3.2 
Observed risk (%) 2.0 1.3 1.3 1.9 1.8 1.9 2.9 
Total number of patients 2439 3314 1654 1826 3726 659 1455 
Number of patients with 
procedural stroke or death 


49 43 21 35 67 13 43 


* After re-calibration of the intercept 
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Risk groups using the model developed by Wimmer et al, 2014  


 All patients 
Risk group 1 2 3 4 5 6 7 8 9 
Predicted risk (%)*  1.4 1.8 2.0 2.4 2.5 3.0 3.3 4.0 5.9 
Observed risk (%) 1.5 1.1 2.6 2.7 2.1 3.3 3.8 4.1 5.5 
Total number of patients 3758 4480 2494 4082 1908 3157 1759 2933 1722 
Number of patients with 
procedural stroke or death 


58 49 64 109 40 103 66 119 94 


 
 Symptomatic patients 
Risk group 1 2 3 4 5 6 7 8 
Predicted risk (%)* 2.6 3.0 3.5 3.8 4.3 4.7 5.3 7.1 
Observed risk (%) 3.1 4.6 3.2 5.1 3.9 4.0 4.9 5.9 
Total number of patients 3279 372 2617 977 1581 1101 203 1090 
Number of patients with 
procedural stroke or death 


100 17 83 50 62 44 10 65 


 
 Asymptomatic patients 
Risk group 1 2 3 4 5 6 7 
Predicted risk (%)*  1.2 1.6 1.7 1.9 2.2 2.4 3.4 
Observed risk (%) 1.5 1.1 2.6 1.8 2.1 1.8 3.3 
Total number of patients 3758 4350 1553 1874 1908 166 1464 
Number of patients with 
procedural stroke or death 


58 48 40 34 40 3 48 


* After re-calibration of the intercept 
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Risk groups using the model developed by Gupta et al, 2013  


 All patients 
Risk group 1 2 3 4 5 6 
Predicted risk (%)*  1.8 1.9 2.3 2.8 3.5 5.9 
Observed risk (%) 2.7 2.2 2.3 2.7 2.7 4.3 
Total number of patients 6423 7935 2404 2061 4922 2548 
Number of patients with 
procedural stroke or death 


172 177 54 56 133 110 


 
 Symptomatic patients 
Risk group 1 2 3 4 5 6 7 
Predicted risk (%)* 2.4 2.7 3.2 3.9 4.8 5.7 8.9 
Observed risk (%) 3.9 3.6 2.6 3.8 4.2 5.2 4.7 
Total number of patients 2675 3081 1282 833 2100 191 1058 
Number of patients with 
procedural stroke or death 


105 112 33 32 89 10 50 


 
 Asymptomatic patients 
Risk group 1 2 3 4 5 6 
Predicted risk (%)*  1.2 1.4 1.6 1.9 2.4 3.9 
Observed risk (%) 1.8 1.3 1.9 2.4 1.4 3.9 
Total number of patients 3748 4854 1122 1043 3007 1299 
Number of patients with 
procedural stroke or death 


67 65 21 25 43 50 


* After re-calibration of the intercept 
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Risk groups using the model developed by Bekelis et al, 2013  


 All patients 
Risk group 1 2 3 4 5 6 7 8 9 10 
Predicted risk (%)* 1.7 1.9 2.2 2.3 2.4 2.6 2.8 3.0 3.4 4.5 
Observed risk (%) 2.2 2.5 2.3 2.3 2.5 2.3 2.6 2.9 2.6 4.5 
Total number of patients 2634 3096 2268 2520 2962 2533 2456 2617 2590 2617 
Number of patients with 
procedural stroke or death 


57 76 53 59 74 57 64 78 67 117 


 
 Symptomatic patients 
Risk group 1 2 3 4 5 6 7 8 9 10 
Predicted risk (%)* 2.3 2.7 3.0 3.3 3.5 3.7 4.1 4.4 4.9 6.5 
Observed risk (%) 3.1 3.7 3.2 4.1 3.5 4.1 4.5 3.6 4.0 4.8 
Total number of patients 1143 1143 1080 1124 1159 1115 1144 1078 1122 1122 
Number of patients with 
procedural stroke or death 


35 42 34 46 40 46 51 39 45 53 


 
 Asymptomatic patients 
Risk group 1 2 3 4 5 6 7 8 9 10 
Predicted risk (%)* 1.2 1.4 1.5 1.6 1.7 1.8 1.9 1.9 2.2 2.9 
Observed risk (%) 1.4 1.8 2.0 1.7 1.6 1.9 1.5 0.9 1.9 3.2 
Total number of patients 1644 1376 1792 1221 1643 1528 1350 1513 1513 1493 
Number of patients with 
procedural stroke or death 


23 25 36 21 26 29 20 14 30 47 


* After re-calibration of the intercept 
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Risk groups using the model developed by Calvillo-King et al, 2010a  


 All patients 
Risk group 1 2 3 4 5 
Predicted risk (%)*  1.7 2.5 2.6 3.7 5.1 
Observed risk (%) 1.9 1.7 3.8 4.1 5.1 
Total number of patients 6788 9564 3052 5723 1136 
Number of patients with 
procedural stroke or death 


130 165 115 234 58 


 
 Symptomatic patients 
Risk group 1 2 3 4 
Predicted risk (%)* 2.6 3.1 4.4 6.5 
Observed risk (%) 2.5 3.8 4.2 5.6 
Total number of patients 2145 3052 5313 710 
Number of patients with 
procedural stroke or death 


53 115 223 40 


 
 Asymptomatic patients 
Risk group 1 2 3 4 
Predicted risk (%)* 1.3 1.6 2.0 2.9 
Observed risk (%) 1.8 9.5 1.6 3.4 
Total number of patients 6014 21 8172 866 
Number of patients with 
procedural stroke or death 


108 2 132 29 


* After re-calibration of the intercept 
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Risk groups using the model developed by Calvillo-King et al, 2010b 
 All patients 
Risk group 1 2 3 4 5 
Predicted risk (%)*  1.6 2.5 2.7 3.9 5.3 
Observed risk (%) 1.9 1.8 3.9 4.1 3.9 
Total number of patients 6876 9678 3117 5740 882 
Number of patients with 
procedural stroke or death 


136 175 122 235 34 


 
 Symptomatic patients 
Risk group 1 2 3 4 
Predicted risk (%)*  2.5 3.1 4.6 6.6 
Observed risk (%) 2.5 3.9 4.3 4.7 
Total number of patients 2171 3101 5370 578 
Number of patients with 
procedural stroke or death 


54 122 228 27 


 
 Asymptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  1.3 2.1 2.9 
Observed risk (%) 1.9 1.7 2.0 
Total number of patients 6087 8296 690 
Number of patients with 
procedural stroke or death 


113 144 14 


* After re-calibration of the intercept 
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Risk groups using the model developed by Calvillo-King et al, 2010c (risk score) 


 All patients 
Risk score 0 1 2 3* 4* 
Predicted risk (%) 1.4 2.0 2.9 5.8 8.3 
Observed risk (%) 1.8 2.2 4.3 5.5 22.2 
Total number of patients 6199 13,406 6314 365 9 
Number of patients with 
procedural stroke or death 


112 295 273 20 2 


 
 Symptomatic patients 
Risk score 0 1 2 3* 4* 
Predicted risk (%) 1.4 2.0 2.9 5.8 8.3 
Observed risk (%) 1.9 3.3 4.4 5.1 22.2 
Total number of patients 634 4350 5876 351 9 
Number of patients with 
procedural stroke or death 


12 143 256 18 2 


 
 Asymptomatic patients 
Risk score 0 1 2* 3* 4* 
Predicted risk (%) 1.4 2.0 2.9 5.8 8.3 
Observed risk (%) 1.8 1.7 3.9 14.3 NA 
Total number of patients 5565 9056 438 14 0 
Number of patients with 
procedural stroke or death 


100 152 17 2 0 


* Groups with risk score 3 and 4 were omitted in the calibration plots due to the low number of patients (N<500). Group 2 was 
also omitted due to the low number of patients (N<500) in the calibration plot of asymptomatic patients.  
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Risk groups using the model developed by Goodney et al, 2008  


 All patients 
Risk group 1 2 3 4 5 
Predicted risk (%)*  1.3 1.6 2.9 3.7 6.6 
Observed risk (%) 1.7 1.6 4.5 3.5 3.9 
Total number of patients 6571 7869 3736 5233 2884 
Number of patients with 
procedural stroke or death 


114 126 167 183 112 


 
 Symptomatic patients 
Risk group 1 2 3 
Predicted risk (%)* 2.5 3.8 8.1 
Observed risk (%) 3.4 3.8 5.3 
Total number of patients 5178 4332 1710 
Number of patients with 
procedural stroke or death 


174 166 91 


 
 Asymptomatic patients 
Risk group 1 2 3 
Predicted risk (%)* 1.3 1.6 3.8 
Observed risk (%) 1.7 1.6 2.4 
Total number of patients 5738 7076 2259 
Number of patients with 
procedural stroke or death 


100 116 55 


* After re-calibration of the intercept 
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Risk groups using the model developed by Matsen et al, 2005  


 All patients 
Risk group 1 2 3 
Predicted risk (%)*  0.9 1.6 8.0 
Observed risk (%) 2.4 2.3 3.7 
Total number of patients 13,247 7235 5811 
Number of patients with 
procedural stroke or death 


322 167 213 


 
 Symptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  1.3 2.3 11.3 
Observed risk (%) 3.5 3.4 5.2 
Total number of patients 5599 3071 2550 
Number of patients with 
procedural stroke or death 


196 103 132 


 
 Asymptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  0.6 1.1 5.5 
Observed risk (%) 1.7 1.5 2.5 
Total number of patients 7648 4164 3261 
Number of patients with 
procedural stroke or death 


126 64 81 


* After re-calibration of the intercept 
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Risk groups using the model developed by Tu et al, 2003  


 All patients 
Risk group  1 2 3 4 
Predicted risk (%)*  1.9 2.4 3.3 4.4 
Observed risk (%) 1.4 2.3 3.7 5.3 
Total number of patients 11,025 4958 6719 3591 
Number of patients with 
procedural stroke or death 


152 112 249 189 


 
 Symptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  3.4 4.7 6.9 
Observed risk (%) 3.3 4.8 7.1 
Total number of patients 8040 2662 518 
Number of patients with 
procedural stroke or death 


266 128 37 


 
 Asymptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  1.6 2.0 3.0 
Observed risk (%) 1.4 2.3 3.8 
Total number of patients 9640 4539 894 
Number of patients with 
procedural stroke or death 


135 102 34 


* After re-calibration of the intercept 
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Risk groups using the model developed by Kuhan et al, 2001 


 All patients 
Risk group  1 2 3 
Predicted risk (%)*  1.5 3.5 7.9 
Observed risk (%) 1.9 3.3 5.8 
Total number of patients 14,624 10,081 1588 
Number of patients with 
procedural stroke or death 


279 331 92 


 
 Symptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  1.8 4.0 8.9 
Observed risk (%) 2.8 4.2 5.8 
Total number of patients 4387 5245 1588 
Number of patients with 
procedural stroke or death 


121 218 92 


 
 Asymptomatic patients 
Risk group 1 2 
Predicted risk (%)* 1.3 2.9 
Observed risk (%) 1.5 2.3 
Total number of patients 10,237 4836 
Number of patients with 
procedural stroke or death 


158 113 


* After re-calibration of the intercept 
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Risk groups using the model developed by Rothwell et al, 1999  


 All patients 
Risk group 1 2 3 
Predicted risk (%)*  1.5 1.8 3.6 
Observed risk (%) 2.2 2.7 2.8 
Total number of patients 4369 8544 13,380 
Number of patients with 
procedural stroke or death 


96 228 378 


 
 Symptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  2.2 2.6 5.3 
Observed risk (%) 2.7 4.0 4.2 
Total number of patients 2260 3375 5585 
Number of patients with 
procedural stroke or death 


60 135 236 


 
 Asymptomatic patients 
Risk group 1 2 3 
Predicted risk (%)*  0.9 1.2 2.4 
Observed risk (%) 1.7 1.8 1.8 
Total number of patients 2109 5169 7795 
Number of patients with 
procedural stroke or death 


36 93 142 


* After re-calibration of the intercept 
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Risk groups using the model developed by Kucey et al, 1998 


 All patients 
Risk group 1 2 3 4 5 6 7 8 
Predicted risk (%)* 1.6 1.9 2.1 2.6 2.7 3.3 3.6 4.4 
Observed risk (%) 1.9 1.7 1.8 1.8 3.8 3.7 3.8 4.2 
Total number of patients 3896 2116 6109 2952 2675 1470 4642 2433 
Number of patients with 
procedural stroke or death 


76 36 107 52 102 54 174 101 


 
 Symptomatic patients 
Risk group 1 2 3 4 
Predicted risk (%)*  2.9 3.6 3.9 4.7 
Observed risk (%) 3.8 3.7 3.8 4.2 
Total number of patients 2675 1470 4642 2433 
Number of patients with 
procedural stroke or death 


102 54 174 101 


 
 Asymptomatic patients 
Risk group 1 2 3 4 
Predicted risk (%)*  1.4 1.7 1.9 2.3 
Observed risk (%) 1.9 1.7 1.8 1.8 
Total number of patients 3896 2116 6109 2952 
Number of patients with 
procedural stroke or death 


76 36 107 52 


* After re-calibration of the intercept 
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Figure S1. Calibration plots 
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Calibration plots showing the showing the predicted against the observed risk of procedural stroke or 
death after carotid endarterectomy. The boxes represent the mean predicted risk for each risk group and 
the vertical lines represent the 95% confidence intervals. The dotted diagonal line indicates perfect 
calibration. Boxes above the diagonal line indicate underestimation of risk and below the diagonal line 


0 2 4 6 8 10 12
0


2


4


6


8


10


12


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)
Matsen et al, 2005
All patients


0 2 4 6 8 10 12
0


2


4


6


8


10


12


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Matsen et al, 2005
Symptomatic patients


0 2 4 6 8 10 12
0


2


4


6


8


10


12


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Matsen et al, 2005
Asymptomatic patients


0 2 4 6 8 10
0


2


4


6


8


10


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Kuhan et al, 2001
All patients


0 2 4 6 8 10
0


2


4


6


8


10


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)
Kuhan et al, 2001
Symptomatic patients


0 2 4 6 8 10
0


2


4


6


8


10


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Kuhan et al, 2001
Asymptomatic patients


0 1 2 3 4 5 6
0


1


2


3


4


5


6


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Rothwell et al, 1999
All patients


0 1 2 3 4 5 6
0


1


2


3


4


5


6


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Rothwell et al, 1999
Symptomatic patients


0 1 2 3 4 5 6
0


1


2


3


4


5


6


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Rothwell et al, 1999
Asymptomatic patients


0 1 2 3 4 5 6
0


1


2


3


4


5


6


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Kucey et al, 1998
All patients


0 1 2 3 4 5 6
0


1


2


3


4


5


6


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Kucey et al, 1998
Symptomatic patients


0 1 2 3 4 5 6
0


1


2


3


4


5


6


Predicted risk of procedural stroke or death (%)


O
bs


er
ve


d 
ri


sk
 o


f p
ro


ce
du


ra
l s


tr
ok


e 
or


 d
ea


th
 (%


)


Kucey et al, 1998
Asymptomatic patients







35 


overestimation of risk. Predicted and observed risks and number of cases per risk group are provided in 
Table S8. 
To construct the calibration plots, data of all 26,293 patients was used (Left), 11,035 symptomatic patients 
(Middle), and 14,772 asymptomatic patients (Right). Models were recalibrated with adjustment of the 
intercept. This was not possible for three models that used a risk score (Sridharan et al, 2018, Stavrinou et 
al, 2016, and Calvillo-King et al, 2010c). In these three models, risk groups with less than 500 patients 
were omitted. 
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Figure S2. Calibration plots of models reporting original intercept (before 
recalibration) 
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Calibration plots showing the showing the predicted against the observed risk of procedural stroke or 
death after carotid endarterectomy. The boxes represent the mean predicted risk for each risk group and 
the vertical lines represent the 95% confidence intervals. The dotted diagonal line indicates perfect 
calibration. Boxes above the diagonal line indicate underestimation of risk and below the diagonal line 
overestimation of risk. 
To construct the calibration plots, data of all 26,293 patients was used (Left), 11,035 symptomatic patients 
(Middle), and 14,772 asymptomatic patients (Right). Shown are the calibration plots with original 
intercept (before recalibration). 
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Methods S1. 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$)) 


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 


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


Search filter from #4 was adapted from: Ingui et al, 20011 


286 references identified on March 1, 2019 


 


EMBASE (via OVID EMBASE interface) 1 


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/ 


 
1 https://www.nice.org.uk/guidance/ng50/documents/search-strategies 
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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 
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Table S1. PRISMA checklist 2 


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.  


✓ 
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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.  


✓ 
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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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Table S3. Full-text evaluation 
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1.  Abd Allah et al, 20103  *           
2.  Aboyans et al, 20094 *            
3.  Admani et al, 19915  *           
4.  Ahn et al, 19916 *            
5.  Aizenberg, 20167       *      
6.  Alexandrov, 20038        *     
7.  Ansari et al, 20119 *            
8.  Archbold et al, 200110 *            
9.  Ascher et al, 200111 *            
10.  Ballard et al, 200712   *          
11.  Barvalia et al, 201413 *            
12.  Belcaro et al, 200014       *      
13.  Berens et al, 199215 *            
14.  Berger et al, 201316  *           
15.  Bosevski et al, 200717 *            
16.  Bosevski et al, 201518 *            
17.  Carnicelli et al, 201419         *    
18.  Carnicelli et al, 201320         *    
19.  Carsten et al, 199921         *    
20.  Chiquete et al, 201422 *            
21.  Chua et al, 200723         *    
22.  Chou et al, 201824  *           
23.  Colgan et al, 198825 †  *           
24.  Cull et al, 201126    *         
25.  de Weerd et al, 201427            * 
26.  Derdeyn et al, 199628     *        
27.  Derdeyn et al, 199529         *    
28.  Di Carli et al, 200530 *            
29.  Duval et al, 200631 *            
30.  Ellis et al, 199232 *            
31.  Elmore et al, 200333  *           
32.  Engelhardt et al, 200534         *    
33.  Eugene et al, 199935        *     
34.  Fabris et al, 199436  *           
35.  Felberg et al, 200237         *    
36.  Fernandes et al, 201638          *   
37.  Ghanaati et al, 200939 *            
38.  Giral et al, 199940         *    
39.  Gao et al, 201141 *            
40.  Greco et al, 201342           *  
41.  Hedblad et al, 199843          *   
42.  Helfre et al, 201744 *            
43.  Hogberg et al, 201445  *           
44.  Hoshino et al, 201846 *            
45.  Howard et al, 199647         *    
46.  Hua et al, 201448             
47.  Hughes et al, 201049  *           
48.  Jacobowitz et al, 200350            * 
49.  Joakimsen et al, 200051          *   
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50.  Jonas et al, 201452       *      
51.  Kakkos et al, 201453      *       
52.  Karnon et al, 200754       *      
53.  Kazemi-Bajestani et al, 201355 *            
54.  Kazum et al, 201656 *            
55.  Lacroix et al, 200657 *            
56.  Lassila et al, 199758  *           
57.  Lee et al, 199759       *      
58.  LeFevre et al, 201460       *      
59.  Li et al, 201361 *            
60.  Liang et al, 201462  *           
61.  Lim et al, 201163       *      
62.  Lim et al, 200664  *           
63.  Martin et al, 200465 *            
64.  Mathiesen et al, 200166  *           
65.  Meng et al, 201767  *           
66.  Moneta et al, 198968          *   
67.  Mostaza et al, 200969 *            
68.  Niederkorn et al, 199170  *           
69.  Obuchowski et al, 199771       *      
70.  O’Leary et al, 199372          *   
71.  O’Leary et al, 199273  *           
72.  Paprottka et al, 201774 *            
73.  Park et al, 200675 *            
74.  Prati et al, 199276 †  *           
75.  Prati et al, 200677  *           
76.  Qiu et al, 201678  *           
77.  Qureshi et al, 200179            * 
78.  Rockman et al, 201380  *           
79.  Rockman et al, 200481  *           
80.  Rodriguez Saldana et al, 1998   *          
81.  Roh et al, 201182  *           
82.  Ryglewicz et al, 199883 *            
83.  Saleem et al, 200884       *      
84.  Savji et al, 201385  *           
85.  Shah et al, 201486  *           
86.  Silaghi et al, 201387  *           
87.  Smolen et al, 200788          *   
88.  Solomon et al, 199789       *      
89.  Stein et al, 201590  *           
90.  Suri et al, 200891            * 
91.  Sutton-Tyrrel et al, 199392  *           
92.  Touzé et al, 200893       *      
93.  Walters et al, 199394         *    
94.  Weisman et al, 201595     *        
95.  Whitty et al, 199896         *    
96.  Willeit et al, 199397  *           
97.  Woo et al, 201798  *           
98.  Wyman et al, 200699       *      
99.  Yan et al, 2018100            * 
100.  Yin et al, 1998101     *        
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101.  Yu et al, 2009102  *           
102.  Zorach et al, 2016103      *       
† These articles were identified through cross-checking the reference lists of the studies included. 
ACS indicates asymptomatic carotid artery stenosis.  
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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, 2018100 
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, 
201427  


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, 
200350 


6.  ≥60% 
ACS  
 


Screening, NY, US 239 / 1331 
(18%) 


Logistic Not stated Based on 
univariate 
analysis 


No 4 Original model Qureshi et al, 
200179 


ACS indicates asymptomatic carotid artery stenosis. 
* Logistic regression and X2 analysis were not used to weight the diagnostic variables in the prediction model. 
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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, 2018100 
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, 201427 
Model 1‡ 


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


 
5.  - - - - - Jacobowitz et al, 200350 


 
6.  0.706 (0.620-0.792) - - - - Qureshi et al, 200179 
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.  
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Table S5. Predictors (diagnostic variables) used in the prediction models 


Risk predictors Yan et al, 2018100 
(Model: ≥50% ACS) 


Yan et al, 2018100 
(Model: ≥70% ACS) 


De Weerd et al, 201427  
(Both models) 


Jacobowitz et 
al, 200350 


Qureshi et al, 
200179 


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). 
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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, 2018100 
Model 1* 


 


- ? ? - + + ? - ? 


2.  Model 2* 


 
- ? ? - + + ? - ? 


3.  de Weerd et al, 201427 
Model 1† 


 


+ + + + + + + + + 


4.  Model 2† 


 
+ + + + + + + + + 


5.  Jacobowitz et al, 200350 
 


- ? + - - + + - - 


6.  Qureshi et al, 200179 + + + - + + + - + 
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. 
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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, 2018100 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, 201427Model 1† 
 


>70% ACS - 0.87 (0.85-0.90)§ 70-100% ACS 0.672 (0.630-0.657)100 


4.  Model 2† 
 


>50% ACS - 0.82 (0.80-0.84)§ 50-100% ACS 0.680 (0.668-0.694)100 


5.  Jacobowitz et al, 200350  >50% ACS - - 70-100% ACS 0.670 (0.657-0.683)100 
  50-100% ACS 0.648 (0.635-0.661)100 
  75-100% ACS 0.60 (0.52-0.68)91 
  50-100% ACS 0.60 (0.56-0.64)91 


6.  Qureshi et al, 200179 ≥60% ACS - 0.706 (0.620-0.792)|| 70-100% ACS 0.643 (0.630-0.656)100 
  50-100% ACS 0.626 (0.612-0.639)100 
  75-100% ACS 0.58 (0.50-0.67)91 
  50-100% ACS 0.56 (0.53-0.60)91 


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. 
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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, 2018100 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, 201427 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, 200350  >50% ACS ≥50% ACS 0.673 (0.668-0.678) ≥70% ACS 0.689 (0.677-0.701) 
6.  Qureshi et al, 200179 ≥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. 
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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. 
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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. 
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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, 
2018100 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, 
201427Model 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, 200350 


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, 
200179 


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. 
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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. 
 


Supplementary Figure 2. A Calibration plot of external validation of the prediction model developed 
by Qureshi et al, 2001 (originally developed for ≥60% ACS).79 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. 
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 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. 
 


Supplementary Figure 2. B Calibration plot of external validation of the prediction model developed 
by Jacobowitz et al, 2003 (originally developed for >50% ACS).50 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. 
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 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. 
 


Supplementary Figure 2. C Calibration plot of external validation of the prediction model (originally 
developed for ≥70% ACS) developed by de Weerd et al, 2014.27 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. 
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 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. 
 


Supplementary Figure 2. D Calibration plot of external validation of the prediction model for ≥70% 
ACS developed by de Weerd et al, 2014.27 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. 
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 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. 
 


Supplementary Figure 2. E Calibration plot of external validation of the prediction model (originally 
developed for ≥50% ACS) developed by de Weerd et al, 2014.27 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. 
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 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. 
 


Supplementary Figure 2. F Calibration plot of external validation of the prediction model (originally 
developed for ≥50% ACS) developed by de Weerd et al, 2014.27 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. 
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 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. 
 


Supplementary Figure 2. G. Calibration plot of external validation of the prediction model (originally 
developed for ≥70% ACS) developed by de Yan et al, 2018.100 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. 
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 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. 
 


Supplementary Figure 2. H Calibration plot of external validation of the prediction model (originally 
developed for ≥70% ACS) developed by de Yan et al, 2018.100 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. 
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 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. 
 


Supplementary Figure 2. I Calibration plot of external validation of the prediction model (originally 
developed for ≥50% ACS) developed by de Yan et al, 2018.100 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. 
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 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. 
 


Supplementary Figure 2. J Calibration plot of external validation of the prediction model (originally 
developed for ≥50% ACS) developed by de Yan et al, 2018.100 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. 
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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. 
 


Supplementary Figure 1. A Calibration plot of external validation of the prediction model developed 
by Qureshi et al, 2001 (originally developed for ≥60% ACS).79 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.  
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 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. 
 


Supplementary Figure 1. B Calibration plot of external validation of the prediction model developed 
by Jacobowitz et al, 2003 (originally developed for >50% ACS).50 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.  
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 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. 
 


Supplementary Figure 1. C Calibration plot of external validation of the prediction model developed 
by de Weerd et al, 2014 (originally developed for ≥70% ACS).27 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.  
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 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. 
 


Supplementary Figure 1. D Calibration plot of external validation of the prediction model developed 
by de Weerd et al, 2014 (originally developed for ≥70% ACS).27 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. 
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 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. 
 


Supplementary Figure 1. E Calibration plot of external validation of the prediction model for ≥50% 
ACS developed by de Weerd et al, 2014.27 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. 
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 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. 
 


Supplementary Figure 1. F Calibration plot of external validation of the prediction model for ≥50% 
ACS developed by de Weerd et al, 2014.27 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. 
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 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. 
 


Supplementary Figure 1. G Calibration plot of external validation of the prediction model developed 
by Yan et al, 2018 (originally developed for ≥70% ACS).100 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. 
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 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. 
 


Supplementary Figure 1. H Calibration plot of external validation of the prediction model developed 
by de Yan et al, 2018 (originally developed for ≥70% ACS).100 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. 
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 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. 
 


Supplementary Figure 1. I Calibration plot of external validation of the prediction model for ≥50% 
developed by de Yan et al, 2018.100 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. 







39 


 


 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. 
 


Supplementary Figure 1. J Calibration plot of external validation of the prediction model for ≥50% 
ACS developed by Yan et al, 2018.100 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. 
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Figure S3. Clinical application of the prediction model with the best 


discrimination 


 


Supplementary Figure 3. 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, 2014.27 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%.  
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Figure S4. Sensitivity analyses 


 


Supplementary Figure 4. 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.  
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Table S1. Missing data per variable 


Variable Percentage of participants with missing 
Age 0  
Sex 0 
Smoking status 11.4 
Diabetes mellitus 6.2 
Stroke/TIA 9.9 
Coronary heart disease 8.9 
Peripheral arterial disease 1.3 
SBP 0.5 
DBP 31.8 
TC/HDL-ratio 0.3 
BMI 4.1 
WC 34.9 
Antihypertensives 5.9 
BMI, body mass index; 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; WC, waist 
circumference. 
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Table S2. TRIPOD Checklist 


Section/Topic Item Checklist Item Page 
Title and abstract 


Title 1 Identify the study as developing and/or validating a multivariable 
prediction model, the target population, and the outcome to be predicted. ✓ Title 


Abstract 2 
Provide a summary of objectives, study design, setting, participants, 
sample size, predictors, outcome, statistical analysis, results, and 
conclusions. 


✓ Abstract 


Introduction 


Background 
and objectives 


3a 
Explain the medical context (including whether diagnostic or prognostic) 
and rationale for developing or validating the multivariable prediction 
model, including references to existing models. 


✓ Intro 


3b Specify the objectives, including whether the study describes the 
development or validation of the model or both. ✓ Intro 


Methods 


Source of data 
4a 


Describe the study design or source of data (e.g., randomized trial, cohort, 
or registry data), separately for the development and validation data sets, if 
applicable. 


✓ M&M 


4b Specify the key study dates, including start of accrual; end of accrual; and, 
if applicable, end of follow-up.  ✓ M&M 


Participants 
5a Specify key elements of the study setting (e.g., primary care, secondary 


care, general population) including number and location of centres. ✓ M&M 


5b Describe eligibility criteria for participants.  ✓ M&M 
5c Give details of treatments received, if relevant.  NA 


Outcome 6a Clearly define the outcome that is predicted by the prediction model, 
including how and when assessed.  ✓ M&M 


6b Report any actions to blind assessment of the outcome to be predicted.  NA 


Predictors 
7a 


Clearly define all predictors used in developing or validating the 
multivariable prediction model, including how and when they were 
measured. 


✓ M&M 


7b Report any actions to blind assessment of predictors for the outcome and 
other predictors.  NA 


Sample size 8 Explain how the study size was arrived at. ✓ M&M 


Missing data 9 
Describe how missing data were handled (e.g., complete-case analysis, 
single imputation, multiple imputation) with details of any imputation 
method.  


✓ M&M 


Statistical 
analysis 
methods 


10a Describe how predictors were handled in the analyses.  ✓ M&M 


10b Specify type of model, all model-building procedures (including any 
predictor selection), and method for internal validation. ✓ M&M 


10d Specify all measures used to assess model performance and, if relevant, to 
compare multiple models.  ✓ M&M 


Risk groups 11 Provide details on how risk groups were created, if done.  ✓ M&M 
Results 


Participants 


13a 
Describe the flow of participants through the study, including the number 
of participants with and without the outcome and, if applicable, a summary 
of the follow-up time. A diagram may be helpful.  


✓ M&M 


13b 
Describe the characteristics of the participants (basic demographics, 
clinical features, available predictors), including the number of participants 
with missing data for predictors and outcome.  


✓ Results 


Model 
development  


14a Specify the number of participants and outcome events in each analysis.  ✓ Results 


14b If done, report the unadjusted association between each candidate predictor 
and outcome. NA 


Model 
specification 


15a 
Present the full prediction model to allow predictions for individuals (i.e., 
all regression coefficients, and model intercept or baseline survival at a 
given time point). 


✓ Table 2 


15b Explain how to the use the prediction model. ✓ Results 
Model 
performance 16 Report performance measures (with CIs) for the prediction model. ✓ Results 


Discussion 


Limitations 18 Discuss any limitations of the study (such as nonrepresentative sample, 
few events per predictor, missing data).  ✓ Discussion 
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Interpretation 19b Give an overall interpretation of the results, considering objectives, 
limitations, and results from similar studies, and other relevant evidence.  ✓ Discussion 


Implications 20 Discuss the potential clinical use of the model and implications for future 
research.  ✓ Discussion 


Other information 
Supplementary 
information 21 Provide information about the availability of supplementary resources, such 


as study protocol, Web calculator, and data sets.  ✓ Appendix 


Funding 22 Give the source of funding and the role of the funders for the present study.  ✓ 
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Table S3. Predicted and observed prevalence of ACS across deciles of predicted risk 


 Deciles of predicted risk of ≥50% ACS 


Predicted prevalence based 


on PACAS score (%) 


0.21 0.38 0.56 0.75 0.99 1.29 1.70 2.25 3.12 7.14 


Observed prevalence (%) 0.20 0.32 0.44 0.64 0.90 1.29 1.57 2.42 3.26 7.67 


Number of cases with 


≥50% ACS 


114 198 267 378 526 796 938 1437 1949 4575 


ACS, asymptomatic carotid artery stenosis; PACAS score, Prevalence of Asymptomatic Carotid Artery Stenosis score. 


 


 Deciles of predicted risk of ≥70% ACS 


Predicted prevalence based 


on PACAS score (%) 


0.02 0.05 0.08 0.11 0.15 0.20 0.26 0.35 0.52 1.59 


Observed prevalence (%) 0.01 0.04 0.07 0.08 0.14 0.17 0.27 0.37 0.53 1.74 


Number of cases with 


≥70% ACS 


4 24 41 48 81 101 160 212 326 1036 


ACS, asymptomatic carotid artery stenosis; PACAS score, Prevalence of Asymptomatic Carotid Artery Stenosis score. 
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Figure S1.  
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Appendix S1. Research protocol for a systematic review of the literature 


This systematic review will be conducted according to a predefined protocol that will be registered 


prospectively in the international prospective registry for systematic reviews (PROSPERO): 


CRD42019155482. The systematic review will adhere to the CHecklist for critical Appraisal and data 


extraction for systematic Reviews of prediction Modelling Studies (CHARMS).1 


Search strategy 


We will use comprehensive electronic strategies and incorporated a validated research search filter to 


search Medline (via PubMed interface) and EMBASE (via OVID EMBASE interface) on December 1, 


2019 for studies reporting on the development of risk prediction models for the prevalence of ACS in 


patients diagnosed with lower extremity arterial disease (LEAD) (Appendix 2).2  


Eligibility criteria 


We will include articles: (1) on the development of diagnostic prediction models for estimation of the 


prevalence of ACS of 50% or more; (2) in patients diagnosed with LEAD; (3) with a cross-sectional 


study design; (4) and published in peer-reviewed journals without language restrictions. 


Screening process 


Two authors (MHFP & DRM) will independently screen all titles and abstracts of the retrieved 


references and will subsequently independently review full-text copies for final inclusion in this study. 


We will perform backward citation searching using the bibliographies of included studies. 


Data extraction 


Two authors (MHFP & DRM) will independently extract the following data from the included studies 


that report the development of a prediction model, based on the CHARMS checklist: source of data, 


setting study, geographic area (country and continent), study years, sample size, modelling method (e.g., 


logistic model), number of participants with missing data, handling of missing data, investigation of 


satisfaction of modelling assumptions, selection methods for predictor selection, shrinkage of predictor 


weights, number of outcome events, number of patients, degree of stenosis, number and type of 



https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=155482
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predictors (diagnostic variables) used in the final model, number of outcome events per variable, 


presentation of model, model performance (calibration and validation). In studies that reported internal 


validation of a prediction model, we will additionally extract the following data: method of internal 


validation (e.g., cross-validation, bootstrap), whether the model was adjusted or updated after internal 


validation. In studies that reported external validation of a prediction model, we will additionally extract 


the following data: type of external validation (e.g., geographical and/or temporal distinct population), 


whether the authors of the external validation developed the original model or not, model performance 


before and, if conducted, after model recalibration. 


Critical appraisal 


Prediction modelling studies will be assessed by two authors (MHFP & DRM) for risk of bias and 


applicability using the Prediction model Risk Of Bias ASsessment Tool (PROBAST).3 The assessment 


of risk of bias involved four domains: participants; predictors; outcome and analysis. Risk of bias was 


judged as low, high or unclear for each domain. The assessment of applicability involved three domains: 


participants; predictors and outcome. Applicability will be judged as low, high or unclear for each 


domain. Each distinct model included in the article will be evaluated separately.4 
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Appendix S2. 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$)) 


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


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


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


8. "Peripheral Arterial Disease"[MeSH]  


9. "Peripheral arterial disease"[tiab] OR "Limb ischaemia "[tiab] OR "Limb ischemia "[tiab] 


10. "Aortic aneurysm"[MeSH Terms] OR "aortic aneurysm, abdominal"[MeSH Terms] 


11. "Aortic aneurysm"[tiab]  


12. #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 


13. #3 AND #4 AND #12 


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


Search filter from #4 was adapted from: Ingui et al, 20012 


324 references identified on December 1, 2019  
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EMBASE (via OVID EMBASE interface) 1 


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/ 


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. exp peripheral occlusive artery disease/ 


21. (peripheral arterial disease or Limb ischaemia or Limb ischemia).ti,ab 


22. exp abdominal aorta aneurysm/ or exp aortic aneurysm/ or exp aorta aneurysm/ 


23. (Aortic aneurysm).ti,ab 


24. 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 


25. 5 and 15 and 24 


26. letter.pt. or letter/ 


27. note.pt. 


 
1 https://www.nice.org.uk/guidance/ng50/documents/search-strategies 
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28. conference abstract.pt.


29. editorial.pt.


30. case report/ or case study/


31. (letter or comment*).ti.


32. 26 or 27 or 28 or 29 or 30 or 31


33. animal/ not human/


34. nonhuman/


35. exp animal experiment/


36. exp experimental animal/


37. animal model/


38. exp rodent/


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


40. 33 or 34 or 35 or 36 or 37 or 38 or 39


41. 32 or 40


42. 25 not 41


43. limit 42 to embase


-------


4758 references identified on December 1, 2019
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Table S1. TRIPOD Checklist 


Section/Topic Item Checklist Item Page 
Title and abstract 


Title 1 Identify the study as developing and/or validating a multivariable 
prediction model, the target population, and the outcome to be predicted. ✓ Title


Abstract 2 
Provide a summary of objectives, study design, setting, participants, 
sample size, predictors, outcome, statistical analysis, results, and 
conclusions. 


✓ Abstract


Introduction 


Background 
and objectives 


3a 
Explain the medical context (including whether diagnostic or prognostic) 
and rationale for developing or validating the multivariable prediction 
model, including references to existing models. 


✓ Intro


3b Specify the objectives, including whether the study describes the 
development or validation of the model or both. ✓ Intro


Methods 


Source of data 
4a 


Describe the study design or source of data (e.g., randomized trial, cohort, 
or registry data), separately for the development and validation data sets, if 
applicable. 


✓ M&M


4b Specify the key study dates, including start of accrual; end of accrual; and, 
if applicable, end of follow-up.  ✓ M&M


Participants 
5a Specify key elements of the study setting (e.g., primary care, secondary 


care, general population) including number and location of centres. ✓ M&M


5b Describe eligibility criteria for participants. ✓ M&M
5c Give details of treatments received, if relevant. NA 


Outcome 6a Clearly define the outcome that is predicted by the prediction model, 
including how and when assessed.  ✓ M&M


6b Report any actions to blind assessment of the outcome to be predicted. NA 


Predictors 
7a 


Clearly define all predictors used in developing or validating the 
multivariable prediction model, including how and when they were 
measured. 


✓ M&M


7b Report any actions to blind assessment of predictors for the outcome and 
other predictors.  NA 


Sample size 8 Explain how the study size was arrived at. ✓ M&M


Missing data 9 
Describe how missing data were handled (e.g., complete-case analysis, 
single imputation, multiple imputation) with details of any imputation 
method.  


✓ M&M


Statistical 
analysis 
methods 


10a Describe how predictors were handled in the analyses. ✓ M&M


10b Specify type of model, all model-building procedures (including any 
predictor selection), and method for internal validation. ✓ M&M


10d Specify all measures used to assess model performance and, if relevant, to 
compare multiple models.  ✓ M&M


Risk groups 11 Provide details on how risk groups were created, if done. ✓ M&M
Results 


Participants 


13a 
Describe the flow of participants through the study, including the number 
of participants with and without the outcome and, if applicable, a summary 
of the follow-up time. A diagram may be helpful.  


✓ M&M


13b 
Describe the characteristics of the participants (basic demographics, 
clinical features, available predictors), including the number of participants 
with missing data for predictors and outcome.  


✓ Results


Model 
development 


14a Specify the number of participants and outcome events in each analysis. ✓ Results


14b If done, report the unadjusted association between each candidate predictor 
and outcome. NA 


Model 
specification 


15a 
Present the full prediction model to allow predictions for individuals (i.e., 
all regression coefficients, and model intercept or baseline survival at a 
given time point). 


✓ Table 2


15b Explain how to the use the prediction model. ✓ Results
Model 
performance 16 Report performance measures (with CIs) for the prediction model. ✓ Results


Discussion 


Limitations 18 Discuss any limitations of the study (such as nonrepresentative sample, 
few events per predictor, missing data).  ✓ Discussion
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Interpretation 19b Give an overall interpretation of the results, considering objectives, 
limitations, and results from similar studies, and other relevant evidence.  ✓ Discussion 


Implications 20 Discuss the potential clinical use of the model and implications for future 
research.  ✓ Discussion 


Other information 
Supplementary 
information 21 Provide information about the availability of supplementary resources, such 


as study protocol, Web calculator, and data sets.  ✓ Appendix 


Funding 22 Give the source of funding and the role of the funders for the present study.  ✓ 
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Table S2. Missing data per variable 


Variable Percentage of participants 
with missing 


Derivation cohort: Life Line Screening – US patients 
Age 0 
Sex 0 
Smoking status 10.5 
Diabetes mellitus 9.0 
Hypercholesterolemia 5.8 
CHD 13.8 
Stroke/TIA 15.2 
SBP 0.8 


Validation cohort: Life Line Screening – UK patients 
Age 0 
Sex 0 
Smoking status 14.0 
Diabetes mellitus 21.1 
Hypercholesterolemia 21.5 
CHD 22.6 
Stroke/TIA 24.5 
SBP 0.7 


Validation cohort: SMART study 
Age 0 
Sex 0 
Smoking status 0.9 
Hypercholesterolemia 2.4 
Diabetes mellitus 0 
CHD 0.1 
Stroke/TIA 0.3 
SBP 0.3 
CHD, coronary heart disease; SBP, systolic blood pressure; SMART, 
Second Manifestations of ARTerial disease; TIA, transient ischemic 
attack. 
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Table S3. Full-text evaluation 


 Reason for exclusion Number of studies 
1.  Not population of interest 9 5-13 
2.  Determination of risk factors of ACS without prediction model 4 14-17 
3.  Prevalence of ACS estimated only 6 18-23 
4.  Etiologic research determining risk factors for ACS 7 24-30 
5.  Health-economic research on ACS 2 31,32 
6.  Outcome: progression/regression of ACS 1 33 
7.  Review on screening 4 34-37 
8.  Diagnostic research with other determinant and/or outcome 3 38-40 
9.  Estimation of stroke risk or mortality in patients with ACS 7 41-47 
ACS, asymptomatic carotid stenosis. 
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Table S4. Predicted and observed prevalence of ACS across deciles of 


predicted risk 


 Deciles of predicted risk of ≥50% ACS 
 Derivation: LLS US patients (after internal validation) 
Predicted prevalence based on 
PACAS-LEAD (%) 


1.1 1.9 2.5 3.3 4.0 4.9 6.1 7.5 9.7 15.1 


Number of patients with 
≥50% ACS 


54 149 273 370 466 588 740 932 1133 1649 


Observed prevalence (%) 0.5 1.4 2.3 3.3 4.2 5.2 6.6 8.4 10.3 14.3 
 Validation: LLS UK patients (after recalibration) 
Predicted prevalence based on 
PACAS-LEAD (%) 


1.9 3.4 4.5 5.7 7.0 8.4 10.1 12.6 15.4 21.4 


Number of patients with 
≥50% ACS 


7 11 19 30 38 51 59 82 78 116 


Observed prevalence (%) 1.3 2.1 3.7 5.2 7.0 9.4 11.0 15.2 15.4 20.1 
 Validation: SMART (after recalibration) 
Predicted prevalence based on 
PACAS-LEAD (%) 


2.8 6.1 9.4 12.0 14.3 16.6 19.6 22.9 27.2 35.9 


Number of patients with 
≥50% ACS 


4 8 21 23 24 26 28 36 39 49 


Observed prevalence (%) 2.8 5.1 13.0 15.0 16.3 17.7 17.1 22.9 25.3 31.8 
ACS, asymptomatic carotid stenosis; LLS, Life Line Screening; PACAS-LEAD score, Prevalence of 
Asymptomatic Carotid Artery Stenosis in patients with Lower Extremity Arterial Disease score; SMART, Second 
Manifestations of ARTerial diseases. 


 


 Deciles of predicted risk of ≥70% ACS 
 Derivation: LLS US patients (after internal validation) 
Predicted prevalence based on 
PACAS-LEAD (%) 


0.5 0.8 1.0 1.3 1.6 2.0 2.5 3.2 4.4 7.4 


Number of patients with 
≥70% ACS 


23 53 110 124 206 271 289 381 544 800 


Observed prevalence (%) 0.2 0.5 1.0 1.2 1.7 2.4 2.6 3.5 4.7 7.1 
 Validation: LLS UK patients (after recalibration) 
Predicted prevalence based on 
PACAS-LEAD (%) 


0.9 1.6 2.1 2.8 3.5 4.2 5.3 6.6 8.4 12.7 


Number of patients with 
≥70% ACS 


2 2 11 14 15 28 35 45 45 64 


Observed prevalence (%) 0.4 0.4 1.8 2.6 2.8 5.2 6.5 8.4 8.6 11.4 
 Validation: SMART (after recalibration) 
Predicted prevalence based on 
PACAS-LEAD (%) 


2.2 4.6 6.6 8.5 10.2 12.2 14.5 16.7 19.9 27.1 


Number of patients with 
≥70% ACS 


2 5 14 14 16 24 22 31 22 41 


Observed prevalence (%) 1.4 3.1 9.5 9.5 11.9 13.2 13.9 20.3 17.3 22.7 
ACS, asymptomatic carotid stenosis; LLS, Life Line Screening; PACAS-LEAD score, Prevalence of Asymptomatic 
Carotid Artery Stenosis in patients with Lower Extremity Arterial Disease score; SMART, Second Manifestations of 
ARTerial diseases. 
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Figure S1. Flowchart 
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Figure S2. Distribution of sum scores in the derivation cohort 
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Figure S3. Calibration plots of PACAS-LEAD in validation cohort (before 


recalibration) 


 


Calibration plots showing the predicted risk against the observed risk of ≥50% (left column) and ≥70% 
ACS (right column) across deciles of predicted risk in the validation cohort before recalibration. The 
boxes represent the mean predicted risk for each decile and the vertical lines represent the 95% 
confidence intervals. The dotted diagonal line indicates perfect calibration. Boxes above the diagonal 
line indicate underestimation of risk and below the diagonal line overestimation of risk. 
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Table S1. STROBE checklist for cross-sectional studies 
Section/Topic Item Checklist Item Page 
Title and abstract 


 1 


(a) Indicate the study’s design with a commonly used term in the title or 
the abstract 
(b) Provide in the abstract an informative and balanced summary of what 
was done and what was found 


✓ Title & 
Abstract 


Introduction 
Background/ 
rationale  


2 Explain the scientific background and rationale for the investigation being 
reported ✓ Intro 


Objectives 3 State specific objectives, including any prespecified hypotheses ✓ Intro 
Methods 


Study design 4 Present key elements of study design early in the paper ✓ M&M 
Setting 5 Describe the setting, locations, and relevant dates, including periods of 


recruitment, exposure, follow-up, and data collection ✓ M&M 


Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of 
participants ✓ M&M 


Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 
and effect modifiers. Give diagnostic criteria, if applicable ✓ M&M 


Data sources/ 
measurement 


8*  For each variable of interest, give sources of data and details of methods 
of assessment (measurement). Describe comparability of assessment 
methods if there is more than one group 


✓ M&M 


Bias 9 Describe any efforts to address potential sources of bias ✓ M&M 
Study size 10 Explain how the study size was arrived at ✓ M&M 
Quantitative 
variables 


11 Explain how quantitative variables were handled in the analyses. If 
applicable, describe which groupings were chosen and why ✓ M&M 


Statistical 
methods 


12 (a) Describe all statistical methods, including those used to control for 
confounding 


✓ M&M 
(b) Describe any methods used to examine subgroups and interactions 
(c) Explain how missing data were addressed 
(d) If applicable, describe analytical methods taking account of sampling 
strategy 
(e) Describe any sensitivity analyses 


Results 


Participants 13* 


(a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, included 
in the study, completing follow-up, and analysed 


✓ M&M 


(b) Give reasons for non-participation at each stage ✓ Results 
(c) Consider use of a flow diagram NA 


Descriptive 
data  14* 


(a) Give characteristics of study participants (eg demographic, clinical, 
social) and information on exposures and potential confounders ✓ Results 


(b) Indicate number of participants with missing data for each variable of 
interest ✓ Table 1 


Outcome data 15* 
Report numbers of outcome events or summary measures 


✓ Table 1 


Main results 16 


(a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make clear 
which confounders were adjusted for and why they were included 


✓ Results (b) Report category boundaries when continuous variables were 
categorized 
(c) If relevant, consider translating estimates of relative risk into absolute 
risk for a meaningful time period 


Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, 
and sensitivity analyses 


✓ Results & 
Table 3 


Discussion 
Key results 18 Summarise key results with reference to study objectives ✓ Discussion 
Limitations 


19 
Discuss limitations of the study, taking into account sources of potential 
bias or imprecision. Discuss both direction and magnitude of any potential 
bias 


✓ 
Discussion 
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Interpretation 
20 


Give a cautious overall interpretation of results considering objectives, 
limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence 


✓ Discussion 


Generalisability 21 Discuss the generalisability (external validity) of the study results ✓ Discussion 
Other information 


Funding 22 Give the source of funding and the role of the funders for the present study.  ✓ 
*Give information separately for exposed and unexposed groups.  
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Table S2. Number of excluded participants, with reasons for exclusion 


Reason for exclusion Number of 
participants* 


Reported history of CVD (CHD, stroke or TIA, PAD) 336,339 
Reported history of congestive heart failure 20,591 
Reported history of valvular disease or left ventricular hypertrophy 89,844 
Reported history of COPD 64,275 
No ECG 332,195 
BMI and WC not recorded 82,602 
Missing sex 11,431 
Missing smoking history 250,134 
  
Total number included in our study 2,088,728 
* Sequential exclusion.  
CVD indicates cardiovascular disease; CHD, coronary heart disease; COPD, chronic obstructive pulmonary 
disease; ECG, electrocardiogram; PAD, peripheral arterial disease; TIA, transient ischemic attack. 
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Table S3. Missing data in our cohort 


Variable Percentage of participants 
with missing 


Age 0 
Sex 0 
Smoking status 0 
Height 0.2 
BMI 0.5 
Hypertension or antihypertensive therapy 7.5 
Hypercholesterolemia or lipid-lowering therapy 7.8 
Diabetes 8.3 
Alcohol use 55.0 
Waist circumference 85.7 
BMI, body mass index. 
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Table S4. Overview of regression dilution ratios 


Exposure Analysis Spearman regression dilution ratio 
BMI In men 0.86 
 In women 0.89 
WC In men 0.79 
 In women 0.82 
BMI indicates body mass index; WC, waist circumference 
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Table S5. Baseline characteristics in participants with both BMI and WC 
recorded 


 Participants 
with AF 


(n = 1430) 


Participants 
without AF 


(n = 287,951) 


All Participants 
(n = 289,381) 


Age (y) 67.8 ± 8.7 61.0 ± 9.3 61.0 ± 9.3 
Female sex 517 (36.2) 184,039 (63.9) 184,556 (63.8) 
Height in males (m) 1.80 ± 0.1 1.78 ± 0.1 1.78 ± 0.1 
Height in females (m) 1.64 ± 0.1 1.63 ± 0.1 1.63 ± 0.1 
BMI (kg/m2) 29.9 ± 5.9 28.2 ± 5.4 28.2 ± 5.4 
WC (cm) 102.5 ± 16.3 93.9 ± 15.0 93.9 ± 15.1 
Male ever smoker1 473 (51.8) 46,414 (44.7) 46,887 (44.7) 
Female ever smoker1 190 (36.8) 69,364 (37.7) 69,554 (37.7) 
Current alcohol use 494 (48.3) 90,790 (44.4) 91,284 (44.4) 
Hypertension or 
antihypertensive medication 


774 (56.9) 108,738 (38.7) 109,512 (38.8) 


Diabetes mellitus 179 (13.4) 20,541 (7.5) 20,720 (7.5) 
Hypercholesterolemia or 
lipid-lowering medication 


672 (49.2) 126,048 (45) 126,720 (45) 


Values are mean ± SD for continuous variables and n (%) for categorical variables. 
AF indicates atrial fibrillation; BMI, body mass index; SD, standard deviation; WC, waist 
circumference. 
1 Ever smoker was defined as current or former smoker. 
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Table S6. Odds ratios of AF by BMI in men and women 


 Women Men 
 Number of events / 


female participants 
 Mean 


usual BMI 
OR (95% CI) Number of events 


/ male 
participants 


Mean usual 
BMI 


OR (95% CI)1 


BMI category2       
  <20 kg/m2 114 / 26,493 20.2 1.14 (0.95-1.37) 54 / 4406 20.6 3.23 (2.46-4.23) 
  20-<25 kg/m2 644 / 191,149 23.5 1.00 (0.92-1.08) 551 / 61,563 23.9 2.29 (2.10-2.50) 
  25-<30 kg/m2 755 / 203,806 27.5 1.16 (1.08-1.24) 1365 / 143,554 27.4 3.08 (2.91-3.25) 
  30-<35 kg/m2 489 / 110,304 31.7 1.54 (1.41-1.69) 741 / 64,977 31.4 4.52 (4.20-4.87) 
  35-<40 kg/m2 213 / 43,295 36.2 2.00 (1.74-2.29) 293 / 18,829 35.2 7.11 (6.31-8.00) 
  ≥40 kg/m2 138 / 21,569 40.2 3.08 (2.60-3.65) 113 / 6175 38.2 10.01 (8.28-12.11) 
  Total 2353 / 596,616 - - 3117 / 299,504 - - 
Trend test (in participants with BMI 
≥20 kg/m2) 


  X2(1)=194.99 
P<0.0001 


  X2(1)=407.78 
P<0.0001 


       
Usual BMI per 5 units increment (in 
participants with BMI ≥20 kg/m2) 


 2239 / 570,123 - 1.36 (1.30-1.42) 3063 / 295,098 - 1.65 (1.57-1.73) 


Model with full adjustment for adjustment for age groups, country, history of hypertension, diabetes, smoking status, alcohol use, hypercholesterolemia, use of anti-
hypertensive medication and lipid-lowering medication. We used group-specific confidence intervals. 
BMI indicates body mass index; CI, confidence interval; OR, odds ratio. 
1 BMI 20-<25 kg/m2 in women was as reference category. 2 BMI was categorized according to baseline BMI values.  
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Table S7. Odds ratios of AF by WC in men and women 


 Women Men 


 Number of events / 
female participants 


Mean usual 
WC 


OR (95% CI)1 Number of events / 
male participants 


Mean usual 
WC 


OR (95% CI) 


WC category2 
  WC quintile 1 47 / 27,540 74.6 1.00 (0.75-1.34) 68 / 14,506 87.7 2.72 (2.14-3.47) 
  WC quintile 2 64 / 35,261 84.1 0.97 (0.76-1.24) 128 / 18,797 95.4 3.54 (2.97-4.22) 
  WC quintile 3 40 / 17,871 90.2 1.15 (0.84-1.57) 95 / 11,858 100.4 4.06 (3.32-4.98) 
  WC quintile 4 106 / 27,722 96.1 1.92 (1.58-2.33) 120 / 13,089 105.2 4.57 (3.81-5.48) 
  WC quintile 5 119 / 24,838 109.4 2.51 (2.08-3.02) 220 / 14,092 116.4 8.12 (7.07-9.32) 
  Total 376 / 133,232 - - 631 / 72,342 - - 
Trend test   X2(1)=50.08 


P<0.0001 
  X2(1)=89.60 


P<0.0001 
Usual WC per 13 cm increment3 376 / 133,232 - 1.52 (1.36-1.71) - - - 
Usual WC per 14 cm increment3 - - - 631 / 72,342 - 1.74 (1.55-1.95) 
Baseline abdominal obesity vs. not4 376 / 133,232 - 1.84 (1.46-2.32) 631 / 72,342 - 1.83 (1.56-2.15) 
Model with full adjustment for age groups, country, history of hypertension, diabetes, smoking status, alcohol use, hypercholesterolemia, use of anti-hypertensive 
medication and lipid-lowering medication. We used group-specific confidence intervals. 
CI indicates confidence interval; OR, odds ratio; WC, waist circumference. 
1 WC quartile 1 in women was as reference category. 
2 Quintiles were categorized according to baseline WC values. In men, quintiles were <89, 89-97, 97-102, 102-109, and >109 cm. In women, quintiles were < 76, 76-86, 
86-91, 91-102, and >102 cm. 
3 Usual WC was calculated per 14 cm increment in men and 13 cm in women, since these are an equivalent multiple of the standard deviation as BMI. For men, the SD of 
BMI was 4.6 and of WC was 13.2. The WC OR for men is calculated for a change of 5 ÷ 4.6 × 13.2 = 14 𝑐𝑐𝑐𝑐. For women, the SD of BMI was 5.6 and of WC was 15.1. 
The WC OR for women is calculated for a change of 5 ÷ 5.6 × 15.1 = 13 𝑐𝑐𝑐𝑐. 
4 Abdominal obesity was defined as WC of >102 cm in men or >88 cm in women. 
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Table S1. Search strategy  
 
 MEDLINE (via PubMed interface)1 


1.  "Atrial fibrillation"[MeSH] OR "Atrial flutter"[MeSH] 
2.  "Atrial fibrillation"[tiab] OR "atrial flutter"[tiab] 
3.  #1 OR #2 
4.  “Stratification” OR “ROC Curve”[Mesh] OR “Discrimination” OR “Discriminate” OR “c-


statistic” OR “c statistic” OR “Area under the curve” OR “AUC” OR “Calibration” OR 
“Indices” OR “Algorithm” OR “Multivariable” 


5.  "Mass Screening"[MeSH] OR Screen*[tiab] 
6.  Prevalence[MeSH] OR prevalenc*[tiab] OR "incidence"[MeSH Terms] OR incidenc*[tiab] OR 


communit*[tiab] 
7.  "Population"[MeSH] OR population*[tiab] 
8.  #5 OR #6 OR #7 
9.  #3 AND #4 AND #8 
  
 EMBASE (via OVID EMBASE interface)2 


1.  exp heart atrium fibrillation/ or exp atrial fibrillation/ or exp heart atrium flutter/ 
2.  (atrial fibrillation or atrial flutter).ti,ab,kw. 
3.  1 OR 2 
4.  predict.ti. 
5.  (validat* or rule*).ti,ab. 
6.  (predict* and (outcome* or risk* or model*)).ti,ab. 
7.  ((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. 
8.  decision*.ti,ab. and statistical model/ 
9.  (decision* and (model* or clinical*)).ti,ab. 
10.  (prognostic and (history or variable* or criteria or scor* or characteristic* or finding* or 


factor* or model*)).ti,ab. 
11.  (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. 
12.  receiver operating characteristic/ 
13.  4 OR 5 OR 6 OR 7 OR 8 OR 9 OR 10 OR 11 OR 12 
14.  exp mass screening/ 
15.  Screening.ab,ti,kw. 
16.  exp prevalence/ 
17.  Prevalence.ab,ti,kw. 
18.  exp incidence/ 
19.  Incidence.ab,ti,kw. 
20.  14 OR 15 OR 16 OR 17 OR 18 OR 19 
21.  3 AND 13 AND 20 


 
1 Search #4 was adapted from: Geersing GJ, Bouwmeester W, Zuithoff P, Spijker R, Leeflang M, Moons KG. 
Search filters for finding prognostic and diagnostic prediction studies in Medline to enhance systematic reviews. 
PLoS One. 2012;7(2):e32844. doi: 10.1371/journal.pone.0032844. PMID: 22393453). 
2 https://www.nice.org.uk/guidance/ng50/documents/search-strategies 
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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 
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Table S2. Overview of restrictions applied to inclusion of the original article 


 Risk prediction model Restrictions applied to inclusion of the original cohort 
1.  Age >65 years (ESC Guidelines)1 - 
2.  Alonso et al, 2013 (CHARGE-AF)2 * - 
3.  Aronson et al, 2018 (MHS)3 BMI ≥18 & age ≥50 years 
4.  Brunner et al, 2014 (MAYO)4 - 
5.  Chamberlain et al, 2011 (ARIC)5 Age ≥45 years 
6.  Ding et al, 2017 (JINAN)6 † Age ≥45 years 
7.  Everett et al, 2013 (WHS)7 - 
8.  Hamada et al, 2019 (SEIREI)8 ‡ Age ≥40 years 
9.  Kokubo et al, 2017 (SUITA)9 Age ≥30 years 
10.  Li et al, 2018 (C2HEST)10 - 
11.  Linker et al, 2018 (SAAFE)11 - 
12.  Schnabel et al, 2009 (FHS)12 Age ≥45 & ≤84 years 
13.  De Vos et al, 2010 (HATCH)13 N/A 
14.  Gage et al, 2001 (CHADS2)14 N/A 
15.  Lip et al, 2010 (CHA2DS2-VASc)15 N/A 
* The ‘simple model’ was assessed; not the ‘augmented model’; † The ‘simple model’ was assessed; not the ‘ECG model’ 
and ‘VVV model’; ‡ The ‘simple model’ was assessed; not the ‘added model’. 
BMI, body mass index; N/A, not applicable. 
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Table S3. Overview of predictors that were not available in our cohort and proxies used  


 Risk prediction model Predictors in the risk 
prediction model that are not 
relevant for prediction of 
prevalent AF 


Predictors not available in our 
cohort 


Proxies used 


1.  Age >65 years (ESC Guidelines)1 - - N/A 
2.  Alonso et al, 2013 (CHARGE-AF)2 - Race, DBP Coronary heart disease used for 


myocardial infarction 
3.  Aronson et al, 2018 (MHS)3 - Female with autoimmune/ 


inflammatory disease 
Coronary heart disease used for 
myocardial infarction 


4.  Brunner et al, 2014 (MAYO)4 - - - 
5.  Chamberlain et al, 2011 (ARIC)5 Left atrial enlargement, Left 


ventricular hypertrophy 
Race Valvular disease used for precordial 


murmur 
6.  Ding et al, 2017 (JINAN)6 - - - 
7.  Everett et al, 2013 (WHS)7 - Alcohol drinking status - 
8.  Hamada et al, 2019 (SEIREI)8 - WC, DBP, Alcohol drinking status Valvular disease used for cardiac 


murmur 
9.  Kokubo et al, 2017 (SUITA)9 non-HDL-C Arrhythmia, Alcohol drinking status Valvular disease used for cardiac 


murmur 
10.  Li et al, 2018 (C2HEST)10 - Hyperthyroidism Congestive heart failure used for 


systolic heart failure  
11.  Linker et al, 2018 (SAAFE)11 - Cardiac arrest, Kidney transplant, 


Hospitalized, Coronary artery stent, 
Race 


- 


12.  Schnabel et al, 2009 (FHS)12 - - Valvular disease used for significant 
murmur 


13.  De Vos et al, 2010 (HATCH)13 - - - 
14.  Gage et al, 2001 (CHADS2)14 - - N/A 
15.  Lip et al, 2010 (CHA2DS2-VASc)15 - - N/A 
AF, atrial fibrillation; DBP, diastolic blood pressure, HDL-C, High-density lipoprotein-cholesterol; N/A not applicable; WC, waist circumference. 
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Table S4. Missing data in our cohort 


Variables included as predictors Percentage of participants with missing in our cohort 
Age 0  
Sex 0 
SBP 0.7 
Heart rate 0.8 
PAD 1.6 
Height 1.8 
Weight  2.8 
BMI 3.9 
Hypertension 4.5 
Hypercholesterolemia 5.4 
CHF 6.7 
Antihypertensive therapy 7.2 
DM 8.5 
Smoking status  10.7 
CHD 12.2 
Stroke or TIA 13.4 
Valvular disease 24.6 
COPD 25.2 
BMI, body mass index; CHD, coronary heart disease; CHF, congestive heart failure; COPD, chronic obstructive 
pulmonary disease; DM, diabetes mellitus; PAD, peripheral arterial disease; SBP, systolic blood pressure; TIA, 
transient ischemic attack. 
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Table S5. Calculation of linear predictor functions 
 Risk prediction model Calculation of linear predictor for present analyses 
1.  Age >65 years (ESC 


Guidelines)1 
- 


2.  Alonso et al, 2013 
(CHARGE-AF)2 


LPAlonso = (0.1016 × Age) + (0.0248 × Height [per cm]) + (0.007667 × Weight [per kg]) + (0.00985 ×  SBP [per mmHg]) +
(0.359 × Current smoking) + (0.349 × Antihypertensives) + (0.237 × Diabetes) + (0.701 × Congestive heart failure) +
(0.496 × Coronary heart disease)  


3.  Aronson et al, 2018 (MHS)3 LPAronson = (0.0698 × Age) + (0.0492 × BMI [per kg/m2]) + (−0.370 × Female sex) + (0.390 × Treated hypertension) +
(−0.063 × Age in patients with congestive heart feailure) + (0.2 × History of stroke or peripheral arterial disease) + (5.25 ∗
History of congestive heart failure) + (0.20 × History of COPD) + (0.305 × History of MI) +  (0.24 × SBP ≥ 160 mmHg)   


4.  Brunner et al, 2014 
(MAYO)4 


LPBrunner = (1.28 × Heart failure) + (0.88 × Valvular disease) + (0.74 × Coronary heart disease) + (0.074 × Age) + (0.47 ×
Hypertension) + (0.47 × Diabetes) + (0.41 × Male sex)  


5.  Chamberlain et al, 2011 
(ARIC)5 


LPChamberlain =  (0 ×  Age 45 − 49) +  (0.6307 ×  Age 50 − 54) +  (0.97608 ×  Age 55 − 59) +  (1.70756 ×  Age ≥ 60 −
64) + (0 ×  Height <  1.64m) + (0.31422 ×  Height 1.64 − 1.72m) +  (0.80714 ×  Height ≥ 1.73m) + (0.01138 ×
SBP [mmHg]) + (0.62318 × Antihypertensives) + (0 × Never smoking) + (0.19445 × Former smoking) + (0.57045 ×
Current smoking) + (0.43563 × Valvular disease) + (0.8992 ∗ Diabetes) + (0 × Diabetes at age 45 − 50) + (0.07979 ×
Diabetes at age 50 − 55) + (−0.59912 × Diabetes at age 55 − 60) + (−0.85881 × Diabetes at age ≥ 60) + (0.46524 × CHF) +
(1.23089 × CHD) + (0 × CHD at age < 45) + (0 × CHD at age 45 − 49) + (−0.66455 × CHD at age 50 − 54) + (−0.52404 ×
CHD at age 55 − 59) + (−1.19565 × CHD at age ≥ 60)  


6.  Ding et al, 2017 (JINAN)6* LPDing = (0.07139 ∗ Age) + (0.741 ∗ Male sex) + (0.633 × Coronary heart disease) + (0.449 × Hypertension)  
7.  Everett et al, 2013 (WHS)7 LPEverett = (0.5480 × ln(Age)) + (0.0157 × Weight [per 1 kg]) + (0.0306 × Height [per 1 cm]) + (0.0155 ×


SBP [per 1 mmHg]) + (0.254 × Ever smoker)  
8.  Hamada et al, 2019 


(SEIREI)8 
LPHamada = (0.197 ×  Age 45 − 49)  +  (1.119 ×  Age 50 − 54)  + (1.233 ×  Age 55 − 59) + (1.885 ×  Age 60 − 64) +
 (1.997 ×  Age 65 − 69)  +  (2.632 ×  Age 70 − 74)  +  (2.227 ×  Age 75 − 79)  +  (0.687 ×  Male sex)  + (0 ×  HR >  50/
min)  +  (0.674 ×  HR ≤ 50/min)  + (0.934 × History of valvular disease)  


9.  Kokubo et al, 2017 
(SUITA)9 


LPKokubo = (0 × Age < 50 in men) + (0.871 × Age 50 − 59 in men) + (1.860 × Age 60 − 69 in men) + (2.428 × Age ≥
70 in men) + (−1.329 × Age < 50 in women) + (−0.198 × Age50 − 59 in women) + (1.410 × Age 60 − 69 in women) +
(2.434 × Age ≥ 70) + (0 × SBP < 120 mmHg) + (0.297 × SBP 120 − 139 mmHg) + (0.544 × SBP ≥ 140 mmHg) + (0.297 ×
Antihypertensives) + (0 × BMI < 25 kg/m2) + (0.427 × BMI ≥ 25 kg/m2)  + (0.336 × Current smoking) + (0.606 ×
Coronary heart disease) + (2.209 × Valvular disease at age 30 − 49) + (1.720 × Valvular disease at age 50 − 59) + (0.607 ×
Valvular disase at age 60 − 69) + (0 × Valvular disease at age ≥ 70)  


10.  Li et al, 2018 (C2HEST)10 LPLi = (1.421 × Coronary heart disease) + (1.102 × COPD) + (1.176 × Hypertension) + (1.763 × Age ≥ 75) + (2.073 ×
Congestive heart failure)  


11.  Linker et al, 2018 
(SAAFE)11 


LPLinker = (0.023 × Age) + (0.68 × Height [m]) + (0.25 × (Height [m] × Weight [kg]/100)) + (0.78 ×
Congestive heart failure) + (0.37 × Coronary artery disease) + (0.30 × COPD) + (0.12 × Stroke) + (−0.06 × Diabetes)  


12.  Schnabel et al, 2009 (FHS)12 LPSchnabel = (0.14655 × Age) + (−0.0003275 × Age2) + (2.05393 × Male sex) + (0.02130 × BMI[kg/m2]) + (0.00575 ×
SBP [mmHg]) + (0.47093 × Antihypertensives) + (4.18531 × Valvular disease) + (9.89758 × Congestive heart failure) +
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(−0.0002774 × age2in males) + (−0.04743 × Age in patients with valvular disease) + (−0.12776 ×
Age in patients with congestive heart failure)  


13.  De Vos et al, 2010 
(HATCH)13 


LPde Vos = (0.80 × Congestive heart failure) + (0.42 × Hypertension) + (0.41 × COPD) + (0.71 × Stroke) + (0.45 × Age > 75)  


14.  Gage et al, 2001 
(CHADS2)14 


- 


15.  Lip et al, 2010 (CHA2DS2-
VASc)15 


- 
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Table S6. Full-text evaluation 
 Reason for exclusion Number of studies 
1.  Selected population/ population at high risk for AF 2316-38 
2.  AF as domain 139 
3.  Review on prediction of AF 540-44 
4.  Other reviews 1945-63 
5.  Initiation or evaluation of screening program/method 1764-80 
6.  Health-economic research 781-87 
7.  Prevalence of AF estimated without prediction model 2288-109 
8.  Etiologic research: determination of risk factors for AF 55110-164 
9.  Etiologic research: AF as risk factor 2165,166 
10.  Diagnostic research 26167-192 
11.  Prognostic research: predicted outcome is risk of stroke and /or antithrombotic treatment 16193-208 
12.  Prognostic research: different predicted outcome (or AF not separately provided) 4209-212 
13.  Prognostic research: different determinant (not ECG) 4213-216 
14.  Article retracted 1217 
15.  External validation study 16218-233 


16.  Incremental/added value study 13234-246 


17.  Inclusion of genetic predictors 3247-249 
AF, atrial fibrillation; ECG, electrocardiogram 
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Table S7. Discriminative performance in all participants and participants with CHA2DS2-VASc of 2 or more 


  All participants 
(N = 2,541,702) 


Participants with CHA2DS2-VASc of 2 or more 
(N = 1,153,878) 


 Risk prediction model AUROC curve (95% 
CI) of regression 


equation 


AUROC curve (95% 
CI) of point chart 


AUROC curve (95% 
CI) of regression 


equation 


AUROC curve (95% 
CI) of point chart 


1.  Age >65 years (ESC Guidelines)1 0.655 (0.651-0.658) N/A 0.585 (0.579-0.592) N/A 
2.  Alonso et al, 2013 (CHARGE-AF)2 0.764 (0.759-0.768) N/A 0.749 (0.743-0.755) N/A 
3.  Aronson et al, 2018 (MHS)3 0.762 (0.757-0.766) 0.756 (0.752-0.761) 0.748 (0.742-0.755) 0.740 (0.733-0.746) 
4.  Brunner et al, 2014 (MAYO)4 0.747 (0.743-0.752) 0.724 (0.719-0.728) 0.729 (0.722-0.735) 0.693 (0.686-0.699) 
5.  Chamberlain et al, 2011 (ARIC)5 0.693 (0.688-0.698) 0.694 (0.689-0.699) 0.649 (0.642-0.656) 0.651 (0.643-0.658) 
6.  Ding et al, 2017 (JINAN)6 0.758 (0.753-0.762) 0.754 (0.750-0.759) 0.737 (0.731-0.744) 0.732 (0.725-0.738) 
7.  Everett et al, 2013 (WHS)7 0.672 (0.667-0.678) N/A 0.664 (0.656-0.671) N/A 
8.  Hamada et al, 2019 (SEIREI)8 0.716 (0.711-0.720) 0.734 (0.730-0.739) 0.681 (0.674-0.687) 0.704 (0.698-0.711) 
9.  Kokubo et al, 2017 (SUITA)9 0.714 (0.710-0.719) 0.714 (0.709-0.718) 0.666 (0.659-0.672) 0.667 (0.661-0.673) 
10.  Li et al, 2018 (C2HEST)10 0.685 (0.679-0.690) 0.686 (0.681-0.691) 0.675 (0.667-0.682) 0.676 (0.669-0.684) 
11.  Linker et al, 2018 (SAAFE)11 0.771 (0.767-0.776) N/A 0.750 (0.744-0.757) N/A 
12.  Schnabel et al, 2009 (FHS)12 0.756 (0.752-0.761) 0.757 (0.753-0.762) 0.732 (0.726-0.739) 0.733 (0.726-0.739) 
13.  De Vos et al, 2010 (HATCH)13 0.680 (0.675-0.685) 0.661 (0.656-0.667) 0.667 (0.659-0.674) 0.632 (0.625-0.639) 
14.  Gage et al, 2001 (CHADS2)14 N/A 0.658 (0.653-0.664) N/A 0.625 (0.618-0.632) 
15.  Lip et al, 2010 (CHA2DS2-VASc)15 N/A 0.650 (0.645-0.656) N/A 0.608 (0.600-0.616) 
AUROC, area under receiver operating characteristic curve; CI, confidence interval; N/A, not applicable. 
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Table S8. Sensitivity analyses: Discriminative performance in complete cases 


 Risk prediction model AUROC curve (95% CI) 
of regression equation 


N participants AUROC curve (95% CI) 
of point chart 


N participants 


1.  Age >65 years (ESC Guidelines)1 0.655 (0.651-0.658) 2,541,702 N/A - 
2.  Alonso et al, 2013 (CHARGE-AF)2 0.756 (0.750-0.763) 1,699,577 N/A - 
3.  Aronson et al, 2018 (MHS)3 0.753 (0.746-0.759) 1,730,244* 0.744 (0.738-0.750) 1,737,641* 
4.  Brunner et al, 2014 (MAYO)4 0.738 (0.732-0.744) 1,818,258 0.715 (0.709-0.720) 1,818,258 
5.  Chamberlain et al, 2011 (ARIC)5 0.684 (0.678-0.691) 1,543,859 0.686 (0.679-0.692) 1,543,859 
6.  Ding et al, 2017 (JINAN)6 0.751 (0.746-0.756) 2,185,490 0.748 (0.743-0.753) 2,185,490 
7.  Everett et al, 2013 (WHS)7 0.672 (0.666-0.678) 2,180,155 N/A - 
8.  Hamada et al, 2019 (SEIREI)8 0.712 (0.707-0.718) 1,901,920 0.732 (0.726-0.737) 1,901,920 
9.  Kokubo et al, 2017 (SUITA)9 0.706 (0.700-0.712) 1,574,604† 0.706 (0.700-0.712) 1,590,084† 
10.  Li et al, 2018 (C2HEST)10 0.676 (0.669-0.682) 1,847,294 0.677 (0.670-0.684) 1,847,294 
11.  Linker et al, 2018 (SAAFE)11 0.765 (0.759-0.770) 1,778,013 N/A - 
12.  Schnabel et al, 2009 (FHS)12 0.751 (0.746-0.757) 1,786,232 0.752 (0.746-0.758) 1,786,232 
13.  De Vos et al, 2010 (HATCH)13 0.671 (0.664-0.677) 1,850,039 0.651 (0.646-0.658) 1,850,039 
14.  Gage et al, 2001 (CHADS2)14 N/A - 0.652 (0.646-0.658) 2,031,416 
15.  Lip et al, 2010 (CHA2DS2-VASc)15 N/A - 0.640 (0.634-0.647) 1,933,625 
* The number of participants differed between the point chart and regression equation of the MHS prediction model by Aronson et al, 2018, because 
CVA was included as predictor in the regression equation but not in the point chart. † The number of participants differed between the point chart and 
regression equation of the SUITA prediction model by Kokubo et al, 2017, because antihypertensive therapy was included as predictor in the regression 
equation but not in the point chart. 
AUROC, area under receiver operating characteristic curve; CI, confidence interval; N, number; N/A, not applicable. 
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Table S9. Predicted and observed prevalence of atrial fibrillation across deciles or groups of predicted risk 


Alonso et al, 2013 (CHARGE-AF)2 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.03 0.06 0.09 0.12 0.17 0.24 0.33 0.48 0.76 1.78 


Number of cases with AF 148 232 262 334 568 627 977 1289 1938 4089 
Observed prevalence of AF (%) 0.06 0.08 0.11 0.13 0.20 0.27 0.36 0.50 0.75 1.59 


Aronson et al, 2018 (MHS)3 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.07 0.12 0.15 0.19 0.24 0.31 0.40 0.52 0.72 1.33 


Number of cases with AF 150 224 284 313 521 722 955 1291 1891 4113 
Observed prevalence of AF (%) 0.06 0.09 0.11 0.15 0.19 0.26 0.37 0.50 0.75 1.58 


Brunner et al, 2014 (MAYO)4 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.06 0.09 0.12 0.16 0.21 0.27 0.35 0.47 0.67 1.66 


Number of cases with AF 151 218 346 412 523 787 939 1276 1878 3934 
Observed prevalence of AF (%) 0.07 0.09 0.12 0.17 0.20 0.29 0.37 0.51 0.73 1.52 


Chamberlain et al, 2011 (ARIC)5 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.07 0.13 0.18 0.23 0.30 0.37 0.44 0.53 0.70 1.13 


Number of cases with AF 153 257 420 641 789 1058 1055 1471 1923 2697 
Observed prevalence of AF (%) 0.07 0.11 0.16 0.23 0.31 0.42 0.46 0.55 0.72 1.06 
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Ding et al, 2017 (JINAN)6 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.06 0.10 0.14 0.19 0.24 0.30 0.38 0.51 0.71 1.40 


Number of cases with AF 117 232 303 411 455 726 1034 1248 1963 3975 
Observed prevalence of AF (%) 0.06 0.08 0.11 0.16 0.19 0.29 0.37 0.50 0.77 1.51 


Everett et al, 2013 (WHS)7 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.12 0.17 0.21 0.24 0.29 0.34 0.41 0.51 0.65 1.12 


Number of cases with AF 274 380 553 590 824 956 1150 1275 1665 2797 
Observed prevalence of AF (%) 0.13 0.16 0.21 0.24 0.30 0.36 0.42 0.50 0.67 1.07 


Hamada et al, 2019 (SEIREI)8 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.10 0.13 0.24 0.26 0.28 0.30 0.42 0.54 0.59 1.01 


Number of cases with AF 176 218 173 592 52 606 2599 609 1190 4249 
Observed prevalence of AF (%) 0.07 0.09 0.16 0.15 0.17 0.19 0.60 0.28 0.58 1.25 


Kokubo et al, 2017 (SUITA)9 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.02 0.06 0.12 0.19 0.25 0.34 0.45 0.61 0.80 1.18 


Number of cases with AF 117 269 357 403 407 1023 1298 1835 2075 2680 
Observed prevalence of AF (%) 0.06 0.09 0.15 0.17 0.21 0.30 0.56 0.66 0.80 1.04 
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Li et al, 2018 (C2HEST)10 
 Groups of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.07 0.22 0.53 2.42 


Number of cases with AF 2587 2240 2317 3320 
Observed prevalence of AF (%) 0.21 0.29 0.86 1.25 


Linker et al, 2018 (SAAFE)11 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.25 0.29 0.32 0.34 0.36 0.39 0.42 0.46 0.52 0.71 


Number of cases with AF 136 199 174 372 336 628 1068 1162 1940 4449 
Observed prevalence of AF (%) 0.06 0.08 0.09 0.12 0.17 0.23 0.34 0.49 0.75 1.62 


Schnabel et al, 2009 (FHS)12 
 Deciles of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.03 0.06 0.11 0.16 0.22 0.30 0.40 0.55 0.78 1.44 


Number of cases with AF 123 167 307 334 530 693 1004 1394 2144 3768 
Observed prevalence of AF (%) 0.06 0.07 0.11 0.14 0.20 0.27 0.40 0.54 0.83 1.45 


de Vos et al, 2010 (HATCH)13 
 Groups of predicted risk of atrial fibrillation (AF) 
Predicted prevalence based on 


risk prediction model (%) 
0.29 0.43 0.44 0.49 0.84 


Number of cases with AF 2714 130 1875 2493 3252 
Observed prevalence of AF (%) 0.21 0.41 0.28 0.81 1.24 
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Table S10. Performance of the risk prediction models to detect atrial fibrillation 


Targeted screening Number of 
cases with AF  


Number of 
individuals 


Observed 
prevalence 


Sensitivity Specificity PPV NPV NNS 


Highest decile of predicted risk 
Alonso et al, 2013 (CHARGE-AF)2 4089 257,309 1.6 39.1 90.0 1.6 99.7 63 
Aronson et al, 2018 (MHS)3 4113 259,499 1.6 39.3 89.9 1.6 99.7 63 
Brunner et al, 2014 (MAYO)4 3934 259,377 1.5 37.6 89.9 1.5 99.7 66 
Chamberlain et al, 2011 (ARIC)5 2697 254,709 1.1 25.8 90.0 1.1 99.7 94 
Ding et al, 2017 (JINAN)6 3975 263,167 1.5 38.0 89.8 1.5 99.7 66 
Everett et al, 2013 (WHS)7 2797 262,410 1.1 26.7 89.7 1.1 99.7 94 
Hamada et al, 2018 (SEIREI)8 4249 340,015 1.3 40.6 86.7 1.2 99.7 80 
Kokubo et al, 2017 (SUITA)9 2680 257,586 1.0 25.6 89.9 1.0 99.7 96 
Li et al, 2018 (C2HEST)10 3320 266,364 1.3 31.7 89.6 1.2 99.7 80 
Linker et al, 2018 (SAAFE)11 4449 275,437 1.6 42.5 89.3 1.6 99.7 62 
Schnabel et al, 2009 (FHS)12 3768 259,529 1.5 36.0 89.9 1.5 99.7 69 
de Vos et al, 2010 (HATCH)13 3252 262,806 1.2 31.1 89.7 1.2 99.7 81 
Highest two deciles of predicted risk 
Alonso et al, 2013 (CHARGE-AF)2 6027 515,724 1.3 48.3 84.9 1.3 99.7 76 
Aronson et al, 2018 (MHS)3 6004 511,979 1.3 48.3 85.0 1.3 99.7 76 
Brunner et al, 2014 (MAYO)4 5812 514,891 1.3 46.6 84.9 1.3 99.7 79 
Chamberlain et al, 2011 (ARIC)5 4620 523,354 0.9 35.0 84.8 0.9 99.7 106 
Ding et al, 2017 (JINAN)6 5938 518,147 1.3 47.4 84.8 1.3 99.7 79 
Everett et al, 2013 (WHS)7 4462 511,262 0.9 34.7 84.9 0.9 99.7 107 
Hamada et al, 2019 (SEIREI)8 5439 544,824 1.1 46.3 82.7 1.1 99.7 91 
Kokubo et al, 2017 (SUITA)9 4755 517,322 0.9 35.5 84.8 1.0 99.7 104 
Li et al, 2018 (C2HEST)10 5637 537,327 1.1 42.8 84.3 1.1 99.7 90 
Linker et al, 2018 (SAAFE)11 6389 532,561 1.3 51.8 84.3 1.3 99.8 75 
Schnabel et al, 2009 (FHS)12 5912 518,216 1.2 46.3 84.8 1.2 99.7 80 
de Vos et al, 2010 (HATCH)13 5745 572,249 1.1 43.0 83.7 1.1 99.7 93 
AF, Atrial fibrillation; NNS, number needed to screen; NPV, negative predictive value; PPV, positive predictive value. 
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Figure S1. Calibration plots 
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Calibration plots. Data of 2.5M participants was used to construct these calibration plots. Mean predicted 
risk against the observed risk of AF across deciles or groups of predicted risk (after recalibration with 
adjusting the intercept) is shown. The boxes represent the mean predicted risk for each decile or group 
and the vertical lines represent the 95% confidence intervals. The dotted diagonal line indicates perfect 
calibration. Boxes above the diagonal line indicate underestimation of risk and below the diagonal line 
overestimation of risk. The prevalences and number of cases per decile or group are provided in eTable 
8.  
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Figure S2. Observed prevalences by sum scores, using the risk scores 
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Figure S1. Test characteristics of ASCVD to detect AF and ACS 


 
Graphs showing the sensitivity and specificity and corresponding observed prevalence and number needed to screen to detect one case with AF (left) and ACS 
(right) using ASCVD.  
ACS, asymptomatic carotid stenosis; AF, atrial fibrillation; NNS, number needed to screen.  
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Table S1. Missing data per variable 


Variable  Percentage of participants with missing 
Age 0 
Sex 0.5 
Ethnicity 1.9 
Smoking status 11.1 
Diabetes 5.8 
Antihypertensives 4.9 
Systolic blood pressure 0.2 
High-density lipoprotein-cholesterol 0.3 
Total cholesterol 0 
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Table S2. Number of excluded participants, with reasons for exclusion 


Reason for exclusion Number of participants* 
Participants <40 years or ≥80 years 311,297 
Reported history of AF 238,449 
Reported history of CVD (CHD, stroke or TIA, PAD) 228,999 
No ECG 280,728 
No duplex ultrasound of carotid arteries 16,628 
Participants from the UK 168,464 
Reported race not Caucasian or African American 190,184 
No blood measurement 1,444,521 
  
Total number included in our study 394,849 
* Sequential exclusion.  
AF, atrial fibrillation; CVD, cardiovascular disease; CHD, coronary heart disease; ECG, 
electrocardiogram; PAD, peripheral arterial disease; TIA, transient ischemic attack; UK, United 
Kingdom. 
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Table S3. Discrimination in complete cases 


Predicted outcome C-statistic (95% 
CI) 


Number of 
participants 


AF 0.68 (0.66-0.70) 307,703 
AF in men with CHA2DS2-VASc ≥2 and women with 
CHA2DS2-VASc ≥3 


0.60 (0.57-0.63) 65,508 


AF with height and weight included as predictors 0.72 (0.70-0.74) 298,060 
   
ACS 0.72 (0.71-0.73) 307,703 
ACS in participants reporting no use of aspirin 0.72 (0.71-0.73) 189,659 
ACS, asymptomatic carotid stenosis; AF, atrial fibrillation; C-statistic, concordance-statistic; CI, 
confidence interval. 
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Table S4. Yield of targeted screening for AF and ACS according to ASCVD risk groups, in complete cases 


ASCVD risk groups No. 
individuals 


No. 
outcomes 


Prevalence 
(%) 


Sensitivity 
(%) 


Specificity 
(%) 


PPV 
(%) 


NPV 
(%) 


NNS 


AF       
Very high risk (≥20%) 46,914 277 0.6 36.1 84.8 0.6 99.8 169 
High risk (15-19.9%) 27,272 90 0.5 47.8 75.9 0.5 99.8 202 
Intermediate risk (10-14.9%) 43,495 134 0.4 65.2 61.8 0.4 99.9 235 
Low risk (7.5-9.9%) 32,037 83 0.4 76.0 51.4 0.4 99.9 256 
Very low risk (5.0-7.4%) 42,910 52 0.3 82.8 37.4 0.3 99.9 303 
Very low risk (2.5-4.9%) 58,298 76 0.3 92.7 18.5 0.3 99.9 352 
AF in men with CHA2DS2-VASc of two or more and women with three or more 
Very high risk (≥20%) 33,529 195 0.6 65.2 48.9 0.6 99.7 172 
High risk (15-19.9%) 11,790 38 0.5 77.9 30.9 0.5 99.7 195 
Intermediate risk (10-14.9%) 11,268 41 0.5 91.6 13.6 0.5 99.7 207 
Low risk (7.5-9.9%) 4775 17 0.5 97.3 6.3 0.5 99.8 211 
Very low risk (5.0-7.4%) 2877 5 0.5 99.0 1.9 0.5 99.8 217 
Very low risk (2.5-4.9%) 1023 3 0.5 100 0.4 0.5 100 218 
ACS 
Very high risk (≥20%) 46,914 1888 4.0 38.9 85.1 4.0 98.9 25 
High risk (15-19.9%) 27,272 694 3.5 53.1 76.4 3.5 99.0 29 
Intermediate risk (10-14.9%) 43,495 842 2.9 70.5 62.3 2.9 99.2 34 
Low risk (7.5-9.9%) 32,037 450 2.6 79.7 51.8 2.6 99.4 39 
Very low risk (5.0-7.4%) 42,910 435 2.2 88.7 37.8 2.2 99.5 45 
Very low risk (2.5-4.9%) 58,298 380 1.9 96.5 18.7 1.9 99.7 54 
ACS in participants reporting no use of aspirin  
Very high risk (≥20%) 22,209 797 3.6 33.3 88.6 3.6 99.0 28 
High risk (15-19.9%) 14,220 313 3.0 46.3 81.1 3.0 99.2 33 
Intermediate risk (10-14.9%) 24,316 427 2.5 64.2 68.4 2.5 99.3 40 
Low risk (7.5-9.9%) 19,176 257 2.2 74.9 58.3 2.2 99.5 45 
Very low risk (5.0-7.4%) 27,107 240 1.9 84.9 43.9 1.9 99.6 53 
Very low risk (2.5-4.9%) 39,690 239 1.5 94.9 22.9 1.5 99.7 65 
ACS, asymptomatic carotid stenosis; AF, atrial fibrillation; NNS, number needed to screen; NPV, negative predictive value; PPV, 
positive predictive value. 
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Appendix S1. Protocol for a systematic review and meta-analysis on the 
relationship between operator volume and hospital volume and carotid 
endarterectomy and carotid stenting outcomes. 


Background 
Data on the relationship between operator and hospital volume and procedural outcomes after 
carotid revascularization are conflicting.  


Purpose 
To systematically review the available literature on the relation between hospital volume and 
operator volume, and the outcome of carotid endarterectomy (CEA) or carotid artery stenting 
(CAS).  


Methods/design 
We will follow the recommendations made by Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA).1 In addition, our study adhered to the Meta-analysis 
of Observational Studies in Epidemiology (MOOSE) guidelines.2 


Data sources 
We will conduct an electronic search using PubMed and EMBASE on August 21, 2017. 
Reference lists of identified articles will be crosschecked to identify additional studies until 
this method of crosschecking does not identify further studies. 


Search strategy 
We developed a systematic search strategy with structured terms (see eAppendix 3). 


Eligibility criteria 
We will use the following five criteria for inclusion: 1) published in peer-reviewed journals; 2) 
written in one of the following languages: English, German, French, Spanish, or Dutch; 3) 
present original treatment data on patients undergoing either CEA or CAS for either 
asymptomatic or symptomatic carotid stenosis; 4) report on at least one of the following 
outcomes: combined mortality/stroke rate, mortality, stroke, myocardial infarction, 
mortality/stroke/myocardial infarction combined, or cranial nerve injury (in case of CEA), and; 
5) present effect estimates for the association with these outcomes for one of the following
determinants: hospital volume, i.e. number of carotid procedures performed in one hospital, or
operator volume, i.e. number of carotid procedures performed per operator, or the results allow
to calculate the risk estimates. Data on a learning curve, i.e. the effect of the first number of
performed procedures per operator on the outcomes, and operator specialization will not be
included in this study.


Study selection 
Two authors (MHFP and ECB) will independently screen all titles and abstracts for eligibility 
and assess full-text copies for final inclusion in this review. In case of disagreement, 
discrepancies will be resolved in consensus meetings by MHFP, ECB and GJdB. If multiple 
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studies used data of patients from the same cohort or database, we collated the data to form one 
unit of analysis. 
 
Data extraction 
Two authors (MHFP and ECB) will independently extract the following study characteristics 
from included studies:  
1) Methods: study design, design of data-collection, data source, setting study, number of study 
centers, geographic area (country and continent) of study, study years, 2) Patient 
characteristics: A) sample size (patients/procedures). B) baseline characteristics: sex, age, 
cardiovascular risk factors, defined according to the individual studies: smoking, hypertension, 
hypercholesterolemia, diabetes mellitus, cardiovascular disease and cerebrovascular disease C) 
Disease characteristics: symptomatic or asymptomatic status, degree of stenosis revealed by 
duplex ultrasound (<70%, 70-99%, occlusion), duration of hospital stay, 3) Determinant: total 
number of operators/hospitals, definition of hospital and operator threshold categories. 4) 
Details of outcome: absolute number of events, relative number of events, risk rates, and 
adjustment factors.  
Studies without risk estimates or raw data were categorized as studies with non-quantified data. 
From these studies the reported association or textually mentioned association were extracted, 
but these studies were not further used in the quantitative analysis. 
If data was not published we will contact the authors to provide additional data.  
 
Outcome measures 
Primary 
Combined in-hospital or <30 days mortality and stroke rate. Although a composite endpoint 
comes with difficulty in interpretation, since effects for the separate outcomes might be the 
opposite of each other, we expect most studies presenting the combination of these two, to 
patients most relevant, postoperative outcome. 
 
Secondary 
Combined in-hospital or <30 days postoperative: 1) combined mortality, stroke and myocardial 
infarction rate; 2) mortality; 3) stroke; 4) myocardial infarction; 5) postoperative cranial nerve 
palsy (CNP), defined as any temporary palsy of a cranial nerve at the operative side without an 
underlying stroke or TIA. In follow-up: 6) mortality-stroke rate, 7) mortality; 8) stroke; 9) 
restenosis, defined as >50% stenosis detected by duplex ultrasound or angiography, or 
occlusion. 
 
 
Risk of bias assessment and quality of evidence 
We will assess the methodological quality of the cohort studies that were included according 
to the 9-point Newcastle-Ottawa Scale (NOS). Points could be scored for representativeness of 
the exposed cohort, adequate selection of the non-exposed cohort, adequate definitions and 
assessment of the outcome, length of follow-up, and comparability of exposed and non-
exposed patients.  
 
Statistical analyses 
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From the included articles, we will obtain or calculate the relative risks (RRs), odds ratios 
(ORs), or hazard ratios (HRs) with corresponding 95% confidence intervals stratified per 
treatment modality and per determinant. We will extract the number of patients and procedures 
separately, but will not distinguish this number in further analyses. For operator volume and 
hospital volume, we will compare the highest threshold category to the lowest threshold 
category as provided in the original articles. We will perform separate analyses for unadjusted 
and adjusted risk estimates. We will pool risk estimates with a generic variance-based, random 
effects model, weighting individual risk estimates by the inverse of their variance. 
Heterogeneity will be assessed with X2 statistics, and we will consider results heterogeneous if 
P <.10. In studies that used the highest threshold category as control group, the inversed risk 
estimates and 95%-confidence intervals were calculated.  


Heterogeneity 
To account for heterogeneity, a random effects model with weights per study assigned based 
on the generic inversed variance method will be used. Heterogeneity across studies will be 
tested with the Cochran’s Q test (if P < 0.05 significant heterogeneity exists), and expressed in 
the I2-statistic. A prediction interval will be constructed for meta-analyses including ≥3 
studies.3,4 There is a 95% probability that a risk estimate of a subsequent study with comparable 
characteristics will fall within this prediction interval. Wide prediction intervals thus indicate 
more heterogeneity than a narrow prediction interval.  


Publication bias 
Risk of publication or reporting bias within the included studies will be assessed with funnel 
plots and asymmetry will be visually assessed and tested by Egger’s regression,5 with a p-value 
<0.05 indicating asymmetry.6 Symmetric funnel plots indicate no to low evidence for 
publication or reporting bias. Funnel plots will only be constructed when ≥10 studies reported 
on a certain determinant-outcome relation, because interpretation of these plots is hampered 
when fewer studies are included.6  


Sensitivity analysis 
We will perform the following sensitivity analyses for the primary endpoint: 1) Geographical 
region: limited to studies from North America; 2) Symptomatic status: limited to studies with 
adjustment for symptomatic status; and 3) The other volume determinant: limited to studies 
with adjustment for the other volume determinant (e.g. surgeon volume-outcome relationship 
adjusted for hospital volume). 
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Appendix S2. Checklists for reporting standards 


PRISMA Checklist7 
Section/topic # Checklist item Reported on 


page # 
TITLE 
Title 1 Identification as a systematic review, meta-analysis, or both. 1 
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.  
3-4


INTRODUCTION 
Rationale 3 Describe the rationale for the review in the context of what is already known. 5 
Objectives 4 Provide an explicit statement of questions being addressed with reference to participants, interventions, outcomes 


(PICO design). 
5 


METHODS 
Protocol and registration 5 Indicate if a review protocol exists, and where it can be accessed. 6 
Eligibility criteria 6 Specify study characteristics and report characteristics (such as years considered, language, publication status) 


used as criteria for eligibility.  
6 


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. 


6 


Search 8 Present full electronic search strategy, including limits used, such that it could be repeated. Appendix 3 
Study selection 9 State the process for selecting studies (i.e., screening, eligibility) and make sure that this is done by 2 authors. 7 
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.  
7 


Data items 11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and 
simplifications made. 


7-8


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.  


8-9


Summary measures 13 State the principal summary measures (e.g., risk ratio, difference in means). 9-10
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.  
9-11


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). 


11 


Additional analyses 16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, 
indicating which were pre-specified.  


11 


RESULTS 
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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.  


12 


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.  


12 


Risk of bias within studies  19 Present data on risk of bias of each study and, if available, any outcome level assessment.  12, Appendix 
table 8 


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.  


12-15 


Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.  12-15, Figures 
2-5 


Risk of bias across studies  22 Present results of any assessment of risk of bias across studies.  16 
Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression).  16-17 
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).  
18 


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).  


19-20 


Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for future 
research.  


20-21 


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.  
2 


 
 
 







9 


MOOSE Checklist for Meta-analyses of Observational Studies2 


Item No Recommendation Reported on 
Page No 


Reporting of background should include 


1 Problem definition 5 


2 Hypothesis statement 5 


3 Description of study outcome(s) 8 


4 Type of exposure or intervention used 8 


5 Type of study designs used 6 


6 Study population 6 


Reporting of search strategy should include 


7 Qualifications of searchers (eg, librarians and investigators) 6 


8 Search strategy, including time period included in the synthesis and key words Appendix 3 and 
Figure 1 


9 Effort to include all available studies, including contact with authors 9, 34 


10 Databases and registries searched 6 


11 Search software used, name and version, including special features used (eg, 
explosion) 


NA 


12 Use of hand searching (eg, reference lists of obtained articles) 6 


13 List of citations located and those excluded, including justification Appendix table 4 


14 Method of addressing articles published in languages other than English 6 


15 Method of handling abstracts and unpublished studies 6 


16 Description of any contact with authors 34 


Reporting of methods should include 


17 Description of relevance or appropriateness of studies assembled for assessing 
the hypothesis to be tested 


6-7


18 Rationale for the selection and coding of data (eg, sound clinical principles or 
convenience) 


7-8


19 Documentation of how data were classified and coded (eg, multiple raters, 
blinding and interrater reliability) 


7-8


20 Assessment of confounding (eg, comparability of cases and controls in studies 
where appropriate) 


8-9


21 Assessment of study quality, including blinding of quality assessors, stratification 
or regression on possible predictors of study results 


8-9


22 Assessment of heterogeneity 10-11


23 Description of statistical methods (eg, complete description of fixed or random 
effects models, justification of whether the chosen models account for predictors 
of study results, dose-response models, or cumulative meta-analysis) in sufficient 
detail to be replicated 


9-10


24 Provision of appropriate tables and graphics Figure 2-5, Table 
1-2


Reporting of results should include 


25 Graphic summarizing individual study estimates and overall estimate Figure 2-5 


26 Table giving descriptive information for each study included Table 1, Appendix 
table 5-6 


27 Results of sensitivity testing (eg, subgroup analysis) Appendix table 9 
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28 Indication of statistical uncertainty of findings Figure 2-5, 
eFigure 1-21 


Reporting of discussion should include 


29 Quantitative assessment of bias (eg, publication bias) 16 


30 Justification for exclusion (eg, exclusion of non-English language citations) NA 


31 Assessment of quality of included studies 12 


Reporting of conclusions should include 


32 Consideration of alternative explanations for observed results 18, 20 


33 Generalization of the conclusions (ie, appropriate for the data presented and 
within the domain of the literature review) 


18 


34 Guidelines for future research 20-21 


35 Disclosure of funding source 2 
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Appendix S3. Search strategies1 
PubMed search 


1. "Hospitals, Low-Volume"[Mesh] OR "Hospitals, High-Volume"[Mesh]
2. "Health Facility Size"[Mesh]
3. "Hospitals/statistics and numerical data"[Mesh]
4. Hospital[tiab] OR hospitals[tiab] OR "Health facility"[tiab] OR "health facilities"[tiab] OR
Provider[tiab] OR providers[tiab]
5. Size[tiab] OR sizes[tiab] OR Volume[tiab] OR volumes[tiab] OR capacity [tiab] OR
capacities[tiab] OR load[tiab] OR loads[tiab] OR loading[tiab]
6. #4 AND #5
7. #1 OR #2 OR #3 OR #6
8. Workload[Mesh] OR workload[tiab] OR workloads[tiab]
9. Caseload[tiab] OR caseloads[tiab]
10. Work[tiab] OR Case[tiab] OR cases[tiab] OR Patient[tiab] OR patients[tiab] OR operator[tiab]
OR operators[tiab] OR physician[tiab] OR physicians[tiab] OR surgeon[tiab] OR surgeons[tiab]
OR surgeon’s[tiab] OR surgical[tiab] OR surgery[tiab] OR surgeries[tiab]
11. Load[tiab] OR loads[tiab] OR loading[tiab] OR Volume[tiab] OR volumes[tiab]
12. #10 AND #11
13. #8 OR #9 OR #12
14. "Specialties, Surgical"[Mesh]
15. Operator[tiab] OR operators[tiab] OR physician[tiab] OR physicians[tiab] OR Surgeon[tiab]
OR surgeons[tiab] OR surgeon’s[tiab] OR surgical[tiab] OR surgery[tiab] OR surgeries[tiab]
16. Specialty[tiab] OR specialties[tiab] OR Specialization[tiab] OR specializations[tiab] OR
specializing [tiab] OR specialize[tiab] OR specializes[tiab] OR specialized[tiab] OR
Specialisation[tiab] OR specialisations[tiab] OR specializing[tiab] OR specialise[tiab] OR
specialises[tiab] OR specialised[tiab] OR Specialism[tiab] OR specialisms[tiab]
17. #15 AND #16
18. #14 OR #17
19. #7 OR #13 OR #18
20. "Endarterectomy, Carotid"[Mesh] OR "Endarterectomy"[Mesh] OR Endarterectomy[tiab] OR
endarterectomies[tiab]
21. "Carotid Arteries"[Mesh] OR Carotid[tiab] OR Carotids[tiab] OR Carotis[tiab]
22. "Surgical Procedures, Operative"[Mesh] OR "Surgery"[Subheading] OR Surgery[tiab] OR
Surgeries[tiab] OR Surgical[tiab] OR Operation[tiab] OR Operations[tiab] OR Operative[tiab] OR
"Stents"[Mesh] OR Stent[tiab] OR Stents[tiab] OR Stenting[tiab] OR "Angioplasty"[Mesh] OR
"Angioplasty, balloon"[Mesh] OR "Catheterization"[Mesh] OR Angioplasty[tiab] OR
Angioplasties[tiab]
23. #21 AND #22
24. #20 OR #23
25. #19 AND #24


1 Since this search was performed as part of a larger project also investigating the operator specialty-
outcome relationship for CEA and CAS, terms referring to the operator’s specialty are included in the 
search query. 
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EMBASE search 


1. 'Low volume hospital'/exp
2. 'High volume hospital'/exp
3. 'Hospital bed capacity'/exp
4. 'Hospital'/de
5. Hospital:ab,ti OR hospitals:ab,ti OR 'Health facility':ab,ti OR 'health facilities':ab,ti OR
Provider:ab,ti OR providers:ab,ti
6. Size:ab,ti OR sizes:ab,ti OR Volume:ab,ti OR volumes:ab,ti OR capacity:ab,ti OR
capacities:ab,ti OR load:ab,ti OR loads:ab,ti OR loading:ab,ti
7. #5 AND #6
8. #1 OR #2 OR #3 OR #4 OR #7
9. 'Workload'/exp
10. Workload:ab,ti OR workloads:ab,ti
11. Caseload:ab,ti OR caseloads:ab,ti
12. Work:ab,ti OR case:ab,ti OR cases:ab,ti OR patient:ab,ti OR patients:ab,ti OR operator:ab,ti
OR operators:ab,ti OR physician:ab,ti OR physicians:ab,ti OR surgeon:ab,ti OR surgeons:ab,ti OR
‘surgeon/s’:ab,ti OR surgical:ab,ti OR surgery:ab,ti OR surgeries:ab,ti
13. Load:ab,ti OR loads:ab,ti OR loading:ab,ti OR Volume:ab,ti OR volumes:ab,ti
14. #12 AND #13
15. #9 OR #10 OR #11 OR #14
16. 'Surgeon'/exp
17. 'Medical specialist'/exp
18. Operator:ab,ti OR operators:ab,ti OR physician:ab,ti OR physicians:ab,ti OR surgeon:ab,ti OR
surgeons:ab,ti OR 'surgeon/s':ab,ti OR surgical:ab,ti OR surgery:ab,ti OR surgeries:ab,ti
19. Specialty:ab,ti OR specialties:ab,ti OR Specialization:ab,ti OR specializations:ab,ti OR
specializing:ab,ti OR specialize:ab,ti OR specializes:ab,ti OR specialized:ab,ti OR
Specialisation:ab,ti OR specialisations:ab,ti OR specialising:ab,ti OR specialise:ab,ti OR
specialises:ab,ti OR specialised:ab,ti OR Specialism:ab,ti OR specialisms:ab,ti
20. #18 AND #19
21. #16 OR #17 OR #20
22. #8 OR #15 OR #21
23. 'Carotid artery surgery'/exp
24. 'Carotid artery stent'/exp
25. 'Cerebral revascularization'/exp
26. 'Endarterectomy'/exp OR Endarterectomy:ab,ti OR endarterectomies:ab,ti
27. 'Carotid artery'/exp OR Carotid:ab,ti OR carotids:ab,ti OR carotis:ab,ti
28. 'Surgery'/exp OR 'Stent'/exp OR Surgery:ab,ti OR surgeries:ab,ti OR surgical:ab,ti OR
Operation:ab,ti OR operations:ab,ti OR operative:ab,ti OR Stent:ab,ti OR stents:ab,ti OR
stenting:ab,ti OR Angioplasty:ab,ti OR angioplasties:ab,ti
29. #27 AND #28
30. #23 OR #24 OR #25 OR #26 OR #29
31. #22 AND #30
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Figure S1. Risk mates and meta-analysis for the  between CEA 


operator volume (high vs. low volume) for the outcome procedural death 
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Adjusted odds ratios


100 %Pooled adjusted OR (random effects)
(Q = 10.13, df = 9, p = 0.34; I2 = 28.9%;
   prediction interval = [0.55 , 0.82])


Mao, 2017 $
Kumamaru, 2015 (Cohort 2007-2008)
Kumamaru, 2015 (Cohort 2005-2006)
Kumamaru, 2015 (Cohort 2003-2004)
Kumamaru, 2015 (Cohort 2001-2002)
AbuRahma, 2013
Boudourakis, 2009 (Cohort 2005) $
Boudourakis, 2009 (Cohort 1999) $
Nazarian, 2008 $
Middleton, 2002
Gray, 2002 $
Cowan, 2002 $
O' Neill, 2000 $
Kucey, 1998
Mattos, 1995
Segal, 1993 $
Edwards, 1991 $
AbuRahma, 1988 *
Kempczinski, 1986 #
Slavish, 1984 #
Hertzer, 1984 #
Brott, 1984 *


194 / 67992 (0.3)
- / 20711 (1.04)
- / 29255 (0.96)
- / 38757 (1.16)
- / 39524 (1.19)
3 / 616 (0.5)
- / 3014 (0.2)
- / 4420 (0.5)
69 / 16348 (0.4)
6 / 251 (2.4)
1 / 103 (1.0)
82 / 18576 (0.44)
20 / 2573 (0.78)
12 / 980 (1.2) 
21 / 1142 (1.8) 
28 / 2384 (1.17)
9 / 772 (1.2)
4 / 340 (1.2)
3 / 230 (1.3)
12 / 456 (2.6)
23 / 1111 (1.0)
7 / 187 (3.7)


6 / 904 (0.7)
- / 20415 (1.42)
- / 18488 (1.41)
- / 18706 (1.74)
- / 19887 (1.79)
1 / 93 (1.1)
- / 1340 (0.4)
- / 1881 (1.0)
5 / 248 (2.0)
0 / 77 (0)
1 / 33 (3.0)
68 / 6299 (1.1)
3 / 153 (1.96)
0 / 38 (0)
6 / 553 (1.1)
85 / 3273 (2.60)
130 / 5067 (2.6)
3 / 168 (1.8)
6 / 242 (2.4)
8 / 287 (2.8)
12 / 302 (2.0)
0 / 101 (0) 8.12 [ 0.46 , 142.2 ]


0.52 [ 0.26 , 1.03 ]
0.94 [ 0.39 , 2.28 ]
0.53 [ 0.13 , 2.08 ]
0.66 [ 0.15 , 2.91 ]
0.45 [ 0.23 , 0.89 ]
0.45 [ 0.30 , 0.69 ]
1.69 [ 0.69 , 4.18 ]
0.98 [ 0.06 , 16.6 ]
0.40 [ 0.12 , 1.32 ]
0.41 [ 0.30 , 0.56 ]
0.32 [ 0.02 , 4.98 ]
4.01 [ 0.23 , 71.1 ]
0.21 [ 0.09 , 0.51 ]
0.49 [ 0.27 , 0.91 ]
0.53 [ 0.16 , 1.75 ]
0.45 [ 0.05 , 4.31 ]
0.66 [ 0.58 , 0.76 ]
0.67 [ 0.58 , 0.77 ]
0.68 [ 0.58 , 0.80 ]
0.73 [ 0.61 , 0.87 ]
0.43 [ 0.19 , 0.97 ]


> 15 / year
> 50 / year
> 24 / year
> 50 / year
> 32 / 5 years
_ 50 / year
_ 30 / 26 months
> 12 / year
> 12 / year
_ 100 / 2 years
_ 30 / year
> 10 / year
> 15 / 6 months
> 15 / year
_ 50 / year
_ 50 / year
_ 30 / year
_ 40 past-year
_ 40 past-year
_ 40 past-year
_ 40 past-year
> 1 / year


_ 5 / year
< 10 / year
_ 24 / year
< 12 / year
_ 32 / 5 years
1-12 / year
< 30 / 26 months
< 12 / year
< 6 / year
1-2 / 2 years
< 10 / year
_ 10 / year 
< 6 / 6 months
1 / year
_ 5 / year
_ 5 / year
< 10 / year
< 10 past-year
< 10 past-year
< 10 past-year
< 10 past-year
_ 1 / year


>
>


>
>


>
>
>
>
>
>
>


0.25 %
3.47 %
2.29 %
1.01 %
0.89 %
3.56 %
7.00 %
2.21 %
0.26 %
1.32 %
9.43 %
0.27 %
0.25 %
2.36 %
4.21 %
1.33 %
0.41 %


14.77 %
14.58 %
14.01 %
13.49 %


2.63 %


<


<


<


<


<
<


<


0.60 [ 0.52 , 0.69 ]- / 249742 (-) 100 %- / 98555 (-)Pooled unadjusted RR (random effects)


Unadjusted relative risks


(Q = 34.15, df = 21, p = 0.03; I2 = 49.1%;
   prediction interval = [0.40 , 0.89])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S2. Risk mates and meta-analysis for the  between CEA 


operator volume (high vs. low volume) for the outcome procedural stroke 


Mao, 2017 $
AbuRahma, 2013
Dardik, 2000 $


1427 / 67992 (2.1)
8 / 616 (1.3)
- / 2735 (-)


32 / 904 (3.5)
4 / 93 (4.3)
- / 1381 (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.603 [ 0.351 , 1.035 ]
0.29 [ 0.08 , 1.04 ]
0.56 [ 0.38 , 0.83 ]


_ 30 / year
_ 30 / year
> 1 / year


1-4 / year
< 10 / year
_ 1 / year


32.32 %
5.75 %


61.93 %
>
>


<


0.55 [ 0.41 , 0.75 ]- / 71343 (-) - / 2378 (-) 100 %


Adjusted odds ratios


Pooled adjusted OR (random effects)
(Q = 1.08, df = 2, p = 0.58; I2 = 0.0%;
   prediction interval = [0.08 , 4.05])


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Mao, 2017 $ 
AbuRahma, 2013
Matsen, 2006 $
Gray, 2002 $
Cowan, 2002 #
Mayo, 1998 #
Kucey, 1998
Mattos, 1995
Edwards, 1991 $
Richardson, 1989
Rubin, 1988 §
AbuRahma, 1988 *
Slavish, 1984 # 
Brott, 1984 *


1427 / 67992 (2.1)
8 / 616 (1.3)
8 / 2134 (0.37)
3 / 103 (2.9)
212 / 18576 (1.1)
7 / 293 (2.4)
41 / 980 (4.2)
47 / 1142 (4.1)
16 / 772 (2.1)
12 / 504 (2.3)
- / 2605 (1.9)
9 / 340 (2.6)
20 / 465 (4.4)
17 / 187 (9.1)


32 / 904 (3.5)
4 / 93 (4.3) 
55 / 5429 (1.01)
2 / 33 (6.1)
128 / 6299 (2.0)
1 / 60 (1.7)
7 / 38 (18.4)
40 / 553 (7.2)
203 / 5067 (4.0)
5 / 82 (6.1)
- / 1821 (3.4)
10 / 168 (6.0)
8 / 287 (2.8)
4 / 101 (4.0) 2.30 [ 0.79 , 6.64 ]


1.57 [ 0.70 , 3.52 ]
0.44 [ 0.18 , 1.07 ]
0.55 [ 0.38 , 0.80 ]
0.39 [ 0.14 , 1.08 ]
0.52 [ 0.31 , 0.86 ]
0.57 [ 0.38 , 0.86 ]
0.23 [ 0.11 , 0.47 ]


1.43 [ 0.18 , 11.44 ]
0.56 [ 0.45 , 0.70 ]
0.48 [ 0.08 , 1.75 ]
0.37 [ 0.18 , 0.78 ]
0.30 [ 0.09 , 0.98 ]
0.59 [ 0.42 , 0.84 ]


> 15 / year
> 24 / year
> 32 / 5 years
> 60 / year
> 12 / year
_ 50 / year
> 12 / year
> 12 / year
12-41 / year
_ 30 / year
> 10 / year
_ 75 / year
_ 30 / year
> 1 / year


_ 5 / year
_ 24 / year
_ 32 / 5 years
_ 15 / year
< 3 / year
1-12 / year
< 12 / year
< 6 / year
1-11 / year
< 10 / year
_ 10 / year
< 15 / year
< 10 / year
_ 1 / year


1.59 %
2.76 %
2.26 %


12.98 %
1.72 %
6.91 %


10.78 %
3.41 %
0.42 %


36.84 %
0.76 %
3.35 %
1.26 %


14.97 %
>
>


>


>


<


<


<
<
<
<


0.56 [ 0.49 , 0.64 ]- / 96709 (-) - / 20935 (-) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 22.83, df = 13, p = 0.04; I2 = 0.0%;
   prediction interval = [0.48 , 0.64])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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 between CEA Figure S3. Risk mates and meta-analysis for the 


operator volume (high vs. low volume) for the outcome procedural 


myocardial infarc n 


Mao, 2017 $ 349 / 67992 (0.5) 14 / 904 (1.5)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.55 [ 0.31 , 0.97 ]> 1 / year _ 1 / year< NA
Adjusted odds ratio


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Mao, 2017 $
AbuRahma, 2013
AbuRahma, 1988 * 


349 / 67992 (0.5)
4 / 616 (0.7)
2 / 340 (0.59)


14 / 904 (1.5)
0 / 93 (0)
5 / 168 (2.98) 0.20 [0.04 , 1.01]


1.36 [0.07 , 25.4]
0.33 [ 0.20 , 0.56 ]


> 32 / 5 years
_ 30 / year
> 1 / year


_ 32 / 5 years
< 10 / year
_ 1/year


8.98 %
2.70 %


88.32 %
>


<


<


0.33 [ 0.20 , 0.53 ]355 / 68948 (0.51) 19 / 1165 (1.63) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 1.26, df = 2, p = 0.53; I2 = 0.0%;
   prediction interval = [0.01 , 7.55])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S4. Risk mates and meta-analysis for the  between CEA 


operator volume (high vs. low volume) for the outcome procedural death, 


stroke, or myocardial infarc n 


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (OR)


Brook, 1990 @ - / - (-) - / - (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)


High-volume Low-volume


First author, year Weights OR [95%CI]
Favors


low-volume
Favors


high-volume


90th percentile 1.08 [ 0.64 , 1.82 ]NA


Adjusted odds ratio


10th percentile


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: @ >30 days mortality, and in-hospital stroke or myocardial infarction
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio.
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Figure S5. Risk mates and meta-analysis for the  between CEA 


operator volume (high vs. low volume) for the outcome procedural cranial 


nerve injury 


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR)


AbuRahma, 2013 9 / 616 (1.5) 2 / 93 (2.2)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR [95%CI]
Favors


low-volume
Favors


high-volume


0.68 [ 0.15 , 3.10 ]_ 30 / year < 10 / year> NA
Unadjusted relative risk


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; RR, relative risk.
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Figure S6. Risk mates and meta-analysis for the  between CEA 


hospital volume (high vs. low volume) for the outcome procedural death 


Reames, 2014 (Cohort 2008-2009)
Reames, 2014 (Cohort 2006-2007)
Reames, 2014 (Cohort 2004-2005)
Reames, 2014 (Cohort 2002-2003)
Reames, 2014 (Cohort 2000-2001)
Harthun, 2005 *
Teso, 2004 $
Christian, 2003 $
Cowan, 2002 $
Birkmeyer, 2002 
Dardik, 2000 *
Fisher, 1989


- / - (0.88)
- / - (1.11)
- / - (0.99)
- / - (1.11)
- / - (0.96)
20 / 7086 (0.28)
- / 6662 (0.2)
- / - (-)
114 / 22009 (0.51)
- / 95336 (1.7)
- / 5585 (-)
5 / 457 (1.1)


- / - (1.12)
- / - (1.29)
- / - (1.35)
- / - (1.43)
- / - (1.26)
49 / 7008 (0.70)
- / 5956 (0.7)
- / - (-)
105 / 13812 (0.76)
- / 101319 (2.0)
- / 451 (-)
5 / 158 (3.2)


Threshold ThresholdEvents / Total (%) Events / Total (%)


High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.32 [ 0.09 , 1.12 ]
0.853 [ 0.300 , 2.423 ]


0.88 [ 0.80 , 0.96 ]
0.77 [ 0.59 , 1.1 ]


0.65 [ 0.37 , 1.16 ]
0.36 [ 0.20 , 0.67 ]
0.51 [ 0.29 , 0.91 ]
0.76 [ 0.64 , 0.89 ]
0.76 [ 0.66 , 0.90 ]
0.72 [ 0.59 , 0.88 ]
0.85 [ 0.70 , 1.04 ]
0.78 [ 0.65 , 0.93 ]


> 40 / year
_ 50 / year
> 164 / year
> 100 / year
_ 150 / year
_ 50 / year
> 100
> 141 / year
> 134 / year
> 112 / year
> 100 / year
> 108 / year


_ 5 / year
1-15 / year
< 40 / year
< 100 / year
< 50 / year
< 50 / year
< 100
< 32 / year
< 32 / year
< 28 / year
< 26 / year
< 29 / year


0.38 %
0.56 %


24.68 %
5.42 %
1.80 %
1.61 %
1.79 %


14.06 %
15.14 %
10.88 %
11.04 %
12.64 %


<


>
>


>


0.78 [ 0.72 , 0.84 ]- / - (-) - / - (-) 100 %Pooled adjusted OR (random effects)


Adjusted odds ratios


(Q = 18.19, df = 11, p = 0.08; I2 = 26.2%; 
   prediction interval = [0.65 , 0.92])


Kuehnl, 2016 $ 670 / 82338 (0.8) 47 / 3251 (1.4) 0.74 [ 0.53 , 1.02 ]80-734 / year 1-10 / year NA
Adjusted relative risk


Kuehnl, 2016 $
Brinjikji, 2015 $
Nazarian, 2008 $
Harthun, 2005 *
Teso, 2004 $
Reina-Gutierrez, 2003 §
Cowan, 2002 $
Birkmeyer, 2002 
Roddy, 2000 $
Wennberg, 1998
Tu, 1998 (Cohort: Ontario) $
Tu, 1998 (Cohort: New York) $
Tu, 1998 (Cohort: California) $
Segal, 1993 $
Edwards, 1991 $
Fisher, 1989 
Kempczinski, 1986 #


670 / 82338 (0.8)
197 / 54704 (0.4)
4 / 3023 (0.1)
20 / 7086 (0.28)
- / 6662 (0.2)
0 / 224 (0)
114 / 22009 (0.51)
- / 95336 (1.7)
33 / 7419 (0.44)
- / 85842 (1.65)
21 / 903 (2.3)
- / 3708 (1.2)
- / 8809 (1.0)
90 / 4565 (1.97)
92 / 5019 (1.83)
5 / 457 (1.1)
4 / 140 (2.9)


47 / 3251 (1.4)
448 / 105007 (0.4)
119 / 19749 (0.6)
49 / 7008 (0.70)
2 / 422 (0.5)
4 / 96 (4.2)
105 / 13812 (0.76)
- / 101319 (2.0)
4 / 446 (0.91)
- / 4771 (2.64)
3 / 347 (0.9)
- / 1977 (1.7)
- / 4262 (1.0)
23 / 1092 (2.11)
22 / 922 (2.39)
5 / 158 (3.2)
6 / 285 (2.1) 1.36 [ 0.39 , 4.73 ]


0.35 [ 0.10 , 1.18 ]
0.77 [ 0.49 , 1.22 ]
0.94 [ 0.60 , 1.47 ]
0.99 [ 0.69 , 1.42 ]
0.69 [ 0.44 , 1.08 ]
2.69 [ 0.81 , 8.96 ]
0.62 [ 0.52 , 0.75 ]
0.50 [ 0.18 , 1.39 ]
0.85 [ 0.80 , 0.91 ]
0.68 [ 0.52 , 0.89 ]
0.05 [ 0.00 , 0.89 ]
0.41 [ 0.09 , 1.82 ]
0.40 [ 0.24 , 0.68 ]
0.22 [ 0.08 , 0.59 ]
0.84 [ 0.71 , 1.00 ]
0.56 [ 0.42 , 0.76 ]


> 100 / year
> 40 / year
_ 50 / year
> 30 / 26 months
> 50 / 2 years
> 50 / 2 years
> 50 / 2 years
> 21 / year
_ 50 / year
> 164 / year
> 100 / year
> 40 / year
_ 50 / year
> 100 / year
> 130 / year
_ 117 / year
80-734 / year


< 50 / year
_ 5 / year
1-12 / year
_ 30 / 26 months
_ 50 / 2 years
_ 50 / 2 years
_ 50 / 2 years
1-6 / year
12-23 / year
< 40 / year
< 100 / year
< 20 / year
_ 10 / year
< 100 / year
_ 130 / year
< 117 / year
1-10 / year


1.22 %
1.24 %
6.07 %
6.20 %
7.89 %
6.19 %
1.30 %


12.56 %
1.75 %


15.31 %
10.15 %
0.01 %
0.86 %
5.11 %
1.82 %


12.89 %
9.42 %


>


>


>


>


<


<


<
<
<
<


<


0.71 [ 0.62 , 0.82 ]- / 388244 (-) - / 264924 (-) 100 %


Unadjusted relative risks


(Q = 41.71, df = 16, p = 0.00; I2 = 61.0%;
Pooled unadjusted RR (random effects)


   prediction interval = [0.47 , 1.09])


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Reames, 2014 (Cohort 2008-2009)
Reames, 2014 (Cohort 2006-2007)
Reames, 2014 (Cohort 2004-2005)
Reames, 2014 (Cohort 2002-2003)
Reames, 2014 (Cohort 2000-2001)
Westvik, 2006
Elixhauser, 2003 $
Khuri, 1999
Hsia, 1998 *
Hannan, 1998 $


Tu, 1998 (Cohort Ontario) $
Tu, 1998 (Cohort New York) $
Tu, 1998 (Cohort California) $


Manheim, 1998 $


- / - (0.88)
- / - (1.11)
- / - (0.99)
- / - (1.11)
- / - (0.96)
- / - (0.3)
- / - (0.80)
- / - (1.20)
- / - (1.9)
- / - (0.85)


21 / 903 (2.3)
- / 3708 (1.2)
- / 8809 (1.0)


- / - (-)


- / - (1.12)
- / - (1.29)
- / - (1.35)
- / - (1.43)
- / - (1.26)
- / - (0.9)
- / - (0.80)
- / - (0.80)
- / - (2.5)
- / - (1.43)


3 / 347 (0.9)
- / 1977 (1.7)
- / 4262 (1.0)


- / - (-) 0.66 [NA]¶


0.98 [NA]¶
0.71 [NA]¶
1.98 [NA]¶


0.59 [NA]¶
0.76 [NA]¶
1.5 [NA]¶
1.0 [NA]¶


0.33 [NA]¶
0.76 [NA]¶
0.78 [NA]¶
0.73 [NA]¶
0.86 [NA]¶
0.79 [NA]¶


> 100 / year


> 50 / 2 years
> 50 / 2 years
> 50 / 2 years


_ 100 / year
> 50 / year
29-73 / year
> 102 / year
_ 50 / year
> 141 / year
> 134 / year
> 112 / year
> 100 / year
> 108 / year


< 20 / year


_ 50 / 2 years
_ 50 / 2 years
_ 50 / 2 years


1-9 / year
1-20 / year
0-10 / year 
< 102 / year
_ 10 / year
< 32 / year
< 32 / year
< 28 / year
< 26 / year
< 29 / year


>


>


<
<
<


<


NA


NA
NA
NA


NA
NA
NA
NA
NA
NA
NA
NA
NA
NA


Adjusted odds ratio without confidence interval (not included in meta-analysis)


Adjusted relative risks without confidence intervals (not included in meta-analysis)


Unadjusted relative risks without confidence intervals (not included in meta-analysis)


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S7. Risk mates and meta-analysis for the  between CEA 


hospital volume (high vs. low volume) for the outcome procedural stroke 


Harthun, 2005 *
Teso, 2004 $
Dardik, 2000 *


60 / 7086 (0.85)
- / 6662 (0.9)
- / 5585 (-)


84 / 7008 (1.20)
96 / 5956 (1.6)
- / 451 (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.645 [ 0.366 , 1.135 ]
0.56 [ 0.42 , 0.66 ]
0.76 [ 0.53 , 1.11 ]


_ 50 / year
_ 50 / year
> 100 / year


1-15 / year
< 50 / year
< 100 / year


13.58 %
57.98 %
28.44 %


>
>


0.62 [ 0.50 , 0.77 ]- / 19333 (-) - / 13415 (-) 100 %


Adjusted odds ratios


Pooled odds ratio (random effects)
(Q = 1.95, df = 2, p = 0.38; I2 = 19.2%;


Brinjikji, 2015 *
Matsen, 2006 $
Harthun, 2005 *
Teso, 2004 *
Reina-Gutierrez, 2003 *
Cowan, 2002 #
Roddy, 2000 $
Mayo, 1998 #
Bratzler, 1996
Edwards, 1991 $
Kempczinski, 1986 #


480 / 54704 (0.9)
60 / 10050 (0.60)
60 / 7086 (0.85)
- / 6662 (0.9)
4 / 224 (1.8)
298 / 22009 (1.35)
80 / 7419 (1.08)
7 / 301 (2.3)
23 / 676 (3.4)
177 / 5019 (2.33)
7 / 140 (5.0) 


1093 / 105007 (1.0)
16 / 1147 (1.39)
84 / 7008 (1.20)
7 / 422 (1.7)
2 / 96 (2.1)
220 / 13812 (1.59)
1 / 446 (0.23)
2 / 60 (3.3)
4 / 137 (2.9)
33 / 922 (3.58)
15 / 285 (5.3) 0.95 [ 0.40 , 2.28 ]


0.99 [ 0.68 , 1.42 ]
1.17 [ 0.41 , 3.32 ]
0.70 [ 0.15 , 3.28 ]


4.81 [ 0.67 , 34.48 ]
0.85 [ 0.72 , 1.01 ]
0.86 [ 0.16 , 4.60 ]
0.54 [ 0.25 , 1.18 ]
0.71 [ 0.51 , 0.98 ]
0.43 [ 0.25 , 0.74 ]
0.84 [ 0.76 , 0.94 ]


> 100 / year
_ 50 / year
> 100 / 2 years
29-101 / year
_ 50 / year
> 100 / year
> 40 / year
_ 50 / year
> 100 / year
> 100 / year
_ 117 / year


< 50 / year
1-12 / year
< 100 / 2 years
2-28 / year
12-23 / year
< 100 / year
< 20 / year
_ 10 / year
< 100 / year
_ 20 / year
< 117 / year


0.89 %
4.97 %
0.62 %
0.28 %
0.17 %


23.52 %
0.24 %
1.12 %
6.32 %
2.29 %


59.57 %>


>


>


>


<


<


0.83 [ 0.76 , 0.90 ]- / 114290 (-) 1477 / 129342 (1.14)


Unadjusted relative risks


100 %Pooled relative risk (random effects)
(Q = 12.31, df = 10, p = 0.26;
   prediction interval = [0.75 , 0.91])


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Westvik, 2006 *
Khuri, 1999


- / - (1.0)
- / - (1.90)


- / - (2.1)
- / - (3.50) 0.54 [NA]¶


0.48 [NA]¶
29-73 / year
_ 50 / year


0-10 / year
_ 10 / year> <


NA
NA


Unadjusted relative risks without confidence intervals (not included in meta-analysis)


   prediction interval = [0.10 , 3.85])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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 between CEA Figure S8. Risk mates and meta-analysis for the 


hospital volume (high vs. low volume) for the outcome procedural 


myocardial infarc n 


Huibers, 2016
Teso, 2004 $


9 / 823 (1.1)
- / 6662 (2.3)


3 / 422 (0.7)
- / 5956 (2.4)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


low-volume
Favors


high-volume


1.22 [ 0.95 , 1.56 ]
1.34 [ 0.35 , 5.13 ]


_ 50 / year
> 75 / year


< 50 / year
< 40 / year


96.70 %
3.30 %


>


1.22 [ 0.96 , 1.56 ]- / 7485 (-) - / 6378 (-) 100 %


Adjusted odds ratios


Pooled odds ratio (random effects)
(Q = 0.02, df = 1, p = 0.89; I2 = 0.0%;


Huibers, 2016
Teso, 2004 *
Reina-Gutierrez, 2003 §
Peck, 2001


9 / 823 (1.1)
- / 6662 (2.3)
1 / 224 (0.4)
6 / 404 (1.5)


3 / 422 (0.7)
16 / 422 (3.8)
2 / 96 (2.1)
4 / 156 (2.6) 0.58 [ 0.17 , 2.02 ]


0.21 [ 0.02 , 2.34 ]
0.61 [ 0.37 , 1.00 ]
1.54 [ 0.42 , 5.65 ]


404 / 2 years
> 40 / year
_ 50 / year
> 75 / year


67-89 / 2 years
< 20 / year
_ 10 / year
< 40 / year


11.94 %
3.23 %


74.00 %
10.83 %


> <


0.65 [ 0.42 , 0.99 ]- / 8113 (-) 25 / 1096 (2.28) 100 %


Unadjusted relative risks


Pooled relative risk (random effects)
(Q = 2.65, df = 3, p = 0.45;


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Westvik, 2006 * - / - (2.3) - / - (4.7) 0.49 [NA]¶_ 50 / year _ 10 / year> < NA
Unadjusted relative risk without confidence intervals (not included in meta-analysis)


   prediction interval = NA)


   prediction interval = [0.25 , 1.66])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S9.  Risk  and meta-analysis for the  between CEA 


hospital volume (high vs. low volume) for the outcome procedural death, 


stroke, or myocardial infarc n 


Huibers, 2016
Westvik, 2006 $


30 / 823 (3.6)
- / - (2.3)


22 / 422 (5.2)
- / - (4.7)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


low-volume
Favors


high-volume


5.89 [ 0.53 , 50 ]
0.66 [ 0.38 , 1.17 ]


_ 50 / year
> 75  / year


_ 10 / year
< 40  / year


36.82 %
63.18 %


> <


1.48 [ 0.19 , 11.70 ]- / - (-) - / - (-) 100 %


Adjusted odds ratios


Pooled odds ratio (random effects)
(Q = 3.36, df = 1, p = 0.07; I2 = 70.2%;
   prediction interval = NA )


Huibers, 2016 30 / 823 (3.6) 22 / 422 (5.2) 0.70 [ 0.41 , 1.20 ]> 75 / year < 40 / year NA
Unadjusted relative risk


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Westvik, 2006 * - / - (2.3) - / - (4.7) 0.49 [NA]¶_ 50 / year _ 10 / year> < NA
Unadjusted relative risk without confidence intervals (not included in meta-analysis)


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S10. Risk  and meta-analysis for the  between CEA 


hospital volume (high vs. low volume) for the outcome procedural cranial 


nerve injury 


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR)


Reina-Gutierrez, 2003 §
Peck, 2001


0 / 224 (0)
2 / 404 (0.5)


9 / 96 (9.4)
3 / 156 (1.9)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.26 [ 0.04 , 1.53 ]
0.02 [ 0.00 , 0.39 ]


404 / 2 years
> 40 / year


67-89 / 2 years
< 20 / year


95.83 %
4.17 %


0.23 [ 0.04 , 1.39 ]2 / 628 (3.18) 12 / 252 (4.76) 100 %


Unadjusted relative risks


Pooled relative risk (random effects)
(Q = 0.32, df = 1, p = 0.57; I2 = 0.0%;
   prediction interval = NA)


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; RR, relative risk.
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Figure S11. Risk  and meta-analysis for the  between CAS 


operator volume (high vs. low volume) for the outcome procedural death 


Nallamothu, 2011 71 / 5127 (1.38) 167 / 6763 (2.47)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.5 [ 0.4 , 0.7 ]_ 24 / year < 6 / year> NA
Adjusted odds ratio


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Nallamothu, 2011
Steppacher, 2009 $


71 / 5127 (1.38)
7 / 1320 (0.5)


167 / 6763 (2.47)
11 / 1397 (0.8) 0.67 [ 0.26 , 1.73 ]


0.56 [ 0.43 , 0.74 ]
> 23 / year
_ 24 / year


< 9 / year
< 6 / year


7.58 %
92.42 %>


0.57 [ 0.44 , 0.74 ]78 / 6447 (1.21) 178 / 8160 (2.18) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 0.13, df = 1, p = 0.72; I2 = 0.0%; 


Prediction interval = NA)


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S12. Risk  and meta-analysis for the  between CAS 


operator volume (high vs. low volume) for the outcome procedural stroke 


Chang, 2015
Vogel, 2010 #


- / 200 (-)
- / 2952 (1.51)


- / 1085 (-)
- / 8246 (2.19)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.71 [ 0.51 , 0.99 ]
0.48 [ 0.21 , 1.12 ]


> 30 / 2 years
_ 40 / year


< 30 / 2 years
< 40 / year


86.43 %
13.57 %


0.67 [ 0.49 , 0.92 ]- / 3152 (-) - / 9331 (-) 100 %


Adjusted odds ratios


Pooled adjusted OR (random effects)
(Q = 0.73, df = 1, p = 0.39


Prediction interval = NA)
 I2 = 0.0%;


>


Vogel, 2010 #
Steppacher, 2009 $


- / 2952 (1.51)
13 / 1320 (1.0)


- / 8246 (2.19)
23 / 1397 (1.6) 0.60 [ 0.30 , 1.18 ]


0.69 [ 0.50 , 0.96 ]
> 23 / year
> 30 / 2 years


< 9 / year
< 30 / 2 years


18.49 %
81.51 %


0.67 [ 0.50 , 0.90 ]- / 4272 (-) - / 9643 (-) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 0.13, df = 1, p = 0.72


Prediction interval = NA)
; I2 = 0.0%;


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Vogel, 2009 # - / - (1.92) - / - (3.80) 0.51 [NA]¶20-35 / 2 years < 5 / 2 years NA
Unadjusted relative risk without confidence interval (not included in meta-analysis)


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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 between CAS Figure S13. Risk  and meta-analysis for the 


operator volume (high vs. low volume) for the outcome procedural 


myocardial infarc n 


no studies 
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Figure S14. Risk  and meta-analysis for the  between CAS 


operator volume (high vs. low volume) for the outcome procedural death, 


stroke or myocardial infarc n 


Aburahma, 2017 14 / 351 (4.0) 6/63 (9.5)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.4 [ 0.15 , 1.07 ]_ 5 / year> NA
Adjusted odds ratio


< 5 / year


Aburahma, 2017 14 / 351 (4.0) 6/63 (9.5) 0.42 [ 0.17 , 1.05 ]_ 5 / year < 5 / year> NA
Unadjusted relative risk


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Shishehbor, 2014 - / - (4) - / - (4.1) 0.98 [NA]¶>100 / 71 months <30 / 71 months NA
Unadjusted relative risk without confidence interval (not included in meta-analysis)


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S15. Risk  and meta-analysis for the  between CAS 


hospital volume (high vs. low volume) for the outcome procedural death 


Jalbert, 2015
Epstein, 2014


61 / 5143 (1.2)
- / - (-)


90 / 4011 (2.2)
- / - (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR/HR [95%CI]
Favors


     low-volume
Favors


     high-volume


0.52 [ 0.35 , 0.75 ]
0.67 [ 0.48 , 1.0 ]


> 25 / 2 years
_ 40 / year


< 8 / 2 years
0-9 / year


48.12 %
51.88 %>


0.59 [ 0.46 , 0.77 ]- / - (-) - / - (-) 100 %


Adjusted odds ratios


Pooled adjusted OR (random effects)
(Q = 0.88, df = 1, p = 0.35; I2 = 0.0%;
   prediction interval = NA)


Tsai, 2015


Kuehnl, 2016 $


- / - (-)


169 / 10446 (1.6)


- / - (-)


6 / 308 (1.9) 0.65 [ 0.28 , 1.52 ]


1.36 [ 0.74 , 2.49 ]


27-240 / year


_ 43 / year


1-2 / year


< 43 / year>


NA


NA


Adjusted relative risk


Adjusted hazard ratio


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR/HR)


Kuehnl, 2016 $
Jalbert, 2015
Brinjikji, 2015 $
Sidawy, 2009


169 / 10446 (1.6)
61 / 5143 (1.2)
69 / 8738 (0.8)
23 / 1151 (2.00)


6 / 308 (1.9)
90 / 4011 (2.2)
130 / 13523 (0.9)
2 / 120 (1.67) 1.20 [ 0.29 , 5.02 ]


0.82 [ 0.61 , 1.10 ]
0.53 [ 0.38 , 0.73 ]
0.83 [ 0.37 , 1.86 ]


> 50 / 2.5 years
_ 38 / year
_ 40 / year
27-240 / year


< 25 / 2.5 years
< 38 / year
0-9 / year
1-2 / year


4.87 %
42.56 %
39.47 %
13.10 %


>
>


0.70 [ 0.51 , 0.98 ]322 / 25478 (1.26) 228 / 17962 (1.27) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 4.61, df = 3, p = 0.20; I2 = 42.0%;
   prediction interval = [0.22 , 2.21])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; HR, hazard ratio; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S16. Risk  and meta-analysis for the  between CAS 


hospital volume (high vs. low volume) for the outcome procedural stroke 


Hung, 2017
Vogel, 2010 #


55 / 1000 (5.5)
- / 4841 (1.78)


70 / 1000 (7.0)
- / 13758 (2.35)


Threshold ThresholdEvents / Total (%) Events / Total (%)


High-volume Low-volume
First author, year Weights RR/OR/HR [95%CI]


Favors
     low-volume


Favors
     high-volume


0.75 [ 0.59 , 0.95 ]
0.77 [ 0.54 , 1.11 ]


_ 60 / 2 years
_ 20 / year


< 60 / 2 years
< 20 / year


>
>


69.59 %
30.41 %


0.76 [ 0.62 , 0.92 ]- / 5841 (-) - / 14758 (-) 100 %


Adjusted odds ratios


Pooled adjusted OR (random effects)
(Q = 0.01, df = 1, p = 0.90; I2 = 0.0%;
   prediction interval = NA)


Tsai, 2015 - / - (-) - / - (-) 1.04 [ 0.62 , 1.74 ]_ 43 / year < 43 / year> NA
Adjusted hazard ratio


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR/HR)


Hung, 2017
Brinjikji, 2015 #
Vogel, 2010 #
Sidawy, 2009


127 / 2226 (5.7)
146 / 8738 (1.7)
- / 4841 (1.78)
39 / 1151 (3.39)


72 / 1022 (7.0)
272 / 13523 (2.0)
- / 13758 (2.35)
4 / 120 (3.33) 1.02 [ 0.37 , 2.80 ]


0.76 [ 0.60 , 0.96 ]
0.83 [ 0.68 , 1.01 ]
0.81 [ 0.61 , 1.07 ]


> 50/ 2.5 years
_ 60 / 2 years
_ 38 / year
_ 20 / year


< 25 / 2.5 years
< 60 / 2 years
< 38 / year
< 20 / year


1.70 %
31.60 %
44.60 %
22.10 %


>
>
>


0.81 [ 0.71 , 0.92 ]- / 16956 (-) - / 28423 (-) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 0.53, df = 3, p = 0.91; I2 = 0.0%;
   prediction interval = [0.60 , 1.08])


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; HR, hazard ratio; NA, not applicable; OR, odds ratio; RR, relative risk.
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 between CAS Figure S17. Risk  and meta-analysis for the 


hospital volume (high vs. low volume) for the outcome procedural 


myocardial infarc n 


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/HR)


Sidawy, 2009 14 / 1151 (1.22) 1 / 120 (0.83) 1.46 [ 0.19 , 11.00 ]> 50 / 2.5 year < 25 / 2.5 year NA
Unadjusted relative risk


Tsai, 2015 - / - (-) - / - (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)


High-volume Low-volume
First author, year Weights RR/HR [95%CI]


Favors
     low-volume


Favors
     high-volume


0.38 [ 0.04 , 3.34 ]_ 43 / year < 43 / year> NA
Adjusted hazard ratio


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; HR, hazard ratio; NA, not applicable; RR, relative risk.
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Figure S18. Risk  and meta-analysis for the  between CAS 


hospital volume (high vs. low volume) for the outcome procedural death, 


stroke, or myocardial infarc n 


Sidawy, 2009 63 / 1151 (5.47) 7 / 120 (5.83) 0.94 [ 0.44 , 2.00 ]> 50 / 2.5 years < 25 / 2.5 years NA
Unadjusted relative risk


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/HR)


Shishehbor, 2014 - / - (3.6) - / - (4.1) 0.88 [NA]¶>100 / 71 months <30 / 71 months NA
Unadjusted relative risk without confidence interval (not included in meta-analysis)


Tsai, 2015 - / - (-) - / - (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)


High-volume Low-volume


First author, year Weights RR/HR [95%CI]
Favors


     low-volume
Favors


     high-volume


1.10 [ 0.75 , 1.63 ] _ 43 / year < 43 / year> NA
Adjusted hazard ratio


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid artery stenting; CI, confidence interval; HR, hazard ratio; NA, not applicable; RR, relative risk.
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Figure S19. Risk  and meta-analysis for the  between CEA 


operator volume (high vs. low volume) for the outcome procedural death or 


stroke (including point 


Maas, 2013
Dardik, 2000 $
Kucey, 1998


12 / 595 (2.0)
- / 2735 (-)
53 / 980 (5.4) 


17 / 246 (6.9)
- / 1381 (-)
7 / 38 (18.4)


Threshold ThresholdEvents / Total (%) Events / Total (%)


High-volume Low-volume
First author, year Weights RR/OR [95%CI]


Favors
low-volume


Favors
high-volume


0.25 [ 0.10 , 0.61 ]
0.640 [ 0.413 , 0.992 ]


0.61 [ 0.22 , 1.69 ]


> 12 / year
_ 30 / year
> 40 / year


< 6 / year
1-4 / year
_ 40 / year


25.85 %
52.22 %
21.93 %


>
<


0.50 [ 0.28 , 0.87 ]- / 4310 (-) - / 1665 (-) 100 %


Adjusted odds ratios


Pooled odds ratio (random effects)
(Q = 3.42, df = 2, p = 0.18; I2 = 41.7%;


Maas, 2013 
AbuRahma, 2013
Gray, 2002 $
Feasby, 2002 $
Mattos, 1995 
AbuRahma, 1988 *
Kempczinski, 1986 #
Slavish, 1984 #
Brott, 1984 *


12 / 595 (2.0)
8 / 616 (1.3)
4 / 103 (3.9)
425 / 11172 (3.8)
62 / 1142 (5.4)
10 / 340 (2.9)
11 / 230 (4.8)
21 / 465 (4.6)
17 / 187 (9.1)


17 / 246 (6.9)
4 / 93 (4.3)
3 / 33 (9.1)
32 / 414 (7.8)
42 / 553 (7.6)
11 / 168 (6.5)
22 / 242 (9.0)
12 / 287 (4.2)
4 / 101 (4.0) 2.30 [ 0.79 , 6.64 ]


1.10 [ 0.55 , 2.20 ]
0.53 [ 0.26 , 1.06 ]
0.45 [ 0.19 , 1.04 ]
0.71 [ 0.49 , 1.04 ]
0.49 [ 0.35 , 0.70 ]
0.43 [ 0.10 , 1.81 ]
0.30 [ 0.09 , 0.98 ]
0.29 [ 0.14 , 0.60 ]


> 15 / year
> 24 / year
> 50 / year
> 32 / 5 years
> 12 / year
_ 60 / 4 years
> 10 / year
_ 30 / year
> 40 / year


_ 5 / year
_ 24 / year
< 12 / year
_ 32 / 5 years
< 12 / year
1-14 / 4 years
_ 10 / year
< 10 / year
_ 40 / year


7.26 %
12.01 %
11.86 %


9.67 %
18.19 %
18.80 %


4.59 %
6.17 %


11.45 %
>


>


<
<


<


<


<


0.59 [ 0.42 , 0.83 ]570 / 14850 (3.84) 147 / 2137 (6.88) 100 %


Unadjusted relative risks


Pooled relative risk (random effects)
(Q = 16.95, df = 8, p = 0.03; I2 = 55.7%;


   prediction interval = [0.00 , 132.04])


   prediction interval = [0.22 , 1.54])


Ruby, 1996 * - / - (4.3) - / - (10.1) 0.40 [ 0.21 , 0.76 ]> 10 / year _ 1 / year NA
Unadjusted odds ratio


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Goodney, 2008
Cebul, 1998


Feasby, 2002 $


19 / 975 (1.9)
-  / - (4.3)


425 / 11172 (3.8)


- / - (1.4)
- / - (5.3)


32 / 414 (7.8) 0.62 [NA]¶


0.81 [NA]¶
1.4 [NA]¶


_ 60 / 4 years


> 21 / year
> 20 / year


1-14 / 4 years


< 21 / year
< 10 / year


> NA


NA
NA


Adjusted relative risk without confidence interval (not included in meta-analysis)


Unadjusted relative risks without confidence intervals (not included in meta-analysis)


<


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S20. Risk  and meta-analysis for the  between CEA 


hospital volume (high vs. low volume) for the outcome procedural death or 


stroke (including point 


Huibers, 2016
Giacovelli, 2010 $
Dardik, 2000 *
Cebul, 1998
Fisher, 1989


26 / 823 (3.2)
- / - (-)
- / 5585 (-)
- / - (2.4)
9 / 457 (2.0)


19 / 422 (4.5)
- / - (-)
- / 451 (-)
- / - (7.1)
9 / 158 (5.7)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


low-volume
Favors


high-volume


0.32 [ 0.12 , 0.82 ]
0.29 [ 0.12 , 0.69 ]


0.744 [ 0.436 , 1.270 ]
0.85 [ 0.66 , 1.09 ]
0.68 [ 0.37 , 1.26 ]


> 40 / year
> 62 / year
_ 50 / year
> 123 / year
> 75 / year


_ 5 / year
< 62 / year
1-15 / year
1-33 / year
< 40 / year


11.25 %
12.83 %
22.31 %
34.01 %
19.60 %


>


<


0.62 [ 0.42 , 0.90 ]- / - (-) - / - (-) 100 %


Adjusted odds ratios


Pooled adjusted OR (random effects)
(Q = 8.57, df = 4, p = 0.07; I2 = 54.5%;
   prediction interval = [0.19 , 1.96])


Kuehnl, 2016 $ 1759 / 82338 (2.1) 136 / 3251 (4.2) 0.74 [ 0.60 , 0.90 ]80-734 / year 1-10 / year NA
Adjusted relative risk


Kuehnl, 2016 $
Huibers, 2016
Kuhan, 2001
Peck, 2001
Roddy, 2000 $
Karp, 1998
Bratzler, 1996
Fisher, 1989
Kempczinski, 1986 #


1759 / 82338 (2.1)
26 / 823 (3.2)
17 / 435 (3.9)
13 / 404 (3.2)
113 / 7419 (1.52)
26 / 1113 (2.3)
30 / 676 (4.4)
9 / 457 (2.0)
11 / 140 (7.9)


136 / 3251 (4.2)
19 / 422 (4.5)
12 / 306 (3.9)
3 / 156 (1.9)
5 / 446 (1.14)
7 / 118 (5.9)
10 / 137 (7.3)
9 / 158 (5.7)
21 / 285 (7.4) 1.07 [ 0.53 , 2.15 ]


0.35 [ 0.14 , 0.86 ]
0.61 [ 0.30 , 1.21 ]
0.39 [ 0.17 , 0.89 ]
1.36 [ 0.56 , 3.31 ]
1.67 [ 0.48 , 5.79 ]
1.00 [ 0.48 , 2.06 ]
0.70 [ 0.39 , 1.25 ]
0.51 [ 0.43 , 0.61 ]


> 100 / year
> 40 / year
_ 100 / 2 years
> 50 / year
_ 50 / year
404 / 2 years
435 / 8 years
> 75 / year
80-734 / year


< 50 / year
_ 5 / year
< 100 / 2 years
1-10 / year
12-23 / year
67-89 / 2 years
306 / 8 years
< 40 / year
1-10 / year


10.85 %
7.65 %


10.91 %
8.72 %
7.89 %
4.66 %


10.33 %
13.39 %
25.61 %


>


>
<


0.68 [ 0.51 , 0.92 ]2004 / 93805 (2.14) 222 / 5279 (4.21) 100 %


Unadjusted relative risks


Pooled unadjusted RR (random effects)
(Q = 15.93, df = 8, p = 0.04; 46.4%;
   prediction interval = [0.32 , 1.46])


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Sidloff, 2014 $
Goodney, 2008
Feasby, 2002 $
Cebul, 1998


Feasby, 2002 $


- / - (1.9)
- / - (2.1)
- / - (4.0)
- / - (2.4)


- / - (3.9)


- / - (3.0)
- / - (2.2)
- / - (5.1)
- / - (7.1)


- / - (5.2) 0.75 [NA]¶


0.34 [NA]¶
0.78 [NA]¶
0.95 [NA]¶
0.63 [NA]¶


> 150 / 4 years


> 62 / year
> 150 / 4 years
> 100 / year
_ 50 / year


< 150 / 4 years


< 62 / year
< 150 / 4 years
20-50 / year
< 50 / year


NA


NA
NA
NA
NA


Adjusted relative risk without confidence interval (not included in meta-analysis)


Unadjusted relative risks without confidence intervals (not included in meta-analysis)


>


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CEA, carotid endarterectomy; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Figure S21. Risk  and meta-analysis for the  between CAS 


operator volume (high vs. low volume) for the outcome procedural death or 


stroke (including point 


0.1 0.2 0.5 1.0 2.0 5.0


Risk estimate (RR/OR)


Modrall, 2014


Calvet, 2014


Calvet, 2014


Chang, 2015


- / - (2.27)


28 / 552 (5.1)


28 / 552 (5.1)


- / 200 (-)


- / - (4.43)


51 / 506 (10.1)


51 / 506 (10.1)


- / 1058 (-)


Threshold ThresholdEvents / Total (%) Events / Total (%)
High-volume Low-volume


First author, year Weights RR/OR [95%CI]
Favors


low-volume
Favors


high-volume


0.43 [ 0.20 , 0.95 ]


0.43 [ 0.26 , 0.74 ]


0.50 [ 0.32 , 0.79 ]


0.51 [NA]¶


_ 40 / year


> 5.6 / year


> 5.6 / year


> 15 / year


< 40 / year


_ 3.2 / year


_ 3.2 / year


0-5 / year


<


<


NA


NA


NA


NA


Adjusted odds ratio


Adjusted relative risk


Unadjusted relative risk


Unadjusted relative risks without confidence intervals (not included in meta-analysis)


>


Pooled estimates are based on a random effects model. Point sizes of the individual studies are proportional to the standard error of the specific study. 
The timeframe for the measured outcomes is depicted as follows: no symbol 30-days outcome, * perioperative, # postoperative, $ in-hospital, § not further specified
CAS, carotid stenting; CI, confidence interval; NA, not applicable; OR, odds ratio; RR, relative risk.
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Table S1. Overview of studies with non-quantified data in which the volume-outcome relation was assessed 
continuously 
1A. Summary of studies with data that were unsuitable for meta-analysis (operator volume CEA) 


First author, 
year of 
publication 


Number of patients Threshold  Outcome(s) Events or 
rate 


Association between surgeon volume and outcome 


Asaph, 19918 470 >10 versus <10 CEAs. Period 
unclear. 


Mortality/stroke rate (timeframe 
not further specified) 


30 No association  


Cebul, 19989 678 <21 versus >21 and continuously 
assessed. 


<30 days mortality-stroke 32 Not statistically significant. Adjusted for: sex, age>80 vs. <80 years, angina 
pectoris, congestive heart failure, renal insufficiency, indication for surgery 
and surgeon volume. 


Dua, 201610 Symptomatic: 5213  
(risk-matched with 
CAS population in 
this study) 


Volume as a continuous variable for 
1-2 cases/year 


In-hospital mortality NA Adjusted OR: 1.62 (0.90-2.91)  
Adjusted for: history of CVA, chronic heart failure, diabetes mellitus, 
peripheral artery disease, end-stage renal disease, sex. 


Volume as a continuous variable 
from ≥3 cases/year 


In-hospital mortality NA Adjusted OR: 0.98 (0.82-2.00)  
Adjusted for: history of CVA, chronic heart failure, diabetes mellitus, 
peripheral artery disease, end-stage renal disease, sex. 


Volume as a continuous variable for 
1-2 cases/year 


Postoperative stroke NA Adjusted OR: 1.24 (0.92-1.67)  
Adjusted for: history of TIA, CVA, COPD, peripheral artery disease, sex. 


Volume as a continuous variable 
from ≥3 cases/year 


Postoperative stroke NA Adjusted OR: 0.92 (0.71-1.20)  
Adjusted for: history of TIA, CVA, COPD, peripheral artery disease, sex. 


Volume as a continuous variable for 
1-2 cases/year 


Postoperative myocardial 
infarction 


NA Adjusted OR: 0.97 (0.59-1.67)  
Adjusted for: history of CVA, chronic heart failure, COPD, peripheral 
artery disease. 


Volume as a continuous variable 
from ≥3 cases/year 


Postoperative myocardial 
infarction 


NA Adjusted OR: 0.92 (0.87-1.61)  
Adjusted for: history of CVA, chronic heart failure, COPD, peripheral 
artery disease. 


Asymptomatic: 2249  
(risk-matched with 
CAS population in 
this study) 


Volume as a continuous variable for 
1-2 cases/year 


In-hospital mortality NA Adjusted OR: 1.81 (0.83-4.21) 
Adjusted for: history of peripheral artery disease, sex.  


Volume as a continuous variable 
from ≥3 cases/year 


In-hospital mortality NA Adjusted OR: 0.91 (0.61-1.02) 
Adjusted for: history of peripheral artery disease, sex. 


Volume as a continuous variable for 
1-2 cases/year 


Postoperative stroke NA Adjusted OR: 1.14 (0.91-1.56) 
Adjusted for: sex.  


Volume as a continuous variable 
from ≥3 cases/year 


Postoperative stroke NA Adjusted OR: 0.86 (0.66-1.01) 
Adjusted for: sex. 


Volume as a continuous variable for 
1-2 cases/year 


Postoperative MI NA Adjusted OR: 1.03 (0.78-4.34) 
Adjusted for: history of peripheral artery disease, chronic heart failure.  


Volume as a continuous variable 
from ≥3 cases/year 


Postoperative MI NA Adjusted OR: 0.99 (0.62-1.91) 
Adjusted for: history of peripheral artery disease, chronic heart failure. 


Kantonen, 
199811 


1600 >10 versus <10 CEAs/year Mortality/permanent stroke in 
<30 days 


53 Association; p < 0.005 


McCollum, 
199712 


709 Unclear Stroke; period unclear 15  No association; not quantified  


Nault, 200813 279 ≤10 versus ≥20  <30 days mortality stroke rate - No relation; not quantified 
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Nazarian, 
200814 


22772 Odds ratio of mortality per 
additional procedure per year within 
the surgeon volume category ≤3 
CEAs per year  


In-hospital mortality - Adjusted OR 0.802 (0.505-1.275)‡ 
Adjusted for: Charlson, age, hospital volume 


Odds ratio of mortality per 
additional procedure per year within 
the surgeon volume category 4-15 
CEAs per year 


- Adjusted OR 0.935 (0.887-0.986)‡ 
Adjusted for: Charlson, age, hospital volume 


Odds ratio of mortality per 
additional procedure per year within 
the surgeon volume category >15 
CEAs per year 


- Adjusted OR 0.997 (0.987-1.006)‡ 
Adjusted for: Charlson, age, hospital volume 


Pearce, 199915 All patients: 
2988/45744 (6.5%) 


Two-fold increase in 
CEA/surgeon/y 
 


In-hospital mortality- stroke-
myocardial infarction (timeframe 
not further specified) 


- Adjusted OR: 0.907 (0.855-0.962)*‡ 
Adjusted for: The logarithm of CEAs/surgeon/year is used as a variable in a 
logistic regression model with adjustment for: Calendar year, gender, age, 
emergency admission, length of stay, hospital type, hospital volume, 
vascular surgery certification of surgeon. 


Sahni, 201616 183792 Volume as a continuous variable <30 days mortality NA OR: 1.00 (95%-CI: Not provided), P=0.45.  
Multilevel mixed logit regression with adjustment for: “surgeon 
specialization”, the hospital where the procedure was performed, academic 
status of the hospital, age, gender, race, year of surgery, comorbidity 
profile, day of the week, procedure type, days between admission and 
surgery.  
“Surgeon specialization” is defined as the CEA volume divided by all 
procedures performed by a particular surgeon.  


Sidloff, 201417 15751 Continuously assessed In-hospital (timeframe not further 
specified) mortality-stroke 


Not 
reported 


R2 (correlation) =0.21, P<0.001 


Waljee, 200618 - - In-hospital mortality Low 
volume: 
1.9%-2.5% 
Medium: 
1.4%-1.5% 
High: 1.3%-
1.5% 


Not quantitatively assessed 
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1B. Summary of studies with data that were unsuitable for meta-analysis (hospital volume CEA) 
First author, year of 
publication 


Number of patients Threshold  Outcome(s) Events or rate Association between hospital volume and outcome 


Christian, 200319 Total: 17015 Continuous with increments of 
10/y (range 1-395) 


In-hospital mortality - OR 1.01 (95%CI 0.980-1.03). 


Finks, 201120 1647457 Not defined Mortality - No association; not quantified 
Giacovelli, 201021 41392 Volume as a continuous 


variable 
In-hospital mortality or 
stroke 


1.38% “We were not able to demonstrate a continuous volume-
outcome relationship for the open procedure (R2 = 
0.2744)” 


Kennedy, 200722 9276 ≥100/year vs <100/year In hospital mortality  - No association; not quantified 
In hospital stroke - No association; not quantified 


Kragsterman, 200423 1411 Unclear Complications (death, 
stroke and TIA or 
amaurosis fugax) rates 


- No significant correlation between annual caseload of the 
centre and complication rates (Spearmans’ corr r = 0.03; p 
= 0.17) 


Kantonen, 199811 1600 Unclear Mortality/permanent stroke 
in <30 days 


53 No association; not quantified 


Khuri, 199924 10173 Continuously assessed <30 days mortality 123 (1.2%) Mixed effects hierarchical logistic regression models: β 
0.00357; SE 0.01000 


10173 Continuously assessed <30 days stroke 212 (2.1%) Hierarchical logistic regression: β -0.00338; SE 0.00662 
Middleton, 200225 666 10 <30 days mortality 


<30 days fatal or nonfatal 
stroke 
<30 days nonfatal stroke 


- No difference was found 


Nault, 200813 279 Unknown <30 days mortality-stroke 
rate 


- No relationship 


Nazarian, 200814 Total number of patients in 
this study: 22772 


Odds ratio of mortality per 
additional procedure per year 
within the hospital volume 
category ≤130 CEAs per year 


In-hospital mortality 
 


- Adjusted OR 0.998 (95%CI 0.993-1.004) 
Adjusted for: unknown. 


Total number of patients in 
this study: 22772 


Odds ratio of mortality per 
additional procedure per year 
within the hospital volume 
category >130 CEAs per year 


In-hospital mortality 
 


- Adjusted OR 0.945 (95%CI 0.904-0.998)i 
Adjusted for: Charlson, age, surgeon volume 
 


Pearce, 199915 All patients: 2988/45744 
(6.5%) 


Two-fold increase in 
CEA/hospital/y 


In-hospital mortality- 
stroke-myocardial 
infarction (timeframe not 
further specified) 


- Adjusted OR: 0.907 (95%CI 0.855-0.962)*‡ 
Adjusted for: The logarithm of CEAs/hospital/year is used 
as a variable in a logistic regression model with 
adjustment for: Calendar year, gender, age, emergency 
admission, length of stay, hospital type, surgeon volume, 
vascular surgery certification of surgeon. 


Ruby, 199626 3880 procedures Annual hospital volume, exact 
threshold unclear 


Mortality-stroke rate 
(timeframe not further 
specified) 


4.9%  Annual hospital volume was not associated with stroke-
mortality rate (no risk estimate or p-value was presented) 


Yuo, 201327 36524 
Total number of CEAs in 
multivariable analysis: 26841 


Per 100 procedures performed 
(unclear whether this is per 
five years or annual volume) 


Perioperative stroke- 
mortality 


660 (1.8%) Adjusted OR: 0.974 (95%CI 0.900-1.053)‡ 
Adjusted for: Multilevel regression, with adjustment for: 
Average probability to perform CAS in a hospital, number 
of performed CAS procedures, number of patient 
discharges, CAS vs. CEA, White race, Hispanic ethnicity, 
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Male gender, age (<50, 50-54, 55-59, 60-64, 65-69, 80-84, 
>85), congestive heart failure, peripheral vascular 
disorders, paralysis, other neurologic disorders, metastatic 
cancer, solid tumor without metastasis, weight loss, fluid 
and electrolyte disorders, ≥3 Elixhauser comorbidities. 


.4%) of the 51 members of the 
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2A. Summary of studies with data that were unsuitable for meta-analysis (operator volume CAS) 
First author, year of 
publication 


Number of patients Threshold  Outcome(s) Events Association between operator volume and outcome 


Dua, 201610 Symptomatic: 5213  
(risk-matched with CEA 
population in this study) 


Volume as a continuous 
variable for 1-2 cases/year 


In-hospital mortality NA Adjusted OR: 5.78 (95%CI 1.78-18.61)  
Adjusted for: history of CVA, chronic heart failure, 
diabetes mellitus, peripheral artery disease, end-stage renal 
disease, sex. 


Volume as a continuous 
variable from ≥3 cases/year 


In-hospital mortality NA Adjusted OR: 0.40 (95%CI 0.05-3.36)  
Adjusted for: history of CVA, chronic heart failure, 
diabetes mellitus, peripheral artery disease, end-stage renal 
disease, sex. 


Volume as a continuous 
variable for 1-2 cases/year 


Postoperative stroke NA Adjusted OR: 3.46 (95%CI 1.07-14.09) 
Adjusted for: history of TIA, CVA, COPD, peripheral 
artery disease, sex. 


Volume as a continuous 
variable from ≥3 cases/year 


Postoperative stroke NA Adjusted OR: 0.81 (95%CI 0.16-4.03) 
Adjusted for: history of TIA, CVA, COPD, peripheral 
artery disease, sex. 


Volume as a continuous 
variable for 1-2 cases/year 


Postoperative MI NA Adjusted OR: 2.52 (95%CI 1.78-8.11)  
Adjusted for: history of CVA, chronic heart failure, 
COPD, peripheral artery disease. 


Volume as a continuous 
variable from ≥3 cases/year 


Postoperative MI NA Adjusted OR: 1.33 (95%CI 0.49-3.64)  
Adjusted for: history of CVA, chronic heart failure, 
COPD, peripheral artery disease. 


Asymptomatic: 2249  
(risk-matched with CEA 
population in this study) 


Volume as a continuous 
variable for 1-2 cases/year 


In-hospital mortality NA Adjusted OR: 4.03 (95%CI 1.34-8.76) 
Adjusted for: history of peripheral artery disease, sex.  


Volume as a continuous 
variable from ≥3 cases/year 


In-hospital mortality NA Adjusted OR: 0.78 (95%CI 0.34-0.99) 
Adjusted for: history of peripheral artery disease, sex. 


Volume as a continuous 
variable for 1-2 cases/year 


Postoperative stroke NA Adjusted OR: 2.87 (95%CI 1.03-11.51) 
Adjusted for: sex.  


Volume as a continuous 
variable from ≥3 cases/year 


Postoperative stroke NA Adjusted OR: 0.89 (95%CI 0.37-3.14) 
Adjusted for: sex. 


Volume as a continuous 
variable for 1-2 cases/year 


Postoperative MI NA Adjusted OR: 1.48 (95%CI 0.97-4.31) 
Adjusted for: history of peripheral artery disease, chronic 
heart failure.  


Volume as a continuous 
variable from ≥3 cases/year 


Postoperative MI NA Adjusted OR: 0.86 (95%CI 0.51-3.97) 
Adjusted for: history of peripheral artery disease, chronic 
heart failure. 


Hawkins, 201528 19381 Unclear In-hospital mortality-stroke 451 No association (p = 0.15) 
Modrall, 201429 6828 Continuously assessed per 10 


cases increase 
In-hospital mortality-stroke 3.22%  Adjusted OR 0.84 (95%CI 0.74-0.94) 


Adjustment factors: Age per 10 years, race, symptomatic 
carotid stenosis, Charlson Comorbidity Index, Hospital 
size. 


 
2B. Summary of studies with data that were unsuitable for meta-analysis (hospital volume CAS) 


First author, year of 
publication 


Number of patients Threshold  Outcome(s) Events Association between hospital volume and outcome 
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Giacovelli, 201021 6360 Volume as a continuous 
variable 


In-hospital mortality or 
stroke 


2.46% Continuous improvement in stroke/mortality rates with 
increasing volume was observed for endovascular cases 
(R2 =0.7326). 


Gray, 201130 5297 Continuously assessed on a 
logarithmic scale. No annual 
volume, but the within-study 
number of CAS per site is 
reported. 


<30 days stroke-mortality 3.3% A regression equation is reported: log (proportion 
mortality-stroke) = 4.43 – 0.74 * log (Number of CAS per 
site within the study) 


Hawkins, 201528 19381 Unclear In-hospital mortality-stroke 451 No association (p=0.09) 
Sgroi, 201531 20663 procedures Hospital volume per 10-unit 


volume difference 
In-hospital mortality 184 (0.89%) Adjusted OR: 1.01 (95%CI 0.96-1.05)‡ 


Adjusted for: Patient’s age, sex, ethnicity, and history of 
stroke as well as for the hospital’s location (rural vs urban) 
and type (teaching vs nonteaching) and the patient’s 
Charlson Comorbidity Index score. 


20663 procedures Hospital volume per 10-unit 
volume difference 


Postoperative stroke 
(timeframe not further 
specified) 


884 (4.3%) Adjusted OR: 0.97 (95%CI 0.94-0.99)‡ 
Adjusted for: Patient’s age, sex, ethnicity, and history of 
stroke as well as for the hospital’s location (rural vs urban) 
and type (teaching vs nonteaching) and the patient’s 
Charlson Comorbidity Index score. 


20663 procedures Hospital volume per 10-unit 
volume difference 


Postoperative myocardial 
infarction (timeframe not 
further specified) 


436 (2.1%) Adjusted OR 0.99 (95%CI 0.96-1.02)‡ 
Adjusted for: Patient’s age, sex, ethnicity, and history of 
stroke as well as for the hospital’s location (rural vs urban) 
and type (teaching vs nonteaching) and the patient’s 
Charlson Comorbidity Index score. 


Shishehbor, 201432 5240 Continuously assessed, per 
hundred cases increase 


<30 days stroke-mortality 3.6% Adjusted OR 1.01 (95%CI 0.58-1.75)‡ 
Adjustment and model: Hierarchical logistic regression 
with adjustment for: Baseline operator CAS volume (in 
hundreds), physician specialty (cardiology, 
radiology/neurology, surgery), time from first CAS to each 
subsequent CAS procedure for operator (months), Time 
between each CAS procedure (months), operator CAS 
volume in the study (in hundreds), neurological symptom 
status, aortic arch diseased, thrombus presence, sex, 
chronic kidney disease, age (years), EPD dwell time (in 5 
mins increments) 


Theiss, 200833 5341 ≤50/y vs. >50/y Periprocedural death or 
stroke 


Low: -/2067 (4.6%) 
High: -/3274 (2.9%) 


In our multivariate analysis, the positive temporal trend 
over the years and the positive correlation with patient 
volume that are also apparent in our data on univariate 
analysis disappear in the multivariate analysis, when 
institutional experience is included, thus stressing the 
overwhelming importance of experience. 


Vogel, 201034 18599 ≥60/2ys vs. <60/2ys Mortality, timeframe not 
further specified  


- No association 


Yuo, 201327 6053 Continuously assessed, per 
hundred cases increase 
(unclear whether this is annual 
or per five years) 


Perioperative stroke-
mortality 


250 (4.1%) Adjusted OR 0.974 (95%CI 0.900-1.053)‡ 
Adjustment and model: Multilevel regression, with 
adjustment for: Average probability to perform CAS in a 
hospital, number of performed CAS procedures, number 
of patient discharges, CAS vs. CEA, White race, Hispanic 
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ethnicity, Male gender, age (<50, 50-54, 55-59, 60-64, 65-
69, 80-84, >85), congestive heart failure, peripheral 
vascular disorders, paralysis, other neurologic disorders, 
metastatic cancer, solid tumor without metastasis, weight 
loss, fluid and electrolyte disorders, ≥3 Elixhauser 
comorbidities. 


A, asymptomatic; CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; HR, hazard ratio; HV, hospital volume; N/A, not applicable; OR, odds ratio; OV, operator volume; RR relative risk; 
S, symptomatic. 
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Table S2. Overview of risks rates and adjustment factors, threshold of operator volume and hospital volume in 
patients undergoing carotid endarterectomy (CEA) 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


1A. CEA – Operator volume 
CEA OV – Primary outcome (procedural death or stroke) 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


AbuRahma, 
198835  


Perioperative 
(timeframe not further 
specified) stroke-
mortality 


Both 
S: 442/508 
(87%) 
A: 66/508 (13%) 


>32/5yrs 3 10/340 
(2.9%) 


≤32/5yrs 16 11/168 
(6.5%) 


RR 0.45 (0.19-1.04)* N/A N/A 


AbuRahma, 
201336 


<30 days stroke-
mortalityii 


Both 
S: 297/953 
(31.2%) 
A: 656/953 
(68.8%)iii 


Medium 
10-29/y 


N/A 10/244 
CEAs 
(4.1%) 


Low <10/y N/A 4/93 CEAs 
(4.3%) 


RR 0.95 (0.31-2.96)* N/A N/A 


High ≥30/y N/A 8/616 
CEAs 
(1.3%) 


Low <10/y N/A 4/93 CEAs 
(4.3%)  


RR 0.30 (0.09-0.98)* N/A N/A 


High ≥30/y N/A 8/616 
CEAs 
(1.3%) 


Medium 
10-29/y 


N/A 10/244 
CEAs 
(4.1%) 


RR 0.32 (0.13-0.79)* N/A N/A 


High ≥30/y N/A 8/616 
CEAs 
(1.3%) 


Medium/Lo
w <30/y 


N/A 14/337 
CEAs 
(4.2%) 


RR 0.31 (0.13-0.74)* N/A N/A 


Brott, 198437 Perioperative 
(timeframe not further 
specified) stroke-
mortality 


Both 
S: 215/431 
(49.9%)  
A: 216/431 
(50.1%) 


>15/y 7 17/187 
(9.1%)* 


≤5/y 39 4/101 
(4.0%)* 


RR 2.30 (0.79-6.64)* N/A N/A 


Cebul, 19989 <30 days stroke-
mortality 


Both 
S: 356/678 
(52.5%) 
A: 322/678 
(47.5%) 


Second 
quartile 


N/A -/- (4.29%) Lowest 
quartile 


N/A -/- (6.25%) RR 0.69* (-) N/A N/A 


Third 
quartile 


N/A -/- (3.55%) Lowest 
quartile 


N/A -/- (6.25%) RR 0.57* (-) N/A N/A 


Highest 
quartile 


N/A -/- (5.0%) Lowest 
quartile 


N/A -/- (6.25%) RR 0.80* (-) N/A N/A 
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Second 
quartile 


N/A -/- (4.29%) Third 
quartile 


N/A -/- (3.55%) RR 1.21* (-) N/A N/A 


Second 
quartile 


N/A -/- (4.29%) Highest 
quartile 


N/A -/- (5.0%) RR 0.86* (-) N/A N/A 


Third 
quartile 


N/A -/- (3.55%) Highest 
quartile 


N/A -/- (5.0%) RR 0.71* (-) N/A N/A 


High >21/y N/A -/- (4.3%) Low <21/y N/A -/- (5.3%) RR 0.81* (-) N/A N/A 
Dardik, 
200038 


In-hospital stroke-
mortality 


Both 
S: 1769/9842 
(18%) 
A: 8073/9842 
(82%) 


Low 5-14/y 51 -/2823 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 1.153 (0.784-
1.694)‡ 


Age, gender, race (white vs. black), 
hypertension, diabetes, COPD, 
renal disease, heart disease, 
medicare, Medicaid, hospital 
volume. 


Medium 
15-29/y 


23 -/2903 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 0.721 (0.475-
1.093)‡ 


High ≥30/y 11 -/2735 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 0.640 (0.413-
0.992)‡ 


Feasby, 
200239 


In-hospital stroke-
mortality 


Distribution 
unclear 
 
Total: 14268 


15-29/4yrs - 31/642 
(Unadj 
4.8%; Adj 
4.8%) 


1-14/4yrs - 32/414 
(Unadj 
7.8%; Adj 
6.3%) 


RR 0.62 (0.39-1.01)* RR 0.76 (-)*‡‖ Age, sex, admission through the 
emergency department, chronic 
lung disease, diabetes, diabetes with 
complications, neoplastic disease, 
hemiplegia, myocardial infarction 
(old and recent), rheumatologic 
disease, peptic ulcer disease, 
chronic renal failure, peripheral 
vascular disease, metastatic disease, 
congestive heart failure, unstable 
angina, and prior CABG. 


30-59/4yrs - 96/2040 
(Unadj 
4.7%; Adj 
4.4%) 


1-14/4yrs - 32/414 
(Unadj 
7.8%; Adj 
6.3%) 


RR 0.61 (0.41-0.90)* RR 0.70 (-)*‡‖ 


≥60/4yrs - 425/11172 
(Unadj 
3.8%; Adj 
3.9%) 


1-14/4yrs - 32/414 
(Unadj 
7.8%; Adj 
6.3%) 


RR 0.49 (0.35-0.70)* RR 0.62 (-)*‡‖ 


30-59/4yrs - 96/2040 
(Unadj 
4.7%; Adj 
4.4%) 


15-29/4yrs - 31/642 
(Unadj 
4.8%; Adj 
4.8%) 


RR 0.97 (0.66-1.45)* RR 0.92 (-)*‡‖ 


≥60/4yrs - 425/11172 
(Unadj 
3.8%; Adj 
3.9%) 


15-29/4yrs - 31/642 
(Unadj 
4.8%; Adj 
4.8%) 


RR 0.79 (0.55-1.12)* RR 0.81 (-)*‡‖ 


≥60/4yrs - 425/11172 
(Unadj 
3.8%; Adj 
3.9%) 


30-59/4yrs - 96/2040 
(Unadj 
4.7%; Adj 
4.4%) 


RR 0.81 (0.65-1.00)* RR 0.89 (-)*‡‖ 


Goodney, 
200840 


<30 days stroke-
mortality 


Both 
S: 44% 
A: 56% 
 
Total patients: 
2714 
Total 
procedures: 
3092  


10-20/y - -/- (1.7%) <10/y - -/- (1.4%) RR 1.2* (-) N/A N/A 
 >20/y 10 19/975 


(1.9%) 
<10/y - -/- (1.4%) RR 1.4* (-) N/A 


>20/y 10 19/975 
(1.9%) 


10-20/y - -/- (1.7%) RR 1.1* (-) N/A 


Gray, 200241 In-hospital stroke-
mortality 


Both >10/y 5 4/103 
(3.9%) 


≤10/y 5 3/33 (9.1%) RR 0.43 (0.10-1.81)* N/A N/A 
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S: 57/136 
(41.9%) 
A: 79/136 
(58.1%) 


Kempczinski
, 198642 


Postoperative 
(timeframe not further 
specified) mortality-
stroke 


Both 
S: 369/750 
(49.2%) 
A: 381/750 
(50.8%) 


12-50/y 14 22/276 
(8.0%) 


<12 /y 44 22/242 
(9.0%) 


RR 0.88 (0.50-1.54)* N/A N/A 


>50/y 3 11/230 
(4.8%) 


<12 /y 44 22/242 
(9.0%) 


RR 0.53 (0.26-1.06)* N/A N/A 


>50/y 3 11/230 
(4.8%) 


12-50/y 14 22/276 
(8.0%) 


RR 0.60 (0.30-1.21)* N/A N/A 


Kucey, 
199843 


<30 days stroke-
mortality 


Both 
S: 930/1280 
(72.7%)  
A: 350/1280 
(27.3%) 


High>12/y 12 53/980 
(5.4%) 


Medium 6- 
12/y 


10 21/262 
(8.0%) 


RR 0.67 (0.41-1.10)* OR 0.65 (0.38-
1.11)‡¥ 


Symptomatology, side of operation, 
age, gender. 


High>12/y 12 53/980 
(5.4%) 


Low <6/y 5 7/38 
(18.4%) 


RR 0.29 (0.14-0.60)* OR 0.25 (0.10-
0.61)‡¥ 


Medium 6- 
12/y 


10 21/262 
(8.0%) 


Low <6/y 5 7/38 
(18.4%) 


RR 0.44 (0.20-0.95)*  N/A N/A 


Maas, 201344 <30 days stroke-
mortality 


Both 
S: 258/841 
(30.7%) 
A: 583/841 
(69.3%)  


High >40/y N/A 12/595 
(2.0%) 


Low ≤40/y N/A 17/246 
(6.9%) 


RR 0.29 (0.14-0.60)* OR 0.61 (0.22-
1.69)‡¥ 


ASA class. 


Mattos, 
199545 


<30 days stroke-
mortality 


Both 
S: 1178/1695 
(69.5%) 
A: 517/1695 
(30.5%) 


>12/y 10 62/1142 
(5.4%) 


<12/y 21 42/553 
(7.6%) 


RR 0.71 (0.49-1.04)* N/A N/A 


Ruby, 199626 Perioperative 
(timeframe not further 
specified) stroke-
mortality 


Distribution 
unclear 
Total: 3880 
procedures 


>10/y 21 -/- (4.3%) ≤1/y 98 -/- (10.1%) OR 0.40 (0.21-
0.76)†¥ 


N/A N/A 


>10/y 21 -/- (4.3%) 2-5/y 81 -/- (6.2%) OR 0.68 (0.47-
0.99)†¥ 


N/A N/A 


>10/y 21 -/- (4.3%) 6-10/y 26 -/- (4.8%) OR 0.89 (0.61-1.3)†¥ N/A N/A 
Slavish, 
198446 


Postoperative 
(timeframe not further 
specified) stroke-
mortality 


Both 
S: 553/743 
(74,4%) 
A: 190/743 
(25,6%) 


>24/y 4 21/456 
(4.6%) 


≤24/y 20 12/287 
(4.2%) 


RR 1.10 (0.55-2.20)* N/A N/A 
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CEA OV - Secondary outcomes 
CEA OV – Procedural death 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


AbuRahma, 
198835  


Perioperative 
(timeframe not further 
specified) mortality 


Both 
S: 442/508 
(87%) 
A: 66/508 (13%) 


>32/5yrs 3 4/340 
(1.2%) 


≤32/5yrs 16 3/168 
(1.8%) 


RR 0.66 (0.15-2.91)* N/A N/A 


AbuRahma, 
201336 


<30 days mortality Both 
S: 297/953 
(31.2%) 
A: 656/953 
(68.8%) 


Medium 
10-29/y 


N/A 1/244 CEA 
(0.4%) 


Low <10/y N/A 1/93 CEA 
(1.1%) 


RR 0.38 (0.02-6.03)* N/A N/A 


High ≥30/y N/A 3/616 CEA 
(0.5%) 


Low <10/y N/A 1/93 CEA 
(1.1%) 


RR 0.45 (0.05-4.31)* N/A N/A 


High ≥30/y N/A 3/616 CEA 
(0.5%) 


Medium 
10-29/y 


N/A 1/244 CEA 
(0.4%) 


RR 1.19 (0.12-
11.37)* 


N/A N/A 


High ≥30/y N/A 3/616 CEA 
(0.5%) 


Medium/Lo
w <30/y 


N/A 2/337 CEA 
(0.6%) 


RR 0.82 (0.14-4.89)* N/A N/A 


Birkmeyer, 
200347 


Operative (before 
discharge or <30 days) 
mortality 


Distribution 
unclear 
 
Total: 136049 


High >40/y N/A -/45679 
(Adjusted 
mortality: 
1.1%) 


Low <18/y N/A -/45934 
(Adjusted 
mortality: 
1.8%) 


N/A OR 0.61 (0.54-0.68)‡. 
Extra adjusted for 
hospital volume: 0.59 
(0.52-0.66)‡iv 


Mixed multivariable logistic 
regression model with hospital level 
variables (hospital volume in 
tertiles, type of ownership (not-for-
profit, for-profit, or government), 
location (urban or nonurban), and 
teaching status (as defined by 
Taylor et al. )) and surgeon level 
variables, and patient level 
variables: Age group (in five-year 
intervals), sex, race (black or 
nonblack), year of procedure (1998 
or 1999), whether the procedure 
was performed electively or not, 
and the mean income from Social 
Security in the ZIP Code of the 
patient’s residence.  


High >40/y N/A -/45679 
(Adjusted 
mortality: 
1.1%) 


Medium 
18-40/y 


N/A -/44436 
(Adjusted 
mortality: 
1.3%) 


N/A RR 0.85 (-)‡*‖ N/A 


Medium 
18-40/y 


N/A -/44436 
(Adjusted 
mortality: 
1.3%) 


Low <18/y N/A -/45934 
(Adjusted 
mortality: 
1.8%) 


N/A RR 0.72 (-)‡*‖ N/A 
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Boudourakis
, 200948 


Inpatient (cohort 1999) 
mortality  
Purpose of study was 
to compare 1999 with 
2005 and results were 
only presented 
separately for both 
years. 


Distribution 
unclear 
 
Total both 
cohorts: 10655 


High ≥50/y N/A -/4420 
(0.5%) 


Low ≤5/y N/A -/1881 
(1.0%) 


RR 0.49 (0.27-
0.91)*£ 


OR 0.83 (0.31-2.0)¥‡ Age (18–44, 45–64, 65 years), race 
(white, black, Hispanic, other), 
gender, admission type (routine vs. 
nonroutine), median household 
income ($1–$35,999, $36,000 –
$44,999, $45,000 –$58,999, and 
$59,000), payer type (Medicare, 
Medicaid, private HMO, self-pay), 
a modification of the Charlson 
comorbidity index, hospital location 
(urban vs. rural), geographic region 
(Northeast, Midwest, South, West), 
and teaching status (teaching 
hospital vs. nonteaching), hospital 
volume. 


Inpatient (cohort 2005) 
mortality 
Purpose of study was 
to compare 1999 with 
2005 and results were 
only presented 
separately for both 
years.  


Distribution 
unclear 
 
Total both 
cohorts: 10655 


High ≥50/y N/A -/3014 
(0.2%) 


Low ≤5/y N/A -/1340 
(0.4%) 


RR 0.53 (0.16-
1.75)*£ 


OR 0.43 (0.12-1.7)¥‡ 


Brott, 198437 Perioperative 
(timeframe not further 
specified) mortality 


Both 
S: 215/431 
(49.9%)  
A: 216/431 
(50.1%) 


>15/y 7 7/187 
(3.7%)* 


≤5/y 39 0/101 
(0%)* 


RR 8.12 (0.46-
142.2)*§ 


N/A N/A 


Cowan, 
200249 


In-hospital mortality Distribution 
unclear 
 
Total: 35821 


Medium 
and high 
≥10/y 


N/A 151*/29522 
(0.51%) 


Low <10/y N/A 68*/6299 
(1.1%) 


RR 0.47 (0.36-0.63)*  OR 0.53 (0.34-0.71)‡ Emergent admission, age greater 
than 65 years, COPD, hospital 
volume (<100 vs. ≥100 CEAs/yr) 


Medium 
10-29/y 


N/A 69*/10946 
(0.63%) 


Low <10/y N/A 68*/6299 
(1.1%) 


RR 0.58 (0.42-0.82)* N/A 


High ≥30/y N/A 82*/18576 
(0.44%) 


Low <10/y N/A 68*/6299 
(1.1%) 


RR 0.41 (0.30-0.56)* N/A 


Dardik, 
200038 


In-hospital mortality Both 
S: 1769/9842 
(18%) 
A: 8073/9842 
(82%) 


Low 5-14/y 51 -/2823 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 0.772 (0.428-
1.393)‡ 


Age, gender, race (white vs. black), 
hypertension, diabetes, COPD, 
renal disease, heart disease, 
medicare, Medicaid, hospital 
volume. 


Medium 
15-29/y 


23 -/2903 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 0.536 (0.283-
1.016)‡ 


High ≥30/y 11 -/2735 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 0.667 (0.351-
1.266)‡ 


Edwards, 
199150 


In-hospital mortality Distribution 
unclear 
 
Total: 11119 


Medium 
13-49/y 


N/A 66/3876 
(1.7%) 


Low 1-12/y N/A 130/5067 
(2.6%) 


RR 0.66 (0.50-0.89)* N/A N/A 


High ≥50/y N/A 9/772 
(1.2%) 


Low 1-12/y N/A 130/5067 
(2.6%) 


RR 0.45 (0.23-0.89)* N/A N/A 


High ≥50/y N/A 9/772 
(1.2%) 


Medium 
13-49/y 


N/A 66/3876 
(1.7%) 


RR 0.68 (0.34-1.37)* N/A N/A 


Gray, 200241 In-hospital mortality Both 
S: 57/136 
(41.9%) 
A: 79/136 
(58.1%) 


>10/y 5 1/103 
(1.0%) 


≤10/y 5 1/33 (3.0%) RR 0.32 (0.02-4.98)* N/A N/A 


Hannan, 
199851 


In-hospital mortality Distribution 
unclear 
 


5-9/y - -/- (1.45%) 1-4/y - -/- (2.13%) RR 0.68* (-) N/A N/A 
10-14/y - -/- (1.20%) 1-4/y - -/- (2.13%) RR 0.56* (-) N/A N/A 
15-24/y - -/- (1.09%) 1-4/y - -/- (2.13%) RR 0.51* (-) N/A N/A 
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Total: 28207 25-49/y - -/- (0.97%) 1-4/y - -/- (2.13%) RR 0.46* (-) N/A N/A 
≥50/y - -/- (1.01%) 1-4/y - -/- (2.13%) RR 0.47* (-) N/A N/A 
10-14/y - -/- (1.20%) 5-9/y - -/- (1.45%) RR 0.83* (-) N/A N/A 
15-24/y - -/- (1.09%) 5-9/y - -/- (1.45%) RR 0.75* (-) N/A N/A 
25-49/y - -/- (0.97%) 5-9/y - -/- (1.45%) RR 0.67* (-) N/A N/A 
≥50/y - -/- (1.01%) 5-9/y - -/- (1.45%) RR 0.70* (-) N/A N/A 
5-9/y - -/- (1.45%) 10-14/y - -/- (1.20%) RR 1.21* (-) N/A N/A 
25-49/y - -/- (0.97%) 10-14/y - -/- (1.20%) RR 0.81* (-) N/A N/A 
≥50/y - -/- (1.01%) 10-14/y - -/- (1.20%) RR 0.84* (-) N/A N/A 
≥50/y - -/- (1.01%) 15-24/y - -/- (1.09%) RR 0.93* (-) N/A N/A 


Hertzer, 
198452 


Postoperative 
(timeframe not further 
specified) mortality 


Both 
S: 1991/2646 
(75.2%) 
A: 655/2646 
(24.8%)  
 


10-25/y - 16/517 
CEAs 
(0.8%) 


<10/y - 12/302 
CEAs 
(2.0%) 


RR 0.78 (0.37-1.62)* N/A N/A 


25-50/y - 16/716 
CEAs 
(1.7%) 


<10/y - 12/302 
CEAs 
(2.0%) 


RR 0.56 (0.27-1.17)* N/A N/A 


>50/y - 23/1111 
CEAs 
(1.0%) 


<10/y - 12/302 
CEAs 
(2.0%) 


RR 0.52 (0.26-1.03)* N/A N/A 


25-50/y - 16/716 
CEAs 
(1.7%) 


10-25/y - 16/517 
CEAs 
(0.8%) 


RR 0.72 (0.36-1.43)* N/A N/A 


>50/y - 23/1111 
CEAs 
(1.0%) 


10-25/y - 16/517 
CEAs 
(0.8%) 


RR 0.67 (0.36-1.26)* N/A N/A 


>50/y - 23/1111 
CEAs 
(1.0%) 


25-50/y - 16/716 
CEAs 
(1.7%) 


RR 0.93 (0.49-1.74)* N/A N/A 


Kempczinski
, 198642 


Postoperative 
(timeframe not further 
specified) mortality 


Both 
S: 369/750 
(49.2%) 
A: 381/750 
(50.8%) 


12-50/y 14 8/276 
(2.9%) 


<12 /y 44 6/242 
(2.4%) 


RR 1.17 (0.41-3.32)* N/A N/A 


>50/y 3 3/230 
(1.3%) 


<12 /y 44 6/242 
(2.4%) 


RR 0.53 (0.13-2.08)* N/A N/A 


>50/y 3 3/230 
(1.3%) 


12-50/y 14 8/276 
(2.9%) 


RR 0.45 (0.12-1.68)* N/A N/A 


Kucey, 
199843 


<30 days mortality Both 
S: 930/1280 
(72.7%)  
A: 350/1280 
(27.3%) 


High>12/y 12 12/980 
(1.2%) 


Medium 6-
12/y 


10 11/262 
(4.2%) 


RR 0.29 (0.13-0.65)* N/A N/A 


High>12/y 12 12/980 
(1.2%) 


Low <6/y 5 0/38 (0%) RR 0.98 (0.06-
16.6)*§ 


N/A N/A 


Medium 6-
12/y 


10 11/262 
(4.2%) 


Low <6/y 5 0/38 (0%) RR 3.37 (0.20-
57.2)*§ 


N/A N/A 


Kumamaru, 
201553 


<30 days mortality 
Cohort 2001-2002 


Both 
Stroke 16.4%; 
TIA 2.6% 
 
Total all 
cohorts:  454717 


10-19 past-
year case-
volume 


N/A -/26016 
(1.51%) 


<10 past-
year case-
volume 


N/A -/19887 
(1.79%) 


RR 0.84 (0.73-
0.97)*£ 


OR 0.87 (0.75-1.01)‡ Age, sex, race, admission type, 
Elixhauser comorbidity score, 
presence of concurrent CABG 
procedure, presence of stroke/TIA 
within 180 days, surgeon case-
volume category, surgeon specialty, 


20-39 past-
year case-
volume 


N/A -/39649 
(1.35%) 


<10 past-
year case-
volume 


N/A -/19887 
(1.79%) 


RR 0.75 (0.66-
0.86)*£ 


OR 0.79 (0.69-0.91)‡ 
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≥40 past-
year case-
volume 


N/A -/39524 
(1.19%) 


<10 past-
year case-
volume 


N/A -/19887 
(1.79%) 


RR 0.66 (0.58-
0.76)*£ 


OR 0.71 (0.62-0.82)‡ and comorbidities (atrial 
fibrillation, heart failure, 
myocardial infarction, GI bleed, 
COPD, CKD, cancer, anemia, 
hypertension, diabetes, depression) 


<30 days mortality  
Cohort 2003-2004 


Both 
Stroke 16.5%; 
TIA 2.4% 
 
Total all 
cohorts:  454717 


10-19 past-
year case-
volume 


N/A -/25920 
(1.33%) 


<10 past-
year case-
volume 


N/A -/18706 
(1.74%) 


RR 0.77 (0.66-
0.89)*£ 


OR 0.78 (0.67-0.91)‡ 


20-39 past-
year case-
volume 


N/A -/39002 
(1.19%) 


<10 past-
year case-
volume 


N/A -/18706 
(1.74%) 


RR 0.68 (0.59-
0.79)*£ 


OR 0.71 (0.61-0.82)‡ 


≥40 past-
year case-
volume 


N/A -/38757 
(1.16%) 


<10 past-
year case-
volume 


N/A -/18706 
(1.74%) 


RR 0.67 (0.58-
0.77)*£ 


OR 0.72 (0.62-0.82)‡ 


<30 days mortality 
Cohort 2005-2006 


Both  
Stroke 15.9%; 
TIA 2.2% 
 
Total all 
cohorts:  454717 


10-19 past-
year case-
volume 


N/A -/24687 
(1.32%) 


<10 past-
year case-
volume 


N/A -/18488 
(1.41%) 


RR 0.94 (0.80-
1.10)*£ 


OR 0.95 (0.81-1.13)‡ 


20-39 past-
year case-
volume 


N/A -/36324 
(1.09%) 


<10 past-
year case-
volume 


N/A -/18488 
(1.41%) 


RR 0.77 (0.66-
0.90)*£ 


OR 0.80 (0.50-0.73)‡ 


≥40 past-
year case-
volume 


N/A -/29255 
(0.96%) 


<10 past-
year case-
volume 


N/A -/18488 
(1.41%) 


RR 0.68 (0.58-
0.80)*£ 


OR 0.72 (0.61-0.86)‡ 


<30 days mortality 
Cohort 2007-2008 


Both  
Stroke 15.7%; 
TIA 1.8% 
 
Total all 
cohorts:  454717 


10-19 past-
year case-
volume 


N/A -/25149 
(1.19%) 


<10 past-
year case-
volume 


N/A -/20415 
(1.42%) 


RR 0.84 (0.71-
0.98)*£ 


OR 0.85 (0.72-1.00)‡ 


20-39 past-
year case-
volume 


N/A -/32250 
(1.08%) 


<10 past-
year case-
volume 


N/A -/20415 
(1.42%) 


RR 0.76 (0.65-
0.89)*£ 


0.78 (0.66-0.91)‡ 


≥40 past-
year case-
volume 


N/A -/20711 
(1.04%) 


<10 past-
year case-
volume 


N/A -/20415 
(1.42%) 


RR 0.73 (0.61-
0.87)*£ 


OR 0.77 (0.64-0.92)‡ 


Mao, 201754 In-hospital mortality Distribution 
unclear 
 
Total: 68896 


High >1/y 559 194/67992 
(0.3%) 


Low ≤1/y 512 6/904 
(0.7%) 


RR 0.43 (0.19-0.97)* Only patient 
characteristics: 
OR 0.52 (0.23-
1.19)‡¥ 
Extra adjustment for 
surgeon 
characteristics and 
surgeon clustering: 
OR 0.60 (0.26-
1.39)‡¥ 
Extra adjustment for 
surgeon and facility 
characteristics and 
surgeon and facility 
clustering: 
OR 0.58 (0.25-
1.39)‡¥ 


Adjusted for patient (age, sex, 
race/ethnicity, insurance status, 
procedure year, and major 
comorbidities), surgeon (surgeon 
specialty) and facility (hospital 
volume and location [New York 
city vs. other]) characteristics and 
accounted for both surgeon and 
facility clustering. 
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High >3/y N/A 184/66311 
(0.3%) 


Low ≤3/y N/A 16/2585 
(0.6%) 


RR 0.45 (0.27-0.75)* OR 0.61 (0.35-
1.06)‡¥ 


Lowest 
tertile 
2-17/y 


N/A -/21420 (-) ≤1/y 512 6/904 
(0.7%) 


N/A OR 0.69 (0.29-1.62) 


Middle 
tertile 18-
42/y 


N/A -/24037 (-) ≤1/y 
 


512 6/904 
(0.7%) 


N/A OR 0.43 (0.17-1.04) 


Highest 
tertile 
>42/y 


N/A -/22535 (-) ≤1/y 512 6/904 
(0.7%) 


N/A OR 0.50 (0.19-1.28) 


Mattos, 
199545 


<30 days mortality Both 
S: 1178/1695 
(69.5%) 
A: 517/1695 
(30.5%) 


>12/y 10 21/1142 
(1.8%) 


<12/y 21 6/553 
(1.1%) 


RR 1.69 (0.69-4.18)* N/A N/A 


Meltzer, 
201755 


In-hospital mortality A: 36495/36495 
(100%) 


Quintile 5 
≥68/y 


23 11/7618 
(0.14%) 


Quintile 4 
38-67/y 


76 13/7693 
(0.17%) 


RR 0.85 (0.38-1.91)* OR 0.80 (0.36-
1.82)‡¥ 


Mixed generalized linear model 
with random effects on facility and 
surgeon level (to account for 
clustering), with adjustment for: 
Patient comorbidities, surgeon’s 
years since graduation, and surgeon 
specialty 


Quintile 5 
≥68/y 


23 11/7618 
(0.14%) 


Quintile 3 
23-37/y 


155 20/7586 
(0.26%) 


RR 0.55 (0.26-1.14)* OR 0.53 (0.25-
1.12)‡¥ 


Quintile 5 
≥68/y 


23 11/7618 
(0.14%) 


Quintile 2 
12-22/y 


257 23/7769 
(0.3%) 


RR 0.49 (0.24-1.00)* OR 0.48 (0.23-1)‡¥ 


Quintile 5 
≥68/y 


23 11/7618 
(0.14%) 


Quintile 1 
0-11/y 


781 27/7829 
(0.34%) 


RR 0.42 (0.21-0.84)* OR 0.39 (0.19-
0.79)‡¥ 


Quintile 4 
38-67/y 


76 13/7693 
(0.17%) 


Quintile 3 
23-37/y 


155 20/7586 
(0.26%) 


RR 0.64 (0.32-1.29)* N/A N/A 


Quintile 4 
38-67/y 


76 13/7693 
(0.17%) 


Quintile 2 
12-22/y 


257 23/7769 
(0.3%) 


RR 0.57 (0.29-1.13)* N/A N/A 


Quintile 4 
38-67/y 


76 13/7693 
(0.17%) 


Quintile 1 
0-11/y 


781 27/7829 
(0.34%) 


RR 0.49 (0.25-0.95)* N/A N/A 


Quintile 3 
23-37/y 


155 20/7586 
(0.26%) 


Quintile 2 
12-22/y 


257 23/7769 
(0.3%) 


RR 0.89 (0.49-1.62)* N/A N/A 


Quintile 3 
23-37/y 


155 20/7586 
(0.26%) 


Quintile 1 
0-11/y 


781 27/7829 
(0.34%) 


RR 0.76 (0.43-1.36)* N/A N/A 


Quintile 2 
12-22/y 


257 23/7769 
(0.3%) 


Quintile 1 
0-11/y 


781 27/7829 
(0.34%) 


RR 0.86 (0.49-1.50)* N/A N/A 


Middleton, 
200225 


<30 days mortality Both 
S: 462/666 
(69.4%) 
A: 204/666 
(30.6%) 


Medium 6-
15/ 6 
months 


24  2/338 
(0.59%) 


Low <6/ 6 
months 


19 0/77 RR 1.14 (0.05-
23.8)*§ 


N/A N/A 


High >15/ 6 
months 


9 6/251 
(2.4%) 


Low <6/ 6 
months 


19 0/77 RR 4.01 (0.23-
71.1)*§ 


N/A N/A 


High >15/ 6 
months 


9 6/251 
(2.4%) 


Medium 6-
15/ 6 
months 


24  2/338 
(0.59%) 


RR 4.04 (0.82-19.9)* N/A N/A 


Nazarian, 
200814 


In-hospital mortality 
 


Both: 
overwhelming 


>15/y 59 69/16348 
(0.4%) 


4-15/y 109 42/5729 
(0.7%) 


RR 0.58 (0.39-0.84)* N/A N/A 
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majority of 
patients are 
asymptomatic.  
Distribution 
unclear 
 
Total: 22772 


>15/y 59 69/16348 
(0.4%) 


≤3/y 60 7/447 
(1.6%) 


RR 0.27 (0.12-0.58)* N/A N/A 


>15/y 59 69/16348 
(0.4%) 


1/y 214 5/248 
(2.0%) 


RR 0.21 (0.09-0.51)* N/A N/A 


4-15/y 109 42/5729 
(0.7%) 


≤3/y 60 7/447 
(1.6%) 


RR 0.47 (0.21-1.04)* N/A N/A 


4-15/y 109 42/5729 
(0.7%) 


1/y 214 5/248 
(2.0%) 


RR 0.36 (0.15-0.91)* N/A N/A 


≤3/y 60 7/447 
(1.6%) 


1/y 214 5/248 
(2.0%) 


RR 0.78 (0.25-2.42)* N/A N/A 


O’Neill, 
200056 


In-hospital mortality Distribution 
unclear 
 
Total: 12725 


3-24/2yrs 246 17/2324 
(0.73%) 


1-2/2yrs 117 3/153 
(1.96%) 


RR 0.37 (0.11-1.26)* Not-significant (not 
quantified) 


Years since licensure, predicted 
mortality, surgical specialty, 
surgeon age, surgeon gender and 
board certification.  


25-49/2yrs 66 15/2147 
(0.70%) 


1-2/2yrs 117 3/153 
(1.96%) 


RR 0.36 (0.10-1.22)* Not-significant (not 
quantified) 


50-99/2yrs 84 34/5475 
(0.62%) 


1-2/2yrs 117 3/153 
(1.96%) 


RR 0.32 (0.10-1.02)* Not-significant (not 
quantified) 


≥100/2yrs 19 20/2573 
(0.78%) 


1-2/2yrs 117 3/153 
(1.96%) 


RR 0.40 (0.12-1.32)* Not-significant (not 
quantified) 


25-49/2yrs 66 15/2147 
(0.70%) 


3-24/2yrs 246 17/2324 
(0.73%) 


RR 0.96 (0.48-1.91)* Not-significant (not 
quantified) 


50-99/2yrs 84 34/5475 
(0.62%) 


3-24/2yrs 246 17/2324 
(0.73%) 


RR 0.85 (0.48-1.52)* Not-significant (not 
quantified) 


≥100/2yrs 19 20/2573 
(0.78%) 


3-24/2yrs 246 17/2324 
(0.73%) 


RR 1.06 (0.56-2.02)* Not-significant (not 
quantified) 


50-99/2yrs 84 34/5475 
(0.62%) 


25-49/2yrs 66 15/2147 
(0.70%) 


RR 0.89 (0.49-1.63)* Not-significant (not 
quantified) 


≥100/2yrs 19 20/2573 
(0.78%) 


25-49/2yrs 66 15/2147 
(0.70%) 


RR 1.11 (0.57-2.17)* Not-significant (not 
quantified) 


≥100/2yrs 19 20/2573 
(0.78%) 


50-99/2yrs 84 34/5475 
(0.62%) 


RR 1.25 (0.72-2.17)* Not-significant (not 
quantified) 


Sahni, 201616 <30 days mortality Distribution 
unclear 
 
Total: 183792 


Top quarter 
of operator 
volume 


1373 -/- (-) 
Total 
patients in 
study: 
183792 


Bottom 
quarter of 
operator 
volume 


1437 -/- (-) 
Total 
patients in 
study: 
183792 


NA OR: 0.66 (0.49-
0.88)‡* 
Extra adjusted for 
“surgeon 
specialization”: 
OR: 0.82 (0.56-
1.19)‡* 


Multilevel mixed logit regression 
with adjustment for: the hospital 
where the procedure was 
performed, academic status of the 
hospital, age, gender, race, year of 
surgery, comorbidity profile, day of 
the week, procedure type, days 
between admission and surgery. 
 
In a second analysis extra 
adjustment for “surgeon 
specialization” was performed.  
 
“Surgeon specialization” is defined 
as the CEA volume divided by all 
procedures performed by a 
particular surgeon.  
 


Third 
quarter of 
operator 
volume 


1346 -/- (-) 
Total 
patients in 
study: 
183792 


Bottom 
quarter of 
operator 
volume 


1437 -/- (-) 
Total 
patients in 
study: 
183792 


NA OR: 0.74 (-) P=0.06 ‡ 
Extra adjusted for 
“surgeon 
specialization”: 
OR: 0.86 (-) P=0.41 ‡ 


Second 
quarter of 
operator 
volume 


1349 -/- (-) 
Total 
patients in 
study: 
183792 


Bottom 
quarter of 
operator 
volume 


1437 -/- (-) 
Total 
patients in 
study: 
183792 


NA OR: 0.73 (-) P=0.06 ‡ 
Extra adjusted for 
“surgeon 
specialization”: 
OR: 0.81 (-) P=0.24 ‡ 
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Of note: the authors of this article 
describe their results as RRs. 
However, a logit link provides ORs, 
and thus the results were extracted 
as ORs.  


Segal, 199357 In-hospital mortality Distribution 
unclear 
Total patients: 
5295 
Total 
procedures: 
5657 


High 
≥30/26 
months 


52 28/2384 
(1.17%) 


Low 
<30/26 
months 


600 85/3273 
(2.60%) 


RR 0.45 (0.30-0.69)* N/A N/A 


Slavish, 
198446 


Postoperative 
(timeframe not further 
specified) mortality 


Both 
S: 553/743 
(74,4%) 
A: 190/743 
(25,6%) 


>24/y 4 12/456 
(2.6%) 


≤24/y 20 8/287 
(2.8%) 


RR 0.94 (0.39-2.28)* N/A N/A 


CEA OV – Procedural stroke 
AbuRahma, 
198835 
 


Perioperative 
(timeframe not further 
specified) stroke 


Both 
S: 442/508 
(87%) 
A: 66/508 (13%) 


>32/5yrs 3 9/340 
(2.6%) 


≤32/5yrs 16 10/168 
(6.0%) 


RR 0.44 (0.18-1.07)* N/A N/A 


AbuRahma, 
201336 


<30 days stroke Both 
S: 297/953 
(31.2%) 
A: 656/953 
(68.8%) 
 


Medium 
10-29/y 


N/A 10/244 
CEA 
(4.1%) 


Low <10/y N/A 4/93 CEA 
(4.3%) 


RR 0.95 (0.31-2.96)* N/A N/A 


High ≥30/y N/A 8/616 CEA 
(1.3%) 


Low <10/y N/A 4/93 CEA 
(4.3%) 


RR 0.30 (0.09-0.98)*  
OR 0.29 (0.09-0.99)† 


OR 0.29 (0.08-1.04)‡ Renal insufficiency, patch use, 
(yes/no), symptomatic vs. 
asymptomatic status. High ≥30/y N/A 8/616 CEA 


(1.3%) 
Medium 
10-29/y 


N/A 10/224 
CEA 
(4.1%) 


RR 0.29 (0.11-0.73)* 
OR 0.31 (0.12-0.79)† 


OR 0.45 (0.95-6.67)‡ 


High ≥30/y N/A 8/616 CEA 
(1.3%) 


Medium/Lo
w <30/y 


N/A 14/337 
CEA 
(4.2%) 


RR 0.31 (0.13-0.74)* 
OR 0.30 (0.13-0.73)† 


OR 0.40 (0.15-1.05)‡ 


Brott, 198437 Perioperative 
(timeframe not further 
specified) stroke 


Both 
S: 215/431 
(49.9%)  
A: 216/431 
(50.1%) 


>15/y 7 17/187 
(9.1%)* 


≤5/y 39 4/101 
(4.0%)* 


RR 2.30 (0.79-6.64)* N/A N/A 


Cowan, 
200249 


Postoperative 
(timeframe not further 
specified) stroke 


Distribution 
unclear 
 
Total: 35821 


Medium 
10-29/y 


N/A 69*/10946 
(1.63%) 


Low <10/y N/A 128*/6299 
(2.0%) 


RR 0.31 (0.23-0.42)* N/A 
 


N/A 


High ≥30/y N/A 212*/18576 
(1.1%) 


Low <10/y N/A 128*/6299 
(2.0%) 


RR 0.56 (0.45-0.70)* N/A N/A 


Dardik, 
200038 


In-hospital stroke Both  
S: 1769/9842 
(18%) 


Low 5-14/y 51 -/2823 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 1.344 (0.843-
2.145)‡ 


Age, gender, race (white vs. black), 
hypertension, diabetes, COPD, 
renal disease, heart disease, Medium 


15-29/y 
23 -/2903 (-) Very low 1-


4/y 
394 -/1381 (-) N/A OR 0.765 (0.460-


1.272)‡ 
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A: 8073/9842 
(82%) 


High ≥30/y 11 -/2735 (-) Very low 1-
4/y 


394 -/1381 (-) N/A OR 0.603 (0.351-
1.035)‡ 


medicare, Medicaid, hospital 
volume. 


Edwards, 
199150 


In-hospital stroke Distribution 
unclear 
 
Total: 11119 


Medium 
13-49/y 


N/A 145/3876 
(3.7%) 


Low 1-12/y N/A 203/5067 
(4.0%) 


RR 0.93 (0.76-1.15)* N/A N/A 


High ≥50/y N/A 16/772 
(2.1%) 


Low 1-12/y N/A 203/5067 
(4.0%) 


RR 0.52 (0.31-0.86)* N/A N/A 


High ≥50/y N/A 16/772 
(2.1%) 


Medium 
13-49/y 


N/A 145/3876 
(3.7%) 


RR 0.55 (0.33-0.92)* N/A N/A 


Gray, 200241 In-hospital stroke Both 
S: 57/136 
(41.9%) 
A: 79/136 
(58.1%) 


>10/y 5 3/103 
(2.9%) 


≤10/y 5 2/33 (6.1%) RR 0.48 (0.08-1.75)* N/A N/A 


Hertzer, 
198452 


Postoperative 
(timeframe not further 
specified) stroke 


Both 
A: 655/2646 
(24.8%)  
S: 1991/2646 
(75.2%) 


10-25/y 
 


- 16/517 
(3.1%) 


<10/y - 12/302 
(4.0%) 


RR 0.78 (0.37-1.62)* N/A N/A 


25-50/y - 16/716 
(2.2%) 


<10/y - 12/302 
(4.0%) 


RR 0.56 (0.27-1.17)* N/A N/A 


>50/y - 23/1111 
(2.1%) 


<10/y - 12/302 
(4.0%) 


RR 0.52 (0.26-1.03)* N/A N/A 


Asymptomatic 10-25/y 
 


- 2/67 CEAs 
(3.0%) 


<10/y - 2/82 CEAs 
(2.4%) 


RR 1.22 (0.18-8.46)* N/A N/A 


25-50/y - 2/148 
CEAs 
(1.4%) 


<10/y - 2/82 CEAs 
(2.4%) 


RR 0.55 (0.08-3.86)* N/A N/A 


>50/y - 7/358 
CEAs 
(1.9%) 


<10/y - 2/82 CEAs 
(2.4%) 


RR 0.80 (0.17-3.79)* N/A N/A 


Symptomatic 10-25/y - 14/450 
CEAs 
(3.1%) 


<10/y - 10/220 
CEAs 
(4.6%) 


RR 0.68 (0.31-1.52)* N/A N/A 


25-50/y - 14/568 
CEAs 
(2.5%) 


<10/y - 10/220 
CEAs 
(4.6%) 


RR 0.54 (0.24-1.20)* N/A N/A 


>50/y - 16/753 
CEAs 
(2.1%) 


<10/y - 10/220 
CEAs 
(4.6%) 


RR 0.47 (0.22-1.02)* N/A N/A 


Kempczinski
, 198642 


Postoperative 
(timeframe not further 
specified) stroke 


Both 
S: 369/750 
(49.2%) 
A: 381/750 
(50.8%) 


12-50/y 14 14/276 
(5.1%) 


<12/y 44 16/242 
(6.6%) 


RR 0.77 (0.38-1.54)* N/A N/A 


>50/y 3 8/230 
(3.5%) 


<12/y 44 16/242 
(6.6%) 


RR 0.53 (0.23-1.21)* N/A N/A 


>50/y 3 8/230 
(3.5%) 


12-50/y 14 14/276 
(5.1%) 


RR 0.68 (0.29-1.61)* N/A N/A 


Kucey, 
199843 


<30 days stroke Both  
S: 930/1280 
(72.7%)  


High>12/y 12 41/980 
(4.2%) 


Medium 6-
12/y 


10 10/262 
(3.8%) 


RR 1.10 (0.56-2.16)* N/A N/A 


High>12/y 12 41/980 
(4.2%) 


Low <6/y 5 7/38 
(18.4%) 


RR 0.23 (0.11-0.47)* N/A N/A 
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A: 350/1280 
(27.3%) 


Medium 6-
12/y 


10 10/262 
(3.8%) 


Low <6/y 5 7/38 
(18.4%) 


RR 0.21 (0.08-0.51)* N/A N/A 


Mao, 201754 In-hospital stroke Distribution 
unclear 
 
Total: 68896 


High >1/y 559 1427/67992 
(2.1%) 


Low ≤1/y 512 32/904 
(3.5%) 


RR 0.59 (0.42-0.84)* Only patient 
characteristics: 
OR 0.60 (0.41-
0.85)‡¥ 
Extra adjustment for 
surgeon 
characteristics and 
surgeon clustering: 
OR 0.57 (0.39-
0.84)‡¥ 
Extra adjustment for 
surgeon and facility 
characteristics and 
surgeon and facility 
clustering: 
OR 0.56 (0.38-
0.83)‡¥ 


Adjusted for patient (age, sex, 
race/ethnicity, insurance status, 
procedure year, and major 
comorbidities), surgeon (surgeon 
specialty) and facility (hospital 
volume and location [New York 
city vs. other]) characteristics and 
accounted for both surgeon and 
facility clustering. 


High >3/y N/A 1397/66311 
(2.1%) 


Low ≤3/y N/A 62/2585 
(2.4%) 


RR 0.88 (0.68-1.13)* OR 0.81 (0.60-
1.08)‡¥ 


Lowest 
tertile 
2-17/y 


N/A -/21420 (-) ≤1/y 512 32/904 
(3.5%) 


N/A OR 0.57 (0.38-0.84)‡ 


Middle 
tertile 18-
42/y 


N/A -/24037 (-) ≤1/y 512 32/904 
(3.5%) 


N/A OR 0.57 (0.38-0.85)‡ 


Highest 
tertile 
>42/y 


N/A -/22535 (-) ≤1/y 512 32/904 
(3.5%) 


N/A OR 0.65 (0.42-1.03)‡ 


Matsen, 
200658 
(Maryland) 


In-hospital stroke Both  
S: 15.2% 
A: 84.8% 
 
Total: 74568 


Medium 
15-74/y 


N/A -/15674 
(0.68%) 


Low <15/y N/A 55/5429 
(1.01%) 


RR 0.67 (0.49-
0.93)*£ 


N/A N/A 


High ≥75/y N/A 8/2134 
(0.37%) 


Low <15/y N/A 55/5429 
(1.01%) 


RR 0.37 (0.18-0.78)* N/A N/A 


High ≥75/y N/A 8/2134 
(0.37%) 


Medium 
15-74/y 


N/A -/15674 
(0.68%) 


RR 0.55 (0.27-
1.12)*£ 


N/A N/A 


Mattos, 
199545 


<30 days stroke Both 
S: 1178/1695 
(69.5%) 
A: 517/1695 
(30.5%) 


>12/y 10 47/1142 
(4.1%) 


<12/y 21 40/553 
(7.2%) 


RR 0.57 (0.38-0.86)* N/A N/A 


Mayo, 199859 Postoperative 
(timeframe not further 
specified) stroke 


Both 
S: 224/362 
(63%) 
A: 129/362 
(37%) 
Unknown: 9/362 
(2.5%) 


High 12-
41/y 


N/A 7/293 
(2.4%) 


Low 1-11/y N/A 1/60 (1.7%) RR 1.43 (0.18-
11.44)* 


N/A N/A 
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Meltzer, 
201755 


In-hospital stroke A: 36495/36495 
(100%) 


Quintile 5 
≥68/y 


23 29/7618 
(0.38%) 


Quintile 4 
38-67/y 


76 31/7693 
(0.4%) 


RR 0.94 (0.57-1.57)* OR 0.83 (0.45-
1.52)‡¥ 


Mixed generalized linear model 
with random effects on facility and 
surgeon level (to account for 
clustering), with adjustment for: 
Patient comorbidities, surgeon’s 
years since graduation, and surgeon 
specialty 


Quintile 5 
≥68/y 


23 29/7618 
(0.38%) 


Quintile 3 
23-37/y 


155 32/7586 
(0.42%) 


RR 0.90 (0.55-1.49)* OR 1.11 (0.62-2)‡¥ 


Quintile 5 
≥68/y 


23 29/7618 
(0.38%) 


Quintile 2 
12-22/y 


257 29/7769 
(0.37%) 


RR 1.02 (0.61-1.70)* OR 1.05 (0.60-
1.85)‡¥ 


Quintile 5 
≥68/y 


23 29/7618 
(0.38%) 


Quintile 1 
0-11/y 


781 45/7829 
(0.57%) 


RR 0.66 (0.42-1.06)* OR 1.14 (0.64-2)‡¥ 


Quintile 4 
38-67/y 


76 31/7693 
(0.4%) 


Quintile 3 
23-37/y 


155 32/7586 
(0.42%) 


RR 0.96 (0.58-1.56)* N/A N/A 


Quintile 4 
38-67/y 


76 31/7693 
(0.4%) 


Quintile 2 
12-22/y 


257 29/7769 
(0.37%) 


RR 1.08 (0.65-1.79)* N/A N/A 


Quintile 4 
38-67/y 


76 31/7693 
(0.4%) 


Quintile 1 
0-11/y 


781 45/7829 
(0.57%) 


RR 0.70 (0.44-1.11)* N/A N/A 


Quintile 3 
23-37/y 


155 32/7586 
(0.42%) 


Quintile 2 
12-22/y 


257 29/7769 
(0.37%) 


RR 1.13 (0.68-1.87)* N/A N/A 


Quintile 3 
23-37/y 


155 32/7586 
(0.42%) 


Quintile 1 
0-11/y 


781 45/7829 
(0.57%) 


RR 0.73 (0.47-1.15)* N/A N/A 


Quintile 2 
12-22/y 


257 29/7769 
(0.37%) 


Quintile 1 
0-11/y 


781 45/7829 
(0.57%) 


RR 0.65 (0.41-1.03)* N/A N/A 


Richardson, 
198960 


<30 days stroke Both  
S: 589/738 
(79.8%) 
A: 149/738 
(20.2%) 


>12/y 37 12/504 
(2.3%) 


<3/y 47 5/82 (6.1%) RR 0.39 (0.14-1.08)* N/A N/A 


Rubin, 
198861 


Operative stroke 
(timeframe not further 
specified) 


Both 
S: 7480/8535 
(87.6%) CEAs  
A: 1055/8535 
(12.4%) CEAs  


16-30/y 11 -/1573 
(1.5%) 
CEAs 


≤15/y 29 -/1821 
(3.4%) 
CEAs 


RR 0.45 (0.28-
0.71)*£ 


N/A N/A 


31-45/y 3 -/903 
(1.6%) 
CEAs 


≤15/y 29 -/1821 
(3.4%) 
CEAs 


RR 0.46 (0.26-
0.81)*£ 


N/A N/A 


46-60/y 5 -/1633 
(1.7%) 
CEAs 


≤15/y 29 -/1821 
(3.4%) 
CEAs 


RR 0.50 (0.32-
0.78)*£ 


N/A N/A 


>60/y 3 -/2605 
(1.9%) 
CEAs 


≤15/y 29 -/1821 
(3.4%) 
CEAs 


RR 0.55 (0.38-
0.80)*£ 


N/A N/A 


31-45/y 3 -/903 
(1.6%) 
CEAs 


16-30/y 11 -/1573 
(1.5%) 
CEAs 


RR 1.02 (0.53-
1.95)*£ 


N/A N/A 


46-60/y 5 -/1633 
(1.7%) 
CEAs 


16-30/y 11 -/1573 
(1.5%) 
CEAs 


RR 1.12 (0.65-
1.93)*£ 


N/A N/A 


>60/y 3 -/2605 
(1.9%) 
CEAs 


16-30/y 11 -/1573 
(1.5%) 
CEAs 


RR 1.23 (0.76-
2.00)*£ 


N/A N/A 
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46-60/y 5 -/1633 
(1.7%) 
CEAs 


31-45/y 3 -/903 
(1.6%) 
CEAs 


RR 1.11 (0.59-
2.09)*£ 


N/A N/A 


>60/y 3 -/2605 
(1.9%) 
CEAs 


31-45/y 3 -/903 
(1.6%) 
CEAs 


RR 1.21 (0.67-
2.19)*£ 


N/A N/A 


>60/y 3 -/2605 
(1.9%) 
CEAs 


46-60/y 5 -/1633 
(1.7%) 
CEAs 


RR 1.10 (0.69-
1.74)*£ 


N/A N/A 


Slavish, 
198446 


Postoperative 
(timeframe not further 
specified) stroke 


Both 
S: 553/743 
(74,4%) 
A: 190/743 
(25,6%) 


>24/y 4 20/456 
(4.4%) 


≤24/y 20 8/287 
(2.8%) 


RR 1.57 (0.70-3.52)* N/A N/A 


CEA OV – Procedural myocardial infarction 
AbuRahma, 
198835  


Perioperative 
(timeframe not further 
specified) myocardial 
infarction 


Both 
S: 442/508 
(87%) 
A: 66/508 (13%) 


>32/5yrs 3 2/340 
(0.59%) 


≤32/5yrs 16 5/168 
(2.98%) 


RR 0.20 (0.04-1.01) N/A N/A 


AbuRahma, 
201336 


<30 days myocardial 
infarction 


Both 
S: 297/953 
(31.2%) 
A: 656/953 
(68.8%) 


Medium 
10-29/y 


N/A 1/244 CEA 
(0.4%) 


Low <10/y N/A 0/93 CEA 
(0%) 


RR 1.15 (0.05-
28.2)*§ 


N/A N/A 


High ≥30/y N/A 4/616 CEA 
(0.7%) 


Low <10/y N/A 0/93 CEA 
(0%) 


RR 1.36 (0.07-
25.4)*§ 


N/A N/A 


High ≥30/y N/A 4/616 CEA 
(0.7%) 


Medium 
10-29/y 


N/A 1/244 CEA 
(0.4%) 


RR 1.58 (0.18-14.1)* N/A N/A 


High ≥30/y N/A 4/616 CEA 
(0.7%) 


Medium/Lo
w <30/y 


N/A 1/337 CEA 
(0.3%) 


RR 2.19 (0.25-19.5)* N/A N/A 


Mao, 201754 In-hospital myocardial 
infarction 


Distribution 
unclear 
 
Total: 68896 


High >1/y 559 349/67992 
(0.5%) 


Low ≤1/y 512 14/904 
(1.5%) 


RR 0.33 (0.20-0.56)* Only patient 
characteristics: 
OR 0.43 (0.25-
0.74)‡¥ 
Extra adjustment for 
surgeon 
characteristics and 
surgeon clustering: 
OR 0.47 (0.27-
0.84)‡¥ 
Extra adjustment for 
surgeon and facility 
characteristics and 
surgeon and facility 
clustering: 
OR 0.55 (0.31-
0.97)‡¥ 


Adjusted for patient (age, sex, 
race/ethnicity, insurance status, 
procedure year, and major 
comorbidities), surgeon (surgeon 
specialty) and facility (hospital 
volume and location [New York 
city vs. other]) characteristics and 
accounted for both surgeon and 
facility clustering. 


High >3/y N/A 339/66311 
(0.5%) 


Low ≤3/y N/A 24/2585 
(0.9%) 


RR 0.55 (0.36-0.83)* OR 0.90 (0.57-
1.41)‡¥ 
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Lowest 
tertile 
2-17/y 


N/A -/21420 (-) ≤1/y 512 14/904 
(1.5%) 


N/A OR 0.59 (0.33-1.06)‡ 


Middle 
tertile 18-
42/y 


N/A -/24037 (-) ≤1/y 512 14/904 
(1.5%) 


N/A OR 0.50 (0.27-0.93)‡ 


Highest 
tertile 
>42/y 


N/A -/22535 (-) ≤1/y 512 14/904 
(1.5%) 


N/A OR 0.47 (0.24-0.91)‡ 


CEA OV – Procedural death, stroke or myocardial infarction 
Brook, 
199062 


>30 days mortality & 
In-hospital stroke, 
myocardial infarction 
 


Both 
S: 949/1296 
(73.2%) 
A: 347/1296 
(26.8%) 


High (90th 
percentile) 
volume 


N/A -/- (-) Low (10th 
percentile) 
 


N/A -/- (-) N/A OR 1.08 (0.64-1.82) 
‡¥ 


Presence of diabetes, myocardial 
infarction within the 6 months 
before the operation, ventricular 
premature contraction, 
hypertension, congestive heart 
failure, limitation in the activities of 
daily living, carotid transient 
ischemic attack, vertebral-basilar 
transient ischemic attack, old 
stroke, evolving stroke, before 
coronary artery bypass surgery, 
recent stroke, asymptomatic. 


CEA OV – Cranial nerve injury 
AbuRahma, 
201336 


<30 days cranial nerve 
injury 


Both 
S: 297/953 
(31.2%) 
A: 656/953 
(68.8%) 


Medium 
10-29/y 


N/A 9/244 CEA 
(3.7%) 


Low <10/y N/A 2/93 CEA 
(2.2%) 


RR 1.72 (0.38-7.79)* N/A N/A 


High ≥30/y N/A 9/616 CEA 
(1.5%) 


Low <10/y N/A 2/93 CEA 
(2.2%) 


RR 0.68 (0.15-3.10)* N/A N/A 


High ≥30/y N/A 9/616 CEA 
(1.5%) 


Medium 
10-29/y 


N/A 9/244 CEA 
(3.7%) 


RR 0.40 (0.16-0.99)* N/A N/A 


High ≥30/y N/A 9/616 CEA 
(1.5%) 


Medium/Lo
w <30/y 


N/A 11/337 
CEA 
(3.3%) 


RR 0.45 (0.19-1.07)* N/A N/A 


A, asymptomatic; CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; HR, hazard ratio; HV, hospital volume; N/A, not applicable; OR, odds ratio; OV, operator volume; RR relative risk; 
S, symptomatic. 
* Self-estimated. 
‡ Adjusted risk estimates. 
† Unadjusted risk estimates.  
¥ Risk estimates were reported in the inversed order, i.e. low vs. high, in the original study. We inversed the risk estimates and 95%-CIs ourselves.  
§ Because 0 events occurred we added 0.5 to the number of events and the total number of procedures in order to obtain a risk estimate.  
£ Although the exact number of events cannot be derived from the percentage and proportion we calculated the risk estimate and 95% CI based on the most logical value for the number of events. 
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1B. CEA – Hospital volume 
CEA HV – Primary outcome: procedural death or stroke 


Bratzler, 
199663 


<30 days non-fatal 
stroke-mortality 


Both 
S: 466/813 
(57.3%)  
A: 347/813 
(42.7%) 


High ≥ 
100 
CEAs/2yrs 


4 30/676 
medicare 
CEAs 
(4.4%) 


Low <100 
CEAs/2yrs 


4 10/137 
medicare 
CEAs 
(7.3%) 


RR 0.61 (0.30-1.21)* N/A N/A 


Symptomatic 
patients 


High >100 
CEAs/2yrs 


4 20/387 
medicare 
CEAs 
(5.2%) 


Low <100 
CEAs/2yrs 


4 7/79 
medicare 
CEAs 
(8.9%) 


RR 0.58 (0.26-1.33)* N/A N/A 


Asymptomatic 
patients 


High >100 
CEAs/2yrs 


4 10/289 
medicare 
CEAs 
(3.5%) 


Low <100 
CEAs/2yrs 


4 3/58 
medicare 
CEAs 
(5.2%) 


RR 0.67 (0.19-2.36)* N/A N/A 


Cebul, 19989 <30 days stroke-
mortality 


Both 
S: 356/678 
(52.5%) 
A: 322/678 
(47.5%) 


Highest 
quartile 


- -/- (2.5%) Lowest 
quartile 


- 
 


-/- (7.7%) RR 0.32* (-) N/A N/A 


High >62 
proc in 1y 


- -/- (2.4%) Low <62 
proc in 1y 


- -/- (7.1%) RR 0.34* (-) OR 0.29 (0.12-0.69)‡ Sex, age >80 vs. <80 years, angina 
pectoris, congestive heart failure, 
renal insufficiency, indication for 
surgery and surgeon volume. 


Dardik, 
200038 


In-hospital stroke-
mortality  


Both 
S: 1769/9842 
(18%) 
A: 8073/9842 
(82%) 


16-29/y 12 -/1705 (-) 1-15/y  15 -/451 (-) N/A OR 0.664 (0.371-
1.187)‡ 


Age, gender, race (white vs. black), 
hypertension, diabetes, COPD, 
renal disease, heart disease, 
medicare, Medicaid, annual surgeon 
volume. 


30-49/y 9 -/2101 (-) 1-15/y  15 -/451 (-) N/A OR 0.598 (0.334-
1.069)‡ 


≥50/y 12 -/5585 (-) 1-15/y  15 -/451 (-) N/A OR 0.744 (0.436-
1.270)‡ 


Feasby, 
200239 


In hospital stroke-
mortality 


Distribution 
unclear 
 
Total: 14268 


≥150/4yrs - -/- (Unadj 
4.0%; Adj 
3.9%) 


<150/4yrs  - -/- (Unadj 
5.1%; Adj 
5.2%) 


RR 0.78* (-) RR 0.75 (-)*‡‖ Age, sex, admission through the 
emergency department, chronic 
lung disease, diabetes, diabetes with 
complications, neoplastic disease, 
hemiplegia, myocardial infarction 
(old and recent), rheumatologic 
disease, peptic ulcer disease, 
chronic renal failure, peripheral 
vascular disease, metastatic disease, 
congestive heart failure, unstable 
angina, and prior CABG. 


Fisher, 
198964 


<30 days definite 
stroke-mortality 


Distribution 
unclear 
 
Total: 2089 


>40/y  7 9/457 
(2.0%) 


21-40/y 17 26/561 
(4.6%) 


RR 0.42 (0.20-0.90)* OR 0.40 (0.18-0.86)‡ Age, sex, surgical volume, and 
presence or absence of coronary 
artery disease >40/y 7 9/457 


(2.0%) 
6-20/y 65 43/913 


(4.7%) 
RR 0.42 (0.21-0.85)* OR 0.39 (0.19-0.81)‡ 


>40/y 7 9/457 
(2.0%) 


≤5/y 50 9/158 
(5.7%) 


RR 0.35 (0.14-0.86)* OR 0.32 (0.12-0.82)‡ 


21-40/y 17 26/561 
(4.6%) 


6-20/y 65 43/913 
(4.7%) 


RR 0.98 (0.61-1.58)* N/A N/A 
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21-40/y 17 26/561 
(4.6%) 


≤5/y 50 9/158 
(5.7%) 


RR 0.81 (0.39-1.70)* N/A N/A 


6-20/y 65 43/913 
(4.7%) 


≤5/y 50 9/158 
(5.7%) 


RR 0.83 (0.41-1.66)* N/A N/A 


Giacovelli, 
201021 


In-hospital mortality 
or stroke 


Both 
S: 3776/41392 
(9.12%) 
A: 37616/41392 
(90.88%) 


>123/y - -/- (-) 83-117/y - -/- (-) N/A OR 1.04 (0.80-
1.37)‡¥ 


Baseline comorbidities, year of 
procedure, patient demographics, 
symptomatic presentation, and 
emergency of hospitalization 


>123/y - -/- (-) 57-82/y - -/- (-) N/A OR 1.19 (0.90-
1.59)‡¥ 


>123/y - -/- (-) 34-56/y - -/- (-) N/A OR 1.05 (0.81-
1.39)‡¥ 


>123/y - -/- (-) 1-33/y - -/- (-) N/A OR 0.85 (0.66-
1.09)‡¥ 


Goodney, 
200840v 


<30 days stroke-
mortality 


Both 
S: 44% 
A: 56% 
Total patients: 
2714 
Total 
procedures: 
3092  


50-100/y - -/- (1.1%) 20-50/y - -/- (2.2%) RR 0.50* (-) N/A N/A 
>100/y - -/- (2.1%) 20-50/y - -/- (2.2%) RR 0.95* (-) N/A N/A 
>100/y - -/- (2.1%) 50-100/y - -/- (1.1%) RR 1.91* (-) N/A N/A 


Huibers, 
201665 


<30 days stroke-
mortality 


Asymptomatic 
A: 1832/1832 
(100%) 


>75 
CEAs/y 


43 26/823 
(3.2%) 


<40 
CEAs/y 


39 19/422 
(4.5%) 


RR 0.70 (0.39-1.25)* OR 0.68 (0.37-1.26)‡ OR adjusted for variables indicating 
a p value <0.30 in univariate 
analysis. 40-75 


CEAs/y 
44 15/587 


(2.6%) 
<40 
CEAs/y 


39 19/422 
(4.5%) 


RR 0.57 (0.29-1.10)* OR 0.54 (0.27-1.08)‡ 
 


Karp, 199866 <30 days severe 
stroke-mortality 


Both  
S: 943/1945 
(48.5%) 
A: 1002/1945 
(51.5%) 
 


>50/y - 26/1113 
(2.3%) 


1-10/y - 7/118 
(5.9%) 


RR 0.39 (0.17-0.89)* N/A N/A 


>50/y - 26/1113 
(2.3%) 


11-25/y - 11/286 
(3.8%) 


RR 0.61 (0.30-1.21)* N/A N/A 


>50/y - 26/1113 
(2.3%) 


26-50/y - 13/428 
(3.0%) 


RR 0.77 (0.40-1.48)* N/A N/A 


26-50/y - 13/428 
(3.0%) 


11-25/y - 11/286 
(3.8%) 


RR 0.79 (0.36-1.74)* N/A N/A 


26-50/y - 13/428 
(3.0%) 


1-10/y - 7/118 
(5.9%) 


RR 0.51 (0.21-1.25)* N/A N/A 


11-25/y - 11/286 
(3.8%) 


1-10/y - 7/118 
(5.9%) 


RR 0.65 (0.26-1.63)* N/A N/A 


Kempczinski
, 198642 


Postoperative 
(timeframe not further 
specified) stroke-
mortality 


Both 
S: 369/750 
(49.2%) 
A: 381/750 
(50.8%) 


>100/y 1 11/140 
(7.9%) 


<50/y 11 21/285 
(7.4%) 


RR 1.07 (0.53-2.15)* N/A N/A 


>100/y 1 11/140 
(7.9%) 


50-100/y 4 23/325 
(7.1%) 


RR 1.11 (0.56-2.22)* N/A N/A 


50-100/y 4 23/325 
(7.1%) 


<50/y 11 21/285 
(7.4%) 


RR 0.96 (0.54-1.70)* N/A N/A 


Kuehnl, 
201667 


In-hospital mortality 
or stroke 


Both Fifth 
quintile: 
80-734/y 


Median: 
111 


1759/82338 
(2.1%) 


Fourth 
quintile: 
47-79/y 


Median: 
113 


932/40137 
(2.3%) 


RR 0.92 (0.85-1.00)* RR 1.10 (0.98-
1.22)‡¥ 


Multilevel poisson regression model 
with random intercepts per hospital 
(to adjust for clustering per 
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S: 
75710/161448 
(46.9%) 
A: 
85738/161448 
(53.1%) 


Fifth 
quintile: 
80-734/y 


Median: 
111 


1759/82338 
(2.1%) 


Third 
quintile: 
26-46/y 


Median: 
114 


638/24025 
(2.7%) 


RR 0.80 (0.74-0.88)* RR 0.99 (0.88-
1.11)‡¥ 


hospital) and an unstructured 
covariance matrix. Furthermore 
adjustment for the following 
variables (fixed effects) was 
applied: Age, sex, American 
Society of Anesthesiologists 
category, neurological status on 
admission, degree of 
ipsilaterial/contralateral stenosis, 
periprocedural antiplatelet therapy, 
formal assessment by a neurologist 
before and after the procedure, 
intraprocedural neurophysiologic 
monitoring, and other treatment-
specific features (surgical 
technique, type of anesthesia, shunt 
use, intraoperative completion 
study, and clamping time) 


Fifth 
quintile: 
80-734/y 


Median: 
111 


1759/82338 
(2.1%) 


Second 
quintile: 
11-25/y 


Median: 
114 


355/11697 
(3.0%) 


RR 0.70 (0.63-0.79)* RR 0.93 (0.81-
1.08)‡¥ 


Fifth 
quintile: 
80-734/y 


Median: 
111 


1759/82338 
(2.1%) 


First 
quintile:  
1-10/y 


Median: 
115 


136/3251 
(4.2%) 


RR 0.51 (0.43-0.61)* RR 0.74 (0.60-
0.90)‡¥ 


Fourth 
quintile: 
47-79/y 


Median: 
113 


932/40137 
(2.3%) 


Third 
quintile: 
26-46/y 


Median: 
114 


638/24025 
(2.7%) 


RR 0.87 (0.79-0.97)* N/A N/A 


Fourth 
quintile: 
47-79/y 


Median: 
113 


932/40137 
(2.3%) 


Second 
quintile: 
11-25/y 


Median: 
114 


355/11697 
(3.0%) 


RR 0.77 (0.68-0.86)* N/A N/A 


Fourth 
quintile: 
47-79/y 


Median: 
113 


932/40137 
(2.3%) 


First 
quintile:  
1-10/y 


Median: 
115 


136/3251 
(4.2%) 


RR 0.56 (0.47-0.66)* N/A N/A 


Third 
quintile: 
26-46/y 


Median: 
114 


638/24025 
(2.7%) 


Second 
quintile: 
11-25/y 


Median: 
114 


355/11697 
(3.0%) 


RR 0.87 (0.77-0.99)* N/A N/A 


Third 
quintile: 
26-46/y 


Median: 
114 


638/24025 
(2.7%) 


First 
quintile:  
1-10/y 


Median: 
115 


136/3251 
(4.2%) 


RR 0.63 (0.53-0.76)* N/A N/A 


Second 
quintile: 
11-25/y 


Median: 
114 


355/11697 
(3.0%) 


First 
quintile:  
1-10/y 


Median: 
115 


136/3251 
(4.2%) 


RR 0.73 (0.60-0.88)* N/A N/A 


Kuhan, 
200168 


<30 days stroke-
mortality 


Both  
S: 646/741 
(87.2%) 
A: 95/741 
(12.8%) 


435/8 yrs 1 17/435 
(3.9%) 


306/8 yrs 1 12/306 
(3.9%) 


RR 1.00 (0.48-2.06)* N/A N/A 


Peck, 200169 <30 days stroke-
mortality 


Both 
S: 321/560 
(57.3%) CEAs 
A: 239/560 
(42.7%) CEAs 


High 
volume 404 
CEAs/2 yrs 


1 13/404 
(3.2%) 


Low 
volume 
67-89 
CEAs/2 yrs 


2 3/156 
(1.9%) 


RR 1.67 (0.48-5.79)* N/A N/A 
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Roddy, 
200070 


In-hospital non-fatal 
stroke-mortality 


Distribution 
unclear 
 
Total: 9600 


High ≥50/y 1995: 24 
1996: 28 
1997: 23 


113/7419 
(1.52%) 


Medium 
24-49/y 


1995: 17 
1996: 13 
1997: 18 


43/1735 
(2.54%) 


RR 0.61 (0.43-0.87)* N/A N/A 


High ≥50/y 1995: 24 
1996: 28 
1997: 23 


113/7419 
(1.52%) 


Low  
12-23/y 


1995: 7 
1996: 7 
1997: 10 


5/446 
(1.14%) 


RR 1.36 (0.56-3.31)* N/A N/A 


Medium 
24-49/y 


1995: 17 
1996: 13 
1997: 18 


43/1735 
(2.54%) 


Low 12-
23/y 


1995: 7 
1996: 7 
1997: 10 


5/446 
(1.14%) 


RR 2.21 (0.88-5.55)* N/A N/A 


Sidloff, 
201417 


In-hospital stroke-
mortality 


Distribution 
unclear 
 
Total: 15751 


≥50/y - -/- (1.9%) <50/y - -/- (3.0%) RR 0.63* (-) N/A N/A 


CEA HV – Secondary outcomes 
CEA HV – Procedural death 


Birkmeyer, 
200271 


<30 days and before 
hospital discharge 
mortality 


Distribution 
unclear 
 
Total: 479289 


Low 40-
69/y 


404 -/85009 
(Crude: 
1.9%; Adj: 
1.6%) 


Very low 
<40/y 


2013 -/101319 
(Crude: 
2.0%; Adj: 
1.7%) 


OR 0.91 (0.85-0.98)† 
RR 0.95 (0.89-
1.01)*£ 


OR 0.95 (0.88-1.02)‡ Age group (65-69, 70-74, 75-79, 
80-84, 85-99 years), sex, race (black 
or non-black) and their interactions. 
As well as year of procedure, 
relative urgency (elective, urgent, or 
emergency), presence of coexisting 
conditions (Charlson score), mean 
income. 


Medium 
70-109/y 


291 -/102038 
(Crude: 
1.8%; Adj: 
1.6%) 


Very low 
<40/y 


2013 -/101319 
(Crude: 
2.0%; Adj: 
1.7%) 


OR 0.88 (0.81-0.95)† 
RR 0.90 (0.85-
0.96)*£ 


OR 0.91 (0.84-0.99)‡ 


High 110-
164/y 


180 -/95587 
(Crude: 
1.7%; Adj: 
1.5%) 


Very low 
<40/y 


2013 -/101319 
(Crude: 
2.0%; Adj: 
1.7%) 


OR 0.82 (0.76-0.89)† 
RR 0.85 (0.80-
0.91)*£ 


OR 0.88 (0.81-0.95)‡ 


Very High 
>164/y 


102 -/95336 
(Crude: 
1.7%; Adj: 
1.5%) 


Very low 
<40/y 


2013 -/101319 
(Crude: 
2.0%; Adj: 
1.7%) 


OR 0.82 (0.75-0.90)† 
RR 0.85 (0.80-
0.91)*£ 


OR 0.88 (0.80-0.96)‡ 


Birkmeyer, 
200347 


Operative (before 
discharge or <30 days) 
mortality 


Distribution 
unclear 
 
Total: 136049 


High 
>134.5/y 


N/A -/45192 (-) Low 
<63.5/y 


N/A -/45157 (-) N/A OR 0.96 (0.85-1.09)‡. 
Extra adjusted for 
surgeon volume: 1.12 
(0.99-1.27)‡vi 


Mixed multivariable logistic 
regression model with hospital level 
variables (hospital volume in 
tertiles, type of ownership (not-for-
profit, for-profit, or government), 
location (urban or nonurban), and 
teaching status (as defined by 
Taylor et al. )) and surgeon level 
variables, and patient level 
variables: Age group (in five-year 
intervals), sex, race (black or 
nonblack), year of procedure (1998 
or 1999), whether the procedure 
was performed electively or not, 
and the mean income from Social 
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Security in the ZIP Code of the 
patient’s residence.  


Bratzler, 
199663 


<30 days mortality Both 
S: 466/813 
(57.3%)  
A: 347/813 
(42.7%) 


High >100 
CEAs/2yrs 


4 7/676 
medicare 
CEAs (1%) 


Low <100 
CEAs/2yrs 


4 6/137 
medicare 
CEAs 
(4.4%) 


RR 0.24 (0.08-0.69)* N/A N/A 


Symptomatic 
patients 


High >100 
CEAs/2yrs 


4 5/387 
medicare 
CEAs 
(1.3%) 


Low <100 
CEAs/2yrs 


4 4/79 
medicare 
CEAs 
(5.1%) 


RR 0.26 (0.07-0.93)* N/A N/A 


Asymptomatic 
patients 


High >100 
CEAs/2yrs 


4 2/289 
medicare 
CEAs 
(0.7%) 


Low <100 
CEAs/2yrs 


4 2/58 
medicare 
CEAs 
(3.4%) 


RR 0.20 (0.03-1.40)* N/A N/A 


Brinjikji, 
201572 


In-hospital mortality Unknown for 
CEA 
population, in 
CEA and CAS 
combined: 
S: 
14335/181972 
(7.9%) 
A: 
167637/181972 
(92.1%) 


High ≥117 
CEAs/y 


326 197/54704 
CEAs 
(0.4%) 


Low <117 
CEAs/y 


3008 448/105007 
CEAs 
(0.4%) 


RR 0.84 (0.71-1.00)* N/A N/A 


Christian, 
200319 


In-hospital mortality Distribution 
unclear 
 
Total: 17015 


≥150 N/A -/- (-) <50 N/A -/- (-) N/A OR 0.65 (0.37-1.16)‡ Age, race, gender, emergency 
status, whether the patient was 
transferred in from another acute-
care institution, insurance status, 
and a measure of severity of illness. 
Controlled for clustering within 
hospitals with the generalized 
estimating equation (GEE) 
methodology. 


≥150 N/A -/- (-) 50-99 N/A -/- (-) N/A OR 0.62 (0.37-1.02)‡  
≥150 N/A -/- (-) 100-149 N/A -/- (-) N/A OR 0.94 (0.48-1.87)‡  


Above 
Leapfrog 
threshold 
≥100/y 


33 -/- (-) Below 
Leapfrog 
threshold 
<100/y 


69 -/- (-) N/A OR 0.64 (0.42-0.98)‡  


Cowan, 
200249 


In-hospital mortality Distribution 
unclear 
 
Total: 35821 


>100/y N/A 114*/22009 
(0.51%) 


<100/y N/A 105*/13812 
(0.76%) 


RR 0.68 (0.52-0.89)* OR 0.77 (0.59-1.1)‡ Emergent admission, surgeon 
volume (<10 vs >10 CEAs/yr), age 
(>65 vs <65 years), COPD.  


Dardik, 
200038 


In-hospital mortality Both  
S: 1769/9842 
(18%) 


16-29/y 12 -/1705 (-) 1-15/y  15 -/451 (-) N/A OR 1.300 (0.438-
3.858)‡ 


Age, gender, race (white vs. black), 
hypertension, diabetes, COPD, renal 
disease, heart disease, medicare, 
Medicaid, annual surgeon volume. 


30-49/y 9 -/2101 (-) 1-15/y  15 -/451 (-) N/A OR 1.151 (0.392-
3.379)‡ 
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A: 8073/9842 
(82%) 


≥50/y 12 -/5585 (-) 1-15/y  15 -/451 (-) N/A OR 0.853 (0.300-
2.423)‡ 


Edwards, 
199150 


In-hospital mortality Distribution 
unclear 
 
Total: 11119 


Medium 
13-49/y  


- 117/5258 
(2.23%) 


 Low 1-
12/y 


- 22/922 
(2.39%) 


RR 0.93 (0.59-1.46)* N/A N/A 


High ≥50/y  - 92/5019 
(1.83%) 


 Low 1-
12/y 


- 22/922 
(2.39%) 


RR 0.77 (0.49-1.22)* N/A N/A 


High ≥50/y - 92/5019 
(1.83%) 


Medium 
13-49/y 


- 117/5258 
(2.23%) 


RR 0.82 (0.63-1.08)* N/A N/A 


Elixhauser, 
200373 


In-hospital mortality Distribution 
unclear 
 
Total: unknown 


>102/y 455 -/- (0.80%) <102/y 2088 -/- (0.80%) RR 1.0* (-) N/A N/A 


Fisher, 
198964 


<30 days mortality Distribution 
unclear 
 
Total: 2089 


>40/y 7 5/457 
(1.1%) 


21-40/y 17 15/561 
(2.7%) 


RR 0.41 (0.15-1.12)* OR 0.38 (0.14-1.06)‡ Age, sex, surgical volume, and 
presence or absence of coronary 
artery disease >40/y 7 5/457 


(1.1%) 
6-20/y 65 27/913 


(3.0%) 
RR 0.37 (0.14-0.95)* OR 0.34 (0.13-0.91)‡ 


>40/y 7 5/457 
(1.1%) 


≤5/y 50 5/158 
(3.2%) 


RR 0.35 (0.10-1.18)* OR 0.32 (0.09-1.12)‡ 


21-40/y 17 15/561 
(2.7%) 


6-20/y 65 27/913 
(3.0%) 


RR 0.90 (0.49-1.68)* N/A N/A 


21-40/y 17 15/561 
(2.7%) 


≤5/y 50 5/158 
(3.2%) 


RR 0.84 (0.31-2.29)* N/A N/A 


6-20/y 65 27/913 
(3.0%) 


≤5/y 50 5/158 
(3.2%) 


RR 0.93 (0.37-2.39)* N/A N/A 


Hannan, 
199851 


In-hospital mortality Distribution 
unclear 
 
Total: 28207 


≥100/y - -/- (0.85%) 50-99/y - -/- (1.38%) RR 0.62* (-) N/A N/A 
≥100/y - -/- (0.85%) 20-49/y - -/- (1.22%) RR 0.70* (-) N/A N/A 
≥100/y - -/- (0.85%) 10-19/y - -/- (1.51%) RR 0.56* (-) N/A N/A 
≥100/y - -/- (0.85%) 1-9/y - -/- (1.43%) RR 0.59* (-) N/A N/A 
50-99/y - -/- (1.38%) 20-49/y  -/- (1.22%) RR 1.13* (-) N/A N/A 
50-99/y - -/- (1.38%) 10-19/y - -/- (1.51%) RR 0.91* (-) N/A N/A 
50-99/y - -/- (1.38%) 1-9/y - -/- (1.43%) RR 0.97* (-) N/A N/A 
20-49/y - -/- (1.22%) 10-19/y - -/- (1.51%) RR 0.81* (-) N/A N/A 
20-49/y - -/- (1.22%) 1-9/y - -/- (1.43%) RR 0.85* (-) N/A N/A 
10-19/y - -/- (1.51%) 1-9/y - -/- (1.43%) RR 1.06* (-) N/A N/A 


Harthun, 
200574 


Perioperative 
(timeframe not further 
specified) mortality 


Distribution 
unclear 
 
Total: 14095 


>100/y - 20/7086 
(0.28%) 


<100/y - 49/7008 
(0.70%) 


RR 0.40 (0.24-0.68)* OR 0.51 (0.29-0.91)‡ Hospital location, age, race, 
arrhythmia, acute coronary artery 
disease, chronic coronary artery 
disease, congestive heart failure, 
diabetes, COPD, hypertension, renal 
disease (end stage), sex 


Hsia, 199275 <30 days mortality Distribution 
unclear 
 
Total: 266802 


>75/y - 1401/53972 
(2.60%) 


51-75/y - 1266/47013 
(2.69%) 


RR 0.96 (0.89-1.04)* N/A N/A 


>75/y - 1401/53972 
(2.60%) 


35-50/y - 1175/44219 
(2.66%) 


RR 0.98 (0.90-1.05)* N/A N/A 


>75/y - 1401/53972 
(2.60%) 


21-34/y - 1476/52552 
(2.81%) 


RR 0.92 (0.86-0.99)* N/A N/A 
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>75/y - 1401/53972 
(2.60%) 


10-20/y - 1332/44469 
(3.00%) 


RR 0.87 (0.80-0.93)* N/A N/A 


>75/y - 1401/53972 
(2.60%) 


<10/y - 849/24576 
(3.45%) 


RR 0.75 (0.69-0.82)* N/A N/A 


51-75/y - 1266/47013 
(2.69%) 


35-50/y - 1175/44219 
(2.66%) 


RR 1.01 (0.94-1.10)* N/A N/A 


51-75/y - 1266/47013 
(2.69%) 


21-34/y - 1476/52552 
(2.81%) 


RR 0.96 (0.89-1.03)* N/A N/A 


51-75/y - 1266/47013 
(2.69%) 


10-20/y - 1332/44469 
(3.00%) 


RR 0.90 (0.83-0.97)* N/A N/A 


51-75/y - 1266/47013 
(2.69%) 


<10/y - 849/24576 
(3.45%) 


RR 0.78 (0.72-0.85)* N/A N/A 


35-50/y - 1175/44219 
(2.66%) 


21-34/y - 1476/52552 
(2.81%) 


RR 0.95 (0.88-1.02)* N/A N/A 


35-50/y - 1175/44219 
(2.66%) 


10-20/y - 1332/44469 
(3.00%) 


RR 0.89 (0.82-0.96)* N/A N/A 


35-50/y - 1175/44219 
(2.66%) 


<10/y - 849/24576 
(3.45%) 


RR 0.77 (0.71-0.84)* N/A N/A 


21-34/y - 1476/52552 
(2.81%) 


10-20/y - 1332/44469 
(3.00%) 


RR 0.94 (0.87-1.01)* N/A N/A 


21-34/y - 1476/52552 
(2.81%) 


<10/y - 849/24576 
(3.45%) 


RR 0.81 (0.75-0.88)* N/A N/A 


10-20/y - 1332/44469 
(3.00%) 


<10/y - 849/24576 
(3.45%) 


RR 8.67 (8.01-9.39)* N/A N/A 


Hsia, 199876 Perioperative 
(timeframe not further 
specified) mortality 


Distribution 
unclear 
 
Total: unknown 


>50/y  - -/- (1.9%) 1-20/y - -/- (2.5%) RR 0.76* (-) N/A N/A 


Kempczinski
, 198642 


Postoperative 
(timeframe not further 
specified) mortality 


Both 
S: 369/750 
(49.2%) 
A: 381/750 
(50.8%) 


>100/y 1 4/140 
(2.9%) 


50-100/y 
 


4 7/325 
(2.2%) 


RR 1.33 (0.39-4.46)* N/A N/A 


>100/y 1 4/140 
(2.9%)  


<50/y 11 6/285 
(2.1%) 


RR 1.36 (0.39-4.73)* N/A N/A 


50-100/y 4 7/325 
(2.2%) 


<50/y 11 6/285 
(2.1%) 


RR 1.02 (0.35-3.01)* N/A N/A 


Khuri, 
199924 


<30 days mortality Distribution 
unclear 
 
Total: 10173 


29-73/y - -/- (1.20%) 19-28/y - -/- (1.20%) RR 1.0* (-) N/A N/A 
29-73/y - -/- (1.20%) 11-18/y - -/- (1.40%) RR 0.86* (-) N/A N/A 
29-73/y - -/- (1.20%) 0-10/y - -/- (0.80%) RR 1.5* (-) N/A N/A 
19-28/y - -/- (1.20%) 11-18/y - -/- (1.40%) RR 0.86* (-) N/A N/A 
19-28/y - -/- (1.20%) 0-10/y - -/- (0.80%) RR 1.5* (-) N/A N/A 
11-18/y - -/- (1.40%) 0-10/y - -/- (0.80%) RR 1.8* (-) N/A N/A 


Kuehnl, 
201667 


In-hospital mortality  Both 
S: 
75710/161448 
(46.9%) 


Fifth 
quintile: 
80-734/y 


Median: 
111 


670/82338 
(0.8%) 


Fourth 
quintile: 
47-79/y 


Median: 
113 


353/40137 
(0.9%) 


RR 0.93 (0.81-1.05)* RR 0.93 (0.80-
1.09)‡¥ 


Multilevel poisson regression model 
with random intercepts per hospital 
(to adjust for clustering per 
hospital) and an unstructured 
covariance matrix. Furthermore 
adjustment for the following 


Fifth 
quintile: 
80-734/y 


Median: 
111 


670/82338 
(0.8%) 


Third 
quintile: 
26-46/y 


Median: 
114 


244/24025 
(1.0%) 


RR 0.80 (0.69-0.93)* RR 0.87 (0.73-
1.03)‡¥ 
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A: 
85738/161448 
(53.1%) 


Fifth 
quintile: 
80-734/y 


Median: 
111 


670/82338 
(0.8%) 


Second 
quintile: 
11-25/y 


Median: 
114 


117/11697 
(1.0%) 


RR 0.81 (0.67-0.99)* RR 0.90 (0.72-
1.12)‡¥ 


variables (fixed effects) was 
applied: 
Age, sex, American Society of 
Anesthesiologists category, 
neurological status on admission, 
degree of ipsilaterial/contralateral 
stenosis, periprocedural antiplatelet 
therapy, formal assessment by a 
neurologist before and after the 
procedure, intraprocedural 
neurophysiologic monitoring, and 
other treatment-specific features 
(surgical technique, type of 
anesthesia, shunt use, intraoperative 
completion study, and clamping 
time) 


Fifth 
quintile: 
80-734/y 


Median: 
111 


670/82338 
(0.8%) 


First 
quintile:  
1-10/y 


Median: 
115 


47/3251 
(1.4%) 


RR 0.56 (0.42-0.76)* RR 0.74 (0.53-
1.02)‡¥ 


Fourth 
quintile: 
47-79/y 


Median: 
113 


353/40137 
(0.9%) 


Third 
quintile: 
26-46/y 


Median: 
114 


244/24025 
(1.0%) 


RR 0.87 (0.74-1.02)* N/A N/A 


Fourth 
quintile: 
47-79/y 


Median: 
113 


353/40137 
(0.9%) 


Second 
quintile: 
11-25/y 


Median: 
114 


117/11697 
(1.0%) 


RR 0.88 (0.71-1.08)* N/A N/A 


Fourth 
quintile: 
47-79/y 


Median: 
113 


353/40137 
(0.9%) 


First 
quintile:  
1-10/y 


Median: 
115 


47/3251 
(1.4%) 


RR 0.61 (0.45-0.82)* N/A N/A 


Third 
quintile: 
26-46/y 


Median: 
114 


244/24025 
(1.0%) 


Second 
quintile: 
11-25/y 


Median: 
114 


117/11697 
(1.0%) 


RR 1.02 (0.82-1.26)* N/A N/A 


Third 
quintile: 
26-46/y 


Median: 
114 


244/24025 
(1.0%) 


First 
quintile:  
1-10/y 


Median: 
115 


47/3251 
(1.4%) 


RR 0.70 (0.52-0.96)* N/A N/A 


Second 
quintile:  
11-25/y 


Median: 
114 


117/11697 
(1.0%) 


First 
quintile:  
1-10/y 


Median: 
115 


47/3251 
(1.4%) 


RR 0.69 (0.49-0.97)* N/A 
 


N/A 
 


Manheim, 
199877 


In-hospital mortality 
 


Distribution 
unclear 
 
Total: 106493 


≥100/y - -/- (-) <20/y - -/- (-) N/A OR 0.66 (-)‡ Age category, gender, year of 
surgery, whether admission was 
through the emergency room, and 
number of hospital surgeries for that 
procedure during the year. 


50-99/y - -/- (-) <20/y - -/- (-) N/A OR 0.68 (-)‡ 
20-49/y - -/- (-) <20/y - -/- (-) N/A OR 0.80 (-)‡ 


Nazarian, 
200814 


In-hospital mortality 
 


Both: 
overwhelming 
majority of 
patients are 
asymptomatic.  
Distribution 
unclear 
 
Total: 22772 


High >130 2 4/3023 
(0.1%) 


Low ≤130 45 119/19749 
(0.6%) 


RR 0.22 (0.08-0.59)* N/A N/A 
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Perler, 
199878 


Postoperative 
mortality (timeframe 
not further specified) 


Distribution 
unclear 
 
Total: 9918 


≥50/y 12 -/5615 
(0.8%) 
CEAs 


11-49/y 24 -/4089 
(1.1%) 
CEAs 


RR 0.73 (0.48-
1.10)*£ 


N/A N/A 


≥50/y 12 -/5615 
(0.8%) 
CEAs 


≤10/y 12 4*/214 
(1.9%) 
CEAs 


RR 0.43 (0.16-
1.18)*£ 


N/A N/A 


11-49/y 24 -/4089 
(1.1%) 
CEAs 


≤10/y 12 4*/214 
(1.9%) 
CEAs 


RR 0.59 (0.21-
1.62)*£ 


N/A N/A 


Reames, 
201479 


Before discharge <30 
days mortality 


Distribution 
unclear 
 
Total: 
2000-2001: 
148468 
2002-2003: 
144130 
2004-2005:  
112339 
2006-2007: 
103038 
2008-2009: 
127433 


Cohort 
2000-2001 
Very high 
>141/y 


96 -/- (0.96%) Cohort 
2000-2001 
Very low 
<32/y 


1602 -/- (1.26%) RR 0.76* (-) OR 0.76 (0.64-
0.89)‡¥ 


Age, sex, race (black or nonblack) 
and their interactions, urgency or 
emergency of the admission, the 
presence of coexisting conditions, 
and socioeconomic status. Cohort 


2002-2003 
Very high 
>134/y 


101 -/- (1.11%) Cohort 
2002-2003 
Very Low 
<32/y 


1532 -/- (1.43%) RR 0.78* (-) OR 0.76 (0.66-
0.90)‡¥ 


Cohort 
2004-2005 
Very high 
>112/y 


102 -/- (0.99%) Cohort 
2004-2005 
Very Low 
<28/y 


1502 -/- (1.35%) RR 0.73* (-) OR 0.72 (0.59-
0.88)‡¥ 


Cohort 
2006-2007 
Very high 
>100/y 


100 -/- (1.11%) Cohort 
2006-2007 
Very Low 
<26/y 


1408 -/- (1.29%) RR 0.86* (-) OR 0.85 (0.70-
1.04)‡¥ 


Cohort 
2008-2009 
Very high 
>108/y 


103 -/- (0.88%) Cohort 
2008-2009  
Very Low 
<29/y 


1364 -/- (1.12%) RR 0.79* (-) OR 0.78 (0.65-
0.93)‡¥ 


Reina-
Gutierrez, 
200380,81 


Mortality (timeframe 
not further specified) 


Both 
S: N/A (66.5%) 
A: N/A (33.5%) 
 
Total: 576 


>40/y 2 0/224 
CEAs 
(0.0%) 


20-40/y 4 7*/256 
CEAs 
(2.7%) 


RR 0.08 (0.00-
1.33)*§ 


N/A N/A 


>40/y 2 0/224 
CEAs 
(0.0%) 


<20/y 3 4*/96 
CEAs 
(4.2%) 


RR 0.05 (0.00-
0.89)*§ 


N/A N/A 


20-40/y 4 7*/256 
CEAs 
(2.7%) 


<20/y 3 4*/96 
CEAs 
(4.2%) 


RR 0.66 (0.20-2.19)* N/A N/A 


Roddy, 
200070 


In-hospital mortality Distribution 
unclear 
 
Total: 9600 


High ≥50/y 1995: 24 
1996: 28 
1997: 23 


33/7419 
(0.44%) 


Medium 
24-49/y 


1995: 17 
1996: 13 
1997: 18 


14/1735 
(0.83%) 


RR 0.55 (0.30-1.03)* N/A N/A 


High ≥50/y 1995: 24 
1996: 28 
1997: 23 


33/7419 
(0.44%) 


Low  
12-23/y 


1995: 7 
1996: 7 
1997: 10 


4/446 
(0.91%) 


RR 0.50 (0.18-1.39)* N/A N/A 


Medium 
24-49/y 


1995: 17 
1996: 13 
1997: 18 


14/1735 
(0.83%) 


Low 12-
23/y 


1995: 7 
1996: 7 
1997: 10 


4/446 
(0.91%) 


RR 0.90 (0.30-2.72)* N/A N/A 
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Segal, 199357 In-hospital mortality Distribution 
unclear 
Total patients: 
5295 
Total 
procedures: 
5657 


High 
>30/26 
months 


70 90/4565 
(1.97%) 


Low 
≤30/26 
months 


93 23/1092 
(2.11%) 


RR 0.94 (0.60-1.47)* N/A N/A 


Teso, 200482  In-hospital mortality Both 
S: N/A (+/- 10-
20%) 
A: N/A (+/- 80-
90%) (data 
presented in 
figure) 
 
Total: 12618 


High ≥50/y 6 -/6662 
(0.2%) 


Medium 
11-49/y 


18 -/5534 
(0.7%) 


RR 0.28 (0.15-
0.52)*£ 


N/A N/A 


High ≥50/y 6 -/6662 
(0.2%) 


Low ≤10/y 7 2*/422 
(0.5%) 


RR 0.41 (0.09-
1.82)*£ 


N/A N/A 


Medium 
11-49/y 


18 -/5534 
(0.7%) 


Low ≤10/y 7 2*/422 
(0.5%) 


RR 1.49 (0.36-
6.14)*£ 


N/A N/A 


High 
≥50/y 


6 -/6662 
(0.2%) 


Lower 
<50/y 


25 -/5956 
(0.7%) 


RR 0.28 (0.15-
0.52)*£ 


OR 0.36 (0.20-
0.67)‡¥ 


Age, race, gender, hypertension, 
diabetes, heart disease, COPD, renal 
disease, surgeon’s specialty, 
symptomatic. 


Tu, 199883 In-hospital mortality 
in 1989-1990 (Before 
NASCET) 


Distribution 
unclear 
 
Total: 
1989-1990 & 
1992-1993: 
47541 
1989-1990: 
20006 
1992-1993: 
27535 


California:  
High 
>50/2yrs  


- -/8809 
(Unadj 
1.0%*; Adj 
1.01%) 


1989-1990 
California:  
Low 
≤50/2yrs  


- -/4262 
(Unadj 
1.0%*; Adj 
1.03%) 


RR 0.99 (0.69-
1.42)*£ 


RR 0.98 (-)*‡‖ Age and sex. 


New York:  
High 
>50/2yrs  


- -/3708 
(Unadj 
1.2%*; Adj 
1.17%) 


New York:  
Low 
≤50/2yrs  


- -/1977 
(Unadj 
1.7%*; Adj 
1.65%) 


RR 0.69 (0.44-
1.08)*£ 


RR 0.71 (-)*‡‖ Age and sex. 


Ontario:  
High 
>50/2yrs  


- 21*/903 
(Unadj 
2.3%*; Adj 
2.36%) 


Ontario:  
Low 
≤50/2yrs  


- 3*/347 
(Unadj 
0.9%*; Adj 
1.19%) 


RR 2.69 (0.81-8.96)* RR 1.98 (-)*‡‖ Age and sex. 


Wennberg, 
199884 


<30 days mortality Distribution 
unclear 
 
Total: 113300 


Tertile high 
>21/y 


- -/85842 
(1.65%) 


Tertile 
medium 7-
21/y 


- -/22687 
(1.95%) 


RR 0.89 (0.80-
0.99)*£ 


N/A N/A 


Tertile high 
>21/y 


- -/85842 
(1.65%) 


Tertile low 
1-6/y 


- -/4771 
(2.64%) 


RR 0.62 (0.52-
0.75)*£ 


N/A N/A 


Tertile 
medium 7-
21/y 


- -/22687 
(1.95%) 


Tertile low 
1-6/y 


- -/4771 
(2.64%) 


RR 0.74 (0.61-
0.90)*£ 


N/A N/A 


Westvik, 
200685 


In-hospital mortality Both 
S: 2488/14288 
(17.4%) 
A: 11800/14288 
(82.6%) 


High ≥50/y 6 -/- (0.3%) Medium 
10-49/y 


18 -/- (0.7%) RR 0.43* (-) N/A N/A 


High ≥50/y 6 -/- (0.3%) Low ≤10/y 2 -/- (0.9%) RR 0.33* (-) N/A N/A 
Medium 
10-49/y 


18 -/- (0.7%) Low ≤10/y 2 -/- (0.9%) RR 0.78* (-) N/A N/A 


CEA HV – Procedural stroke 
Bratzler, 
199663 


<30 days non-fatal 
stroke 


Both 
S: 466/813 
(57.3%)  


High >100 
CEAs/2yrs 


4 23/676 
medicare 
CEAs 
(3.4%) 


Low <100 
CEAs/2yrs 


4 4/137 
medicare 
CEAs 
(2.9%) 


RR 1.17 (0.41-3.32)* N/A N/A 
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A: 347/813 
(42.7%) 
Symptomatic 
patients 


High >100 
CEAs/2yrs 


4 15/387 
medicare 
CEAs 
(3.9%) 


Low <100 
CEAs/2yrs 


4 3/79 
medicare 
CEAs 
(3.8%) 


RR 1.02 (0.30-3.44)* N/A N/A 


Asymptomatic 
patients 


High >100 
CEAs/2yrs 


4 8/289 
medicare 
CEAs 
(2.8%) 


Low <100 
CEAs/2yrs 


4 1/58 
medicare 
CEAs 
(1.7%) 


RR 1.61 (0.20-
12.59)* 


N/A N/A 


Brinjikji, 
201572 


Perioperative 
(timeframe not further 
specified) stroke 


Unknown for 
CEA population, 
in CEA and 
CAS combined: 
S: 
14335/181972 
(7.9%) 
A: 
167637/181972 
(92.1%) 


High ≥117 
CEAs/y 


326 480/54704 
CEAs 
(0.9%) 


Low <117 
CEAs/y 


3008 1093/10500
7 CEAs 
(1.0%) 


RR 0.84 (0.76-0.94)* N/A N/A 


Cowan, 
200249 


Postoperative 
(timeframe not further 
specified) stroke 


Distribution 
unclear 
 
Total: 35821 


≥100 N/A 298*/22009 
(1.35%) 


<100 N/A 220*/13812 
(1.59%) 


RR 0.85 (0.72-1.01)* N/A N/A 


Dardik, 
200038 


In-hospital stroke Both 
S: 1769/9842 
(18%) 
A: 8073/9842 
(82%) 


16-29/y 12 -/1705 (-) 1-15/y  15 -/451 (-) N/A OR 0.397 (0.207-
0.761)‡ 


Age, gender, race (white vs. black), 
hypertension, diabetes, COPD, 
renal disease, heart disease, 
medicare, Medicaid, annual surgeon 
volume. 


30-49/y 9 -/2101 (-) 1-15/y  15 -/451 (-) N/A OR 0.364 (0.189-
0.702)‡ 


≥50/y 12 -/5585 (-) 1-15/y  15 -/451 (-) N/A OR 0.645 (0.366-
1.135)‡ 


Edwards, 
199150 


In-hospital stroke Distribution 
unclear 
 
Total: 11119 


Medium 
13-49/y 


N/A 205/5258 
(3.90%) 


Low 1-12/y N/A 33/922 
(3.58%) 


RR 1.09 (0.76-1.56)*  N/A N/A 


High ≥50/y N/A 177/5019 
(2.33%) 


Low 1-12/y N/A 33/922 
(3.58%) 


RR 0.99 (0.68-1.42)* N/A N/A 


High ≥50/y N/A 117/5019 
(2.33%) 


Medium 
13-49/y 


N/A 205/5258 
(3.90%) 


RR 0.90 (0.74-1.10)* N/A N/A 


Harthun, 
200574 


Perioperative 
(timeframe not further 
specified) stroke 


Distribution 
unclear 
 
Total: 14095 


>100 N/A 60/7086 
(0.85%) 


<100 N/A 84/7008 
(1.20%) 


RR 0.71 (0.51-0.98)* OR 0.76 (0.53-1.11)‡ Hospital location, age, race, 
arrhythmia, acute coronary artery 
disease, chronic coronary artery 
disease, congestive heart failure, 
diabetes, COPD, hypertension, 
renal disease (end stage), sex 


Kempczinski
, 198642 


Postoperative 
(timeframe not further 
specified) stroke 


Both 
S: 369/750 
(49.2%) 
A: 381/750 
(50.8%) 


>100/ y 1 7/140 
(5.0%) 


50-100/y 
 


4 16/325 
(4.9%) 


RR 1.02 (0.43-2.41)* N/A N/A 


>100/ y 1 7/140 
(5.0%)  


<50/y 11 15/285 
(5.3%) 


RR 0.95 (0.40-2.28)* N/A N/A 


50-100/y 4 16/325 
(4.9%) 


<50/y 11 15/285 
(5.3%) 


RR 0.94 (0.47-1.86)* N/A N/A 
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Khuri, 199924 <30 days stroke Distribution 
unclear 
 
Total: 10173 


29-73/y - -/- (1.90%) 19-28/y - -/- (2.10%) RR 0.90* (-) N/A N/A 
29-73/y - -/- (1.90%) 11-18/y - -/- (2.60%) RR 0.73* (-) N/A N/A 
29-73/y - -/- (1.90%) 0-10/y - -/- (3.50%) RR 0.54* (-) N/A N/A 
19-28/y - -/- (2.10%) 11-18/y - -/- (2.60%) RR 0.81* (-) N/A N/A 
19-28/y - -/- (2.10%) 0-10/y - -/- (3.50%) RR 0.60* (-) N/A N/A 


11-18/y - -/- (2.60%) 0-10/y - -/- (3.50%) RR 0.74* (-) N/A N/A 
Matsen, 
200658 
(Maryland) 


In-hospital stroke Both 
S: 15.2% 
A: 84.8% 
 
Total: 74568 
 


High 
>100/y 


- 60/10050 
(0.60%) 


Moderate 
21-100/y 


- 93/12040 
(0.77%) 


RR 0.77 (0.56-1.07)* N/A N/A 


High 
>100/y 


- 60/10050 
(0.60%) 


Low ≤20/y - 16/1147 
(1.39%) 


RR 0.43 (0.25-0.74)* N/A N/A 


Moderate 
21-100/y 


- 93/12040 
(0.77%) 


Low ≤20/y - 16/1147 
(1.39%) 


RR 0.55 (0.33-0.94)* N/A N/A 


Mayo, 199859 Postoperative 
(timeframe not further 
specified) stroke 


Both 
S: 224/362 
(63%) 
A: 129/362 
(37%) 
Unknown: 9/362 
(2.5%) 


High 29-
101/y 


- 7/301 
(2.3%) 


Low 2-28/y - 2/60 (3.3%) RR 0.70 (0.15-3.28)* N/A N/A 


Perler, 
199878 


Postoperative stroke 
(timeframe not further 
specified) 


Distribution 
unclear 
Total: 9918 


≥50/y 12 -/5615 
CEAs 
(1.8%) 


11-49/y 24 -/4089 
CEAs 
(1.3%) 


RR 1.39 (1.00-
1.93)*£ 


N/A N/A 


≥50/y 12 -/5615 
CEAs 
(1.8%) 


≤10/y 12 13/214 
CEAs 
(6.1%) 


RR 0.30 (0.17-
0.52)*£ 


N/A N/A 


11-49/y 24 -/4089 
CEAs 
(1.3%) 


≤10/y 12 13/214 
CEAs 
(6.1%) 


RR 0.21 (0.12-
0.39)*£ 


N/A N/A 


Reina-
Gutierrez, 
200380,81 


Perioperative 
(timeframe not further 
specified) stroke 


Both 
S: N/A (66.5%) 
A: N/A (33.5%) 
 
Total: 576 
 


>40/y 2 4*/224 
CEAs 
(1.8%) 


20-40/y 4 4*/256 
CEAs 
(1.6%) 


RR 1.14 (0.29-4.52)* N/A N/A 


>40/y 2 4*/224 
CEAs 
(1.8%) 


<20/y 3 2*/96 
CEAs 
(2.1%) 


RR 0.86 (0.16-4.60)* N/A N/A 


20-40/y 4 4*/256 
CEAs 
(1.6%) 


<20/y 3 2*/96 
CEAs 
(2.1%) 


RR 0.75 (0.14-4.03)* N/A N/A 


Roddy, 
200070 


In-hospital non-fatal 
stroke 


Distribution 
unclear 
 
Total: 9600 


High ≥50/y 1995: 24 
1996: 28 
1997: 23 


80/7419 
(1.08%) 


Medium 
24-49/y 


1995: 17 
1996: 13 
1997: 18 


29/1735 
(1.71%) 


RR 0.65 (0.42-0.98)* N/A N/A 


High ≥50/y 1995: 24 
1996: 28 
1997: 23 


80/7419 
(1.08%) 


Low  
12-23/y 


1995: 7 
1996: 7 
1997: 10 


1/446 
(0.23%) 


RR 4.81 (0.67-
34.48)* 


N/A N/A 


Medium 
24-49/y 


1995: 17 
1996: 13 
1997: 18 


29/1735 
(1.71%) 


Low 12-
23/y 


1995: 7 
1996: 7 
1997: 10 


1/446 
(0.23%) 


RR 7.45 (1.02-
54.58)* 


N/A N/A 
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Teso, 200482  Perioperative 
(timeframe not further 
specified) stroke 


Both 
S: N/A (+/- 10-
20%) 
A: N/A (+/- 80-
90%) (data 
presented in 
figure) 
 
Total: 12618 


High ≥50/y 6 -/6662 
(0.9%) 


Medium 
11-49/y 


18 -/5534 
(1.6%) 


RR 0.56 (0.40-
0.78)*£ 


N/A N/A 


High ≥50/y 6 -/6662 
(0.9%) 


Low ≤10/y 7 7*/422 
(1.7%) 


RR 0.54 (0.25-
1.18)*£ 


N/A N/A 


Medium 
11-49/y 


18 -/5534 
(1.6%) 


Low ≤10/y 7 7*/422 
(1.7%) 


RR 0.97 (0.45-
2.08)*£ 


N/A N/A 


High ≥50/y 6 -/6662 
(0.9%) 


Lower 
<50/y 


25 -/5956 
(1.6%) 


RR 0.56 (0.41-
0.77)*£ 


OR 0.56 (0.42-
0.66)‡¥ 


Age, race, gender, hypertension, 
diabetes, heart disease, COPD, renal 
disease, surgeon specialty, previous 
stroke, previous TIA, previous 
amaurosis fugax.  


Westvik, 
200685 


Perioperative 
(timeframe not further 
specified) stroke 


Both 
S: 2488/14288 
(17.4%) 
A: 11800/14288 
(82.6%) 


High ≥50/y 6 -/- (1.0%) Medium 
10-49/y 


18 -/- (1.6%) RR 0.63* (-) N/A N/A 


High ≥50/y 6 -/- (1.0%) Low ≤10/y 2 -/- (2.1%) RR 0.48* (-) N/A N/A 
Medium 
10-49/y 


18 -/- (1.6%) Low ≤10/y 2 -/- (2.1%) RR 0.76* (-) N/A N/A 


CEA HV – Procedural myocardial infarction 
Huibers, 
201665 


<30 days any 
myocardial infarction 


Asymptomatic 
A: 1832/1832 
(100%) 


>75 
CEAs/y 


43 9/823 
(1.1%) 


<40 
CEAs/y 


39 3/422 
(0.7%) 


RR 1.54 (0.42-5.65)* OR 1.34 (0.35-5.13)‡ OR adjusted for variables indicating 
a p value <0.30 in univariate 
analysis. 40-75 


CEAs/y 
44 4/587 


(0.7%) 
<40 
CEAs/y 


39 3/422 
(0.7%) 


RR 0.96 (0.22-4.26)* OR 0.82 (0.18-3.80)‡ 


Peck, 200169 <30 days cardiac 
eventvii 


Both 
S: 321/560 
(57.3%) CEAs 
A: 239/560 
(42.7%) CEAs 


High 
volume 404 
CEAs/2yrs 


1 6/404 
(1.5%) 


Low 
volume 
67-89 
CEAs/2yrs 


2 4/156 
(2.6%) 


RR 0.58 (0.17-2.02)* N/A N/A 


Reina-
Gutierrez, 
200380,81 


Myocardial infarction 
(timeframe not further 
specified) 


Both 
S: - (66.5%) 
A: - (33.5%) 
Total: 576 


>40/y 2 1*/224 
CEAs 
(0.4%) 


20-40/y 4 5*/256 
CEAs 
(2.0%) 


RR 0.23 (0.03-1.94)* N/A N/A 


>40/y 2 1*/224 
CEAs 
(0.4%) 


<20/y 3 2*/96 
CEAs 
(2.1%) 


RR 0.21 (0.02-2.34)* N/A N/A 


20-40/y 4 5*/256 
CEAs 
(2.0%) 


<20/y 3 2*/96 
CEAs 
(2.1%) 


RR 0.94 (0.19-4.75)* N/A N/A 


Teso, 200482  Perioperative 
(timeframe not further 
specified) cardiac 
complications 


Both 
S: - (+/- 10-
20%) 
A: - (+/- 80-
90%) (data 
presented in 
figure) 
 
Total: 12618 


High ≥50/y 6 -/6662 
(2.3%) 


Medium 
11-49/y 


18 -/5534 
(2.3%) 


RR 1.00 (0.79-
1.27)*£ 


N/A N/A 


High ≥50/y 6 -/6662 
(2.3%) 


Low ≤10/y 7 16*/422 
(3.8%) 


RR 0.61 (0.37-
1.00)*£ 


N/A N/A 


Medium 
11-49/y 


18 -/5534 
(2.3%) 


Low ≤10/y 7 16*/422 
(3.8%) 


RR 0.61 (0.36-
1.01)*£ 


N/A N/A 


High ≥50/y 6 -/6662 
(2.3%) 


Lower 
<50/y 


25 -/5956 
(2.4%) 


RR 0.96 (0.76-
1.20)*£ 


OR 1.22 (0.95-
1.56)‡¥ 


Age, race, gender, hypertension, 
diabetes, heart disease, COPD, renal 
disease, surgeon specialty, previous 
stroke, previous TIA, previous 
amaurosis fugax. 
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Westvik, 
200685 


Perioperative 
(timeframe not further 
specified) cardiac 
complications  


Both 
S: 2488/14288 
(17.4%) 
A: 11800/14288 
(82.6%) 


High ≥50/y 6 -/- (2.3%) Medium 
10-49/y 


18 -/- (2.3%) RR 1.0* (-) OR 2.86 (1.41-
5.88)‡¥viii 


Hospital bed capacity, absence of 
dedicated recovery beds, absence of 
critical pathway.  High ≥50/y 6 -/- (2.3%) Low ≤10/y 2 -/- (4.7%) RR 0.49* (-) OR 2.04 (0.81-


5.00)‡¥ ix 
Medium 
10-49/y 


18 -/- (2.3%) Low ≤10/y 2 -/- (4.7%) RR 0.49* (-) N/A N/A 


CEA HV – Procedural death, stroke or myocardial infarction 
Huibers, 
201665 


<30 days mortality, 
stroke, myocardial 
infarction  


Asymptomatic 
A: 1832/1832 
(100%) 


>75 
CEAs/y 


43 30/823 
(3.6%) 


<40 
CEAs/y 


39 22/422 
(5.2%) 


RR 0.70 (0.41-1.20)* OR 0.66 (0.38-1.17)‡ 
 


OR adjusted for variables indicating 
a p value <0.30 in univariate 
analysis. 40-75 


CEAs/y 
44 19/587 


(3.2%) 
<40 
CEAs/y 


39 22/422 
(5.2%) 


RR 0.62 (0.34-1.13)* OR 0.60 (0.32-1.13)‡ 
 


Westvik, 
200685 


In-hospital mortality 
and perioperative 
(timeframe not further 
specified), stroke, 
cardiac complications 


Both 
S: 2488/14288 
(17.4%) 
A: 11800/14288 
(82.6%) 


High ≥50/y 6 -/- (2.3%) Medium 
10-49/y 


18 
 


-/- (2.3%) RR 1.0* (-) OR 6.67 (0.60-100)‡x Hospital catchment area >75K, 
community setting, private hospital, 
no residents, hospital bed capacity, 
not capable of open heart surgery, 
not capable of cardiac angiography, 
specialized surgical ICU, large ICU 
capacity, presence of intensivist, 
selective ICU admission post-op, 
hospital volume, absence of critical 
pathway, absence of dedicated 
vascular recovery beds, routine 
discharge on POD #1, male, 
hypertension, smoking, diabetes, 
heart disease, COPD, renal disease, 
symptomatic – stroke, symptomatic 
– TIA, symptomatic – amaurosis 
fugax 


High ≥50/y 6 -/- (2.3%) Low ≤10/y 2 -/- (4.7%) RR 0.49* (-) OR 5.89 (0.53-50)‡ xi 


CEA HV – Procedural cranial nerve injury 
Peck, 200169 <30 days cranial nerve 


injury 
Both 
S: 321/560 
(57.3%) CEAs 
A: 239/560 
(42.7%) CEAs 


High 
volume 404 
CEAs /2yrs 


1 2/404 
(0.5%) 


Low 
volume 
67-89 
CEAs/2yrs 


2 3/156 
(1.9%) 


RR 0.26 (0.04-1.53)* N/A N/A 


Reina-
Gutierrez, 
200380,81 


Cranial nerve palsy 
(timeframe not further 
specified) 


Both 
S: - (66.5%) 
A: - (33.5%) 
Total: 576 


>40/y 2 0/224 
CEAs 
(0.0%) 


20-40/y 4 19*/256 
CEAs 
(7.4%) 


RR 0.03 (0.00-
0.49)*§ 


N/A N/A 


>40/y 2 0/224 
CEAs 
(0.0%) 


<20/y 3 9*/96 
CEAs 
(9.4%) 


RR 0.02 (0.00-
0.39)*§ 


N/A N/A 


20-40/y 4 19*/256 
CEAs 
(7.4%) 


<20/y 3 9*/96 
CEAs 
(9.4%) 


RR 0.79 (0.37-1.69)* N/A N/A 


A, asymptomatic; CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; HR, hazard ratio; HV, hospital volume; N/A, not applicable; OR, odds ratio; OV, operator volume; RR relative risk; 
S, symptomatic. 
* Self-estimated. 
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‡ Adjusted risk estimates. 
† Unadjusted risk estimates.  
¥ Risk estimates were reported in the inversed order, i.e. low vs. high, in the original study. We inversed the risk estimates and 95%-CIs ourselves.  
§ Because 0 events occurred we added 0.5 to the number of events and the total number of procedures in order to obtain a risk estimate.  
£ Although the exact number of events cannot be derived from the percentage and proportion we calculated the risk estimate and 95% CI based on the most logical value for the number of events. 







71 
 


 
Table S3. Overview of risks rates and adjustment factors, threshold of operator volume and hospital volume in 
patients undergoing carotid stenting (CAS) 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


1A. CAS – Operator volume 
CAS OV - Primary outcome: procedural death of stroke 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Calvet, 
201486 


Annual in-trial 
operator CAS volume 
<30 days stroke-
mortality 


S: 1667/1667 
(100%) 


Tertile 3 
(>5.6) 


N/A 28/552 
(5.1%) 


Tertile 2 
(3.2-5.6) 


N/A 41/488 
(8.4%) 


RR 0.60 (0.38-0.96)† RR 0.52 (0.31-0.88)‡ Age, sex, hypertension, history of 
coronary artery disease, 
contralateral severe carotid stenosis 
or carotid occlusion, use of cerebral 
protection devices, stent design 
(open- versus closed-cell stent), and 
source trial Tertile 3 


(>5.6) 
N/A 28/552 


(5.1%) 
Tertile 1 
(≤3.2) 


N/A 51/506 
(10.1%) 


RR 0.50 (0.32-0.79)† RR 0.43 (0.26-0.74)‡ 


Chang, 
201587 


<30 days stroke-
mortality 


Both: 
Distribution 
unclear 
Total: 1258 


High 
≥40/year  


N/A 
 


-/200 (-) Low 
<40/year  


N/A -/1058 (-) N/A OR 0.43 (0.20-
0.95)¥‡ 


Hospital characteristics (medical 
centers, private vs public hospitals, 
hospital procedural volume)  


Modrall, 
201429 


In-hospital stroke-
mortality 


Both 
A: 83.8% 
S: 16.8% 
 
Total: 6828 


High >15/y N/A -/- (2.27%) Low 0-5/y N/A -/- (4.43%) RR 0.51* (-) N/A N/A 
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CAS OV – Secondary outcomes 
CAS OV – Procedural death 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Jalbert, 
201588 


<30 days mortality Both 
S: 9357/19724 
(47.4%) 
A: 10367/19724 
(52.6%) 


Past year 
volume: 
≥20 


N/A 65/4723 
(1.4%) 


Past year 
volume: 0 


 N/A 33/1295 
(2.5%) 


RR 0.54 (0.36-0.82)* OR 0.71 (0.43-
1.11)‡¥ 


Age, sex, race, year of procedure, 
high surgical risk status, 
symptomatic status, degree of 
carotid stenosis, Elixhauser 
comorbidity score, type of hospital 
admission, clinical trial enrollment, 
number of past-year 
hospitalizations, teaching hospital 
status, and stroke center. 


Past year 
volume: 
≥20 


N/A 65/4723 
(1.4%) 


Past year 
volume: 1-
4 


N/A 103/4628 
(2.2%) 


RR 0.62 (0.45-0.84)* OR 0.77 (0.56-
1.11)‡¥ 


Past year 
volume: 
≥20 


N/A 65/4723 
(1.4%) 


Past year 
volume: 5-
9 


N/A 77/4170 
(1.8%) 


RR 0.75 (0.54-1.03)* OR 0.91 (0.63-
1.25)‡¥ 


Past year 
volume: 
≥20 


N/A 65/4723 
(1.4%) 


Past year 
volume: 
10-19 


N/A 76/4908 
(1.5%) 


RR 0.89 (0.64-1.23)* OR 1.11 (0.71-
1.43)‡¥ 


Nallamothu, 
201189 


<30 days mortality Both 
S: 12145/24701 
(49.2%) 
A: 12556/24701 
(50.8%) 


High ≥24/y N/A 71/5127 
(1.38%) 


Medium 
12-23/y 


N/A 114/7059 
(1.61%) 


RR 0.86 (0.64-1.15)* OR 0.8 (0.6-1.3)‡¥ Age (65-69 years; 70-74 years; 75-
79 years; 80-84 years and ≥85 
years), sex, race (black or non-
black), Elixhauser comorbidity 
score, presence of acute stroke or 
transient ischemic attack in the 180 
days prior to carotid stenting, 
presence of a carotid 
endarterectomy in the 1 year prior 
to carotid stenting, and date of 
operator’s first procedure during the 
study period. 


High ≥24/y N/A 71/5127 
(1.38%) 


Low 6-11/y N/A 109/5752 
(1.89%) 


RR 0.73 (0.54-0.98)* OR 0.7 (0.5-1.0)‡¥ 


High ≥24/y N/A 71/5127 
(1.38%) 


Very low 
<6/y 


N/A 167/6763 
(2.47%) 


RR 0.56 (0.43-0.74)* OR 0.5 (0.4-0.7)‡¥ 


Low 6-11/y N/A 109/5752 
(1.89%) 


Very low 
<6/y 


N/A 167/6763 
(2.47%) 


RR 0.77 (0.60-0.97)* N/A N/A 


Medium 
12-23/y 


N/A 114/7059 
(1.61%) 


Very low 
<6/y 


N/A 167/6763 
(2.47%) 


RR 0.65 (0.52-0.83)* N/A N/A 


Medium 
12-23/y 


N/A 114/7059 
(1.61%) 


Low 6-11/y N/A 109/5752 
(1.89%) 


RR 0.85 (0.66-1.11)* N/A N/A 


Steppacher, 
200990 


In-hospital mortality Both 
S: 348/4001 
(8.7%) 
A: 3653/4001 
(91.3%)  
 


Medium 9-
23/y 


- 7*/1284 
(0.5%) 


Low <9/y - 11*/1397 
(0.8%) 


RR 0.69 (0.27-1.78)* N/A N/A 


High >23/y - 7*/1320 
(0.5%) 


Low <9/y - 11*/1397 
(0.8%) 


RR 0.67 (0.26-1.73)* N/A N/A 


High >23/y - 7*/1320 
(0.5%) 


Medium 9-
23/y 


-  7*/1284 
(0.5%) 


RR 0.97 (0.34-2.77)* N/A N/A 
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CAS OV – Procedural stroke 
First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Chang, 
201587 


<30 days stroke Both: 
Distribution 
unclear 
 
Total: 1258 


High 
≥40/year 


N/A -/200 (-) Low 
<40/year 


N/A -/1058 (-) N/A OR 0.48 (0.21-
1.12)¥‡ 


Hospital characteristics (medical 
centers, private vs public hospitals, 
hospital procedural volume)  


Steppacher, 
200990 


In-hospital stroke Both 
S: 348/4001 
(8.7%) 
A: 3653/4001 
(91.3%)  
 


Medium 9-
23/y 


- 21*/1284 
(1.6%) 


Low <9/y - 23*/1397 
(1.6%) 


RR 0.99 (0.55-1.79)* N/A N/A 


High >23/y - 13*/1320 
(1.0%) 


Low <9/y - 23*/1397 
(1.6%) 


RR 0.60 (0.30-1.18)* N/A N/A 


High >23/y - 13*/1320 
(1.0%) 


Medium 9-
23/y 


- 21*/1284 
(1.6%)  


RR 0.60 (0.30-1.20)* N/A N/A 


Vogel, 200991 Postoperative 
(timeframe not further 
specified) stroke 


Both 
S: 22/625 
(3.5%) 
A: 603/625 
(96.5%) 
 


High 20-
35/2 yrs 
 


- -/- 
(1.92%) 


Low <5/2 
yrs 


- -/- (3.80%) RR 0.51* (-) N/A N/A 


Vogel, 201034 Postoperative 
(timeframe not further 
specified) stroke 


A: 18599 
(100%) 


High 
>30/2ys  


- -/2952 
(1.51%) 


Low 
<30/2ys 


- -/8246 
(2.19%) 
 


OR 0.67 (0.49-0.95)† 
RR 0.69 (0.50-
0.96)*£ 


 


OR 0.71 (0.51-0.99)‡ Age, gender, comorbidities, and 
postoperative complications. 


CAS OV – Procedural myocardial infarction 
First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


            


CAS OV – Procedural death, stroke or myocardial infarction 
First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 
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AbuRahma, 
201792 


<30 days death, stroke, 
or myocardial 
infarction 


Both 
S: 183/414 
(44.2%) 
A: 231/414 
(55.8%) 


High ≥5/y - 14/351 
(4.0%) 


Low <5/y - 6/63 (9.5%) RR 0.42 (0.17-1.05)* OR 0.4 (0.15-1.07)‡ Various patient 
demographics/clinical 
characteristics and indications for 
CAS, namely: age, sex, 
hypertension, diabetes, coronary 
artery disease, congestive heart 
failure, renal failure, indication, 
surgeon specialty (vascular surgeon 
versus other specialties). 


Shishehbor, 
201432 


<30 days death, stroke, 
or myocardial 
infarction 


Both 
S: 755/5613 
(13.5%)  
A: 4858/5613 
(86.5%) 


>100 
within the 
study (71 
months) 


- -/- (4%) 30-100 
within the 
study (71 
months) 


- -/- (3.9%) RR 1.03* (-) N/A N/A 


>100 
within the 
study (71 
months) 


- -/- (4%) <30 within 
the study 
(71 
months) 


- -/- (4.1%) RR 0.98* (-) N/A N/A 


30-100 
within the 
study (71 
months) 


- -/- (3.9%) <30 within 
the study 
(71 
months) 


- -/- (4.1%) RR 0.95* (-) N/A N/A 


>100 
before start 
of study 


- -/- (4%) 30-100 
before start 
of study 


- -/- (4.1%) RR 0.98* (-) N/A N/A 


>100 
before start 
of study 


- -/- (4%) <30 before 
start of 
study 


- -/- (4.2%) RR 0.95* (-) N/A N/A 


30-100 
before start 
of study 


- -/- (4.1%) <30 before 
start of 
study 


- -/- (4.2%) RR 0.98* (-) N/A N/A 


A, asymptomatic; CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; HR, hazard ratio; HV, hospital volume; N/A, not applicable; OR, odds ratio; OV, operator volume; RR relative risk; 
S, symptomatic. 
* Self-estimated. 
‡ Adjusted risk estimates. 
† Unadjusted risk estimates.  
¥ Risk estimates were reported in the inversed order, i.e. low vs. high, in the original study. We inversed the risk estimates and 95%-CIs ourselves.  
§ Because 0 events occurred we added 0.5 to the number of events and the total number of procedures in order to obtain a risk estimate.  
£ Although the exact number of events cannot be derived from the percentage and proportion we calculated the risk estimate and 95% CI based on the most logical value for the number of events.   
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1B. CAS – Hospital volume 
CAS HV – Primary outcome: procedural death of stroke 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Giacovelli, 
201021 


In-hospital mortality 
or stroke 


Both  
S: 740/6360 
(11.64%) 
A: 5620/6360 
(88.36%) 


>122/y - -/- (-) 62-122/y - -/- (-) N/A OR 0.56 (0.31-1.01)¥ baseline comorbidities, year of 
procedure, patient demographics, 
symptomatic presentation, and 
emergency of hospitalization 


>122/y - -/- (-) 34-61/y - -/- (-) N/A OR 0.57 (0.32-1.03)¥ 
>122/y - -/- (-) 18-33/y - -/- (-) N/A OR 0.55 (0.31-0.98)¥ 
>122/y - -/- (-) 1-17/y - -/- (-) N/A OR 0.46 (0.26-0.80)¥ 


Kuehnl, 
201667 


In-hospital mortality 
or stroke 


Both 
S: 9215/17575 
(52.4%) 
A: 8360/17575 
(47.6%) 


Fifth 
quintile: 
27-240/y 


Median 
70 


389/10446 
(3.7%) 


Fourth 
quintile: 
13-26/y 


Median 
74 


170/4077 
(4.2%) 


RR 0.89 (0.75-1.07)* RR 0.85 (0.68-1.05)¥ Multilevel poisson regression model 
with random intercepts per hospital 
(to adjust for clustering per 
hospital) and an unstructured 
covariance matrix. Furthermore 
adjustment for the following 
variables (fixed effects) was 
applied: Age, sex, American 
Society of Anesthesiologists 
category, neurological status on 
admission, degree of 
ipsilaterial/contralateral stenosis, 
periprocedural antiplatelet therapy, 
formal assessment by a neurologist 
before and after the procedure, 
intraprocedural neurophysiologic 
monitoring, and other treatment-
specific features (use of protection 
system, stent type, and stent cell 
design) 


Fifth 
quintile: 
27-240/y 


Median 
70 


389/10446 
(3.7%) 


Third 
quintile:  
7-12/y 


Median 
61 


50/1701 
(2.9%) 


RR 1.27 (0.95-1.69)* RR 1.17 (0.85-1.61)¥ 


Fifth 
quintile: 
27-240/y 


Median 
70 


389/10446 
(3.7%) 


Second 
quintile:  
3-6/y 


Median 
88 


32/1043 
(3.1%) 


RR 1.21 (0.85-1.73)* RR 1.09 (0.74-1.61)¥ 


Fifth 
quintile: 
27-240/y 


Median 
70 


389/10446 
(3.7%) 


First 
quintile:  
1-2/y 


Median 
74 


12/308 
(3.9%) 


RR 0.96 (0.54-1.68)* RR 0.93 (0.50-1.69)¥ 


Fourth 
quintile: 
13-26/y 


Median 
74 


170/4077 
(4.2%) 


Third 
quintile:  
7-12/y 


Median 
61 


50/1701 
(2.9%) 


RR 1.42 (1.04-1.93)* N/A N/A 


Fourth 
quintile: 
13-26/y 


Median 
74 


170/4077 
(4.2%) 


Second 
quintile:  
3-6/y 


Median 
88 


32/1043 
(3.1%) 


RR 1.36 (0.94-1.97)* N/A N/A 


Fourth 
quintile: 
13-26/y 


Median 
74 


170/4077 
(4.2%) 


First 
quintile:  
1-2/y 


Median 
74 


12/308 
(3.9%) 


RR 1.07 (0.60-1.90)* N/A N/A 


Third 
quintile:  
7-12/y 


Median 
61 


50/1701 
(2.9%) 


Second 
quintile:  
3-6/y 


Median 
88 


32/1043 
(3.1%) 


RR 0.96 (0.62-1.48)* N/A N/A 
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Third 
quintile:  
7-12/y 


Median 
61 


50/1701 
(2.9%) 


First 
quintile:  
1-2/y 


Median 
74 


12/308 
(3.9%) 


RR 0.75 (0.41-1.40)* N/A N/A 


Second 
quintile:  
3-6/y 


Median 
88 


32/1043 
(3.1%) 


First 
quintile:  
1-2/y 


Median 
74 


12/308 
(3.9%) 


RR 0.79 (0.41-1.51)* N/A N/A 
 


Theiss, 
200833 


Periprocedural 
(median hospital stay: 
2 days) stroke-
mortality 


Both 
S: 2921/5333 
(54.8%)  
A: 2412/5333 
(45.2%%) 


High >50/y - -/3274 
(2.9%) 


Low ≤50/y - -/2067 
(4.6%) 


RR 0.63 (0.48-
0.83)*£ 


Not quantified data 
on adjusted risk in 
Appendix  


N/A 
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CAS HV – Secondary outcomes 
CAS HV – Procedural death 


First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Brinjikji, 
201572 


In-hospital mortality Unknown for 
CAS population 
For CEA and 
CAS combined: 
S: 
14335/181972 
(7.9%) 
A: 
167637/181972 
(92.1%) 


High ≥38 
CAS/y 


139 69/8738 
CAS 
(0.8%) 


Low <38 
CAS/y 


1321 130/13523 
CAS 
(0.9%) 


RR 0.82 (0.61-1.10)* N/A N/A 


Epstein, 
201493 


<30 days mortality Distribution 
unclear 
 
Total: 22708 


High 
>25/2ys 


- -/- (-) Medium 8-
25/2ys 


- -/- (-) N/A OR 0.68 (0.54-0.85)‡ Age, sex, comorbidities, 
geographical region, hospital 
ownership, urban location, 
academic medical center, 
proportion race/ethnicity at hospital 
level  


High 
>25/2ys 


- -/- (-) Low <8/2ys - -/- (-) N/A OR 0.52 (0.35-0.75)‡ 


Jalbert, 
201588 


<30 days mortality Both 
S: 9357/19724 
(47.4%) 
A: 10367/19724 
(52.6%) 


Past-year 
volume: 
≥40 


N/A 61/5143 
(1.2%) 


Past-year 
volume: 0-
9 


N/A 90/4011 
(2.2%) 


RR 0.53 (0.38-0.73)* OR 0.67 (0.48-1.0)‡¥ Age, sex, race, year of procedure, 
high surgical risk status, 
symptomatic status, degree of 
carotid stenosis, Elixhauser 
comorbidity score, type of hospital 
admission, clinical trial enrollment, 
number of past-year 
hospitalizations, teaching hospital 
status, and stroke center. 


Past-year 
volume: 
≥40 


N/A 61/5143 
(1.2%) 


Past-year 
volume: 
10-19 


N/A 90/4339 
(2.1%) 


RR 0.57 (0.41-0.79)* OR 0.71 (0.5-1.0)‡¥ 


Past-year 
volume: 
≥40 


N/A 61/5143 
(1.2%) 


Past-year 
volume: 
20-39 


N/A 113/6231 
(1.8%) 


RR 0.65 (0.48-0.89)* OR 0.83 (0.59-
1.11)‡¥ 


Kuehnl, 
201667 


In-hospital mortality Both 
S: 9215/17575 
(52.4%) 
A: 8360/17575 
(47.6%) 


Fifth 
quintile: 
27-240/y 


Median 
70 


169/10446 
(1.6%) 


Fourth 
quintile: 
13-26/y 


Median 
74 


83/4077 
(2.0%) 


RR 0.79 (0.61-1.03)* RR 0.71 (0.53-
0.96‡)¥ 


Multilevel poisson regression model 
with random intercepts per hospital 
(to adjust for clustering per 
hospital) and an unstructured 
covariance matrix. Furthermore 
adjustment for the following 
variables (fixed effects) was 
applied: 
Age, sex, American Society of 
Anesthesiologists category, 
neurological status on admission, 
degree of ipsilaterial/contralateral 
stenosis, periprocedural antiplatelet 


Fifth 
quintile: 
27-240/y 


Median 
70 


169/10446 
(1.6%) 


Third 
quintile:  
7-12/y 


Median 
61 


23/1701 
(1.4%) 


RR 1.20 (0.78-1.84)* RR 1.04 (0.65-
1.67)‡¥ 


Fifth 
quintile: 
27-240/y 


Median 
70 


169/10446 
(1.6%) 


Second 
quintile:  
3-6/y 


Median 
88 


11/1043 
(1.1%) 


RR 1.53 (0.84-2.81)* RR 1.11 (0.60-
2.08)‡¥ 


Fifth 
quintile: 
27-240/y 


Median 
70 


169/10446 
(1.6%) 


First 
quintile:  
1-2/y 


Median 
74 


6/308 
(1.9%) 


RR 0.83 (0.37-1.86)* RR 0.65 (0.28-
1.52)‡¥ 
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therapy, formal assessment by a 
neurologist before and after the 
procedure, intraprocedural 
neurophysiologic monitoring, and 
other treatment-specific features 
(use of protection system, stent 
type, and stent cell design) 


Fourth 
quintile: 
13-26/y 


Median 
74 


83/4077 
(2.0%) 


Third 
quintile:  
7-12/y 


Median 
61 


23/1701 
(1.4%) 


RR 1.51 (0.95-2.38)* N/A N/A 


Fourth 
quintile: 
13-26/y 


Median 
74 


83/4077 
(2.0%) 


Second 
quintile:  
3-6/y 


Median 
88 


11/1043 
(1.1%) 


RR 1.93 (1.03-3.61)* N/A N/A 


Fourth 
quintile: 
13-26/y 


Median 
74 


83/4077 
(2.0%) 


First 
quintile:  
1-2/y 


Median 
74 


6/308 
(1.9%) 


RR 1.05 (0.46-2.37)* N/A N/A 


Third 
quintile:  
7-12/y 


Median 
61 


23/1701 
(1.4%) 


Second 
quintile:  
3-6/y 


Median 
88 


11/1043 
(1.1%) 


RR 1.28 (0.63-2.62)* N/A N/A 


Third 
quintile:  
7-12/y 


Median 
61 


23/1701 
(1.4%) 


First 
quintile:  
1-2/y 


Median 
74 


6/308 
(1.9%) 


RR 0.69 (0.29-1.69)* N/A N/A 


Second 
quintile:  
3-6/y 


Median 
88 


11/1043 
(1.1%) 


First 
quintile:  
1-2/y 


Median 
74 


6/308 
(1.9%) 


RR 0.54 (0.20-1.45)* N/A N/A 


Sidawy, 
200994 


<30 days mortality Both 
S: 645/1450 
(44.5%) 
A: 805/1450 
(55.5%) 


High 
>50/in 2.5 
year 


13 23/1151* 
(2.00%) 


Low <25/ 
in 2.5 year 


26 2/120* 
(1.67%) 


RR 1.20 (0.29-5.02)* N/A N/A 


High >50/ 
in 2.5 year 


13 23/1151* 
(2.00%) 


Medium 
25-50/ in 
2.5 year 


11 5/179* 
(2.79%) 


RR 0.72 (0.28-1.86)* N/A N/A 


Medium 
25-50/ in 
2.5 year 


11 5/179* 
(2.79%) 


Low <25/ 
in 2.5 year 


26 2/120* 
(1.67%) 


RR 1.68 (0.33-8.50)* N/A N/A 


Tsai, 201595 <30 days mortality Both 
S: 2698/2849 
(94.7%) 
A: 151/2849 
(5.3%) 


High ≥43/y - -/- (-) Low <43/y - -/- (-) N/A HR 1.36 (0.74-2.49)‡ Age (per decade), gender (male), 
diabetes, hypertension, acute renal 
failure, chronic kidney disease, 
gout, dyslipidemia, atrial 
fibrillation, heart failure, 
malignancy, chronic obstructive 
pulmonary disease, liver disease, 
medical center 


CAS HV – Procedural stroke 
First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 
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or 
hospitals  


or 
hospitals 


Brinjikji, 
201572 


Postoperative 
(timeframe not further 
specified) stroke 


Unknown for 
CAS population 
For CEA and 
CAS combined: 
S: 
14335/181972 
(7.9%) 
A: 
167637/181972 
(92.1%) 


High ≥38 /y 139 146/8738 
CAS 
(1.7%) 


Low <38 
CAS/y 


1321 272/13523 
CAS 
(2.0%) 


RR 0.83 (0.68-1.01)* N/A N/A 


Hung, 201796 <30 days ischemic 
stroke 
 


Distribution 
unclear 
 
Total patients: 
3248 
Total 
procedures: 
3576 


High ≥20/y - 127/2226 
(5.7%) 


Low <20/y - 72/1022 
(7.0%) 


RR 0.81 (0.61-1.07)* N/A N/A 


High ≥20/y - 55/1000 
(5.5%) 


Low <20/y - 70/1000 
(7.0%) 


N/A RR 0.79 (0.56-
1.11)*‡ 
OR 0.77 (0.54-
1.11)*‡ 


Propensity score matching with the 
nearest-neighbour method was With 
matching based on 32 items: Age, 
Sex, Myocardial infarction, Heart 
failure, Peripheral artery disease, 
Cerebrovascular disease, Dementia, 
Chronic obstructive pulmonary 
disease, Connective tissue disease, 
Peptic ulcer disease, Liver disease, 
mild, Diabetes 
Diabetes with end-organ damage, 
Hemiplagia, Chronic kidney 
disease, Malignancy, Liver disease, 
moderate to severe, Malignancy 
with metastasis, Hypertension, 
Hyperlipidemia, Atrial fibrillation, 
Angiotensin-converting-enzyme 
inhibitor, Angiotensin II receptor 
blocker, Aspirin, Plavix, Warfarin, 
Calcium channel blocker, Beta-
blocker, Diuretics, Sulfonylurea, 
Thiazolidinedione, Lipid lowering 
agent. 


High ≥16/y - 54/903 
(6.0%) 


Low <16/y - 47/903 
(5.2%) 


N/A RR 1.15 (0.79-
1.68)*‡ 
OR 1.16 (0.77-
1.73)*‡ 


High ≥24/y - 56/1033 
(5.4%) 


Low <24/y - 74/1033 
(7.2%) 


N/A RR 0.76 (0.54-
1.06)*‡ 
OR 0.74 (0.52-
1.06)*‡ 


<30 days ischemic and 
haemorrhagic stroke  


Distribution 
unclear 


High ≥20/y - 129/2226 
(5.8%) 


Low <20/y - 73/1022 
(7.1%) 


RR 0.81 (0.61-1.07)* N/A N/A 


High ≥20/y - 56/1000 
(5.6%) 


Low <20/y - 71/1000 
(7.1%) 


N/A RR 0.79 (0.56-
1.11)*‡ 
OR 0.78 (0.54-
1.11)*‡ 


Propensity score matching with the 
nearest-neighbour method was With 
matching based on 32 items: Age, 
Sex, Myocardial infarction, Heart 
failure, Peripheral artery disease, 
Cerebrovascular disease, Dementia, 
Chronic obstructive pulmonary 
disease, Connective tissue disease, 


High ≥16/y - 54/903 
(6.0%) 


Low <16/y - 49/903 
(5.4%) 


N/A RR 1.10 (0.76-
1.60)*‡ 
OR 1.11 (0.74-
1.65)*‡ 
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High ≥24/y - 56/1033 
(5.4%) 


Low <24/y - 74/1033 
(7.2%) 


N/A RR 0.76 (0.54-
1.06)*‡ 
OR 0.74 (0.52-
1.06)*‡ 


Peptic ulcer disease, Liver disease, 
mild, Diabetes 
Diabetes with end-organ damage, 
Hemiplagia, Chronic kidney 
disease, Malignancy, Liver disease, 
moderate to severe, Malignancy 
with metastasis, Hypertension, 
Hyperlipidemia, Atrial fibrillation, 
Angiotensin-converting-enzyme 
inhibitor, Angiotensin II receptor 
blocker, Aspirin, Plavix, Warfarin, 
Calcium channel blocker, Beta-
blocker, Diuretics, Sulfonylurea, 
Thiazolidinedione, Lipid lowering 
agent. 


Sidawy, 
200994 


<30 days stroke Both 
S: 645/1450 
(44.5%) 
A: 805/1450 
(55.5%) 


High >50/ 
in 2.5 years 


13 39/1151* 
(3.39%) 


Medium 
25-50/ in 
2.5 years 


11 8/179* 
(4.47%) 


RR 0.76 (0.36-1.60)* N/A N/A 


High >50/ 
in 2.5 years 


13 39/1151* 
(3.39%) 


Low <25/ 
in 2.5 years 


26 4/120* 
(3.33%) 


RR 1.02 (0.37-2.80)* N/A N/A 


Medium 
25-50/ in 
2.5 years 


11 8/179* 
(4.47%) 


Low <25/ 
in 2.5 years 


26 4/120* 
(3.33%) 


RR 1.34 (0.41-4.35)* N/A N/A 


Tsai, 201595 <30 days stroke Both 
S: 2698/2849 
(94.7%) 
A: 151/2849 
(5.3%) 


High ≥43/y - -/- (-) Low <43/y - -/- (-) N/A HR 1.04 (0.62-1.74)‡ Age (per decade), gender (male), 
diabetes, hypertension, acute renal 
failure, chronic kidney disease, 
gout, dyslipidemia, atrial 
fibrillation, heart failure, 
malignancy, chronic obstructive 
pulmonary disease, liver disease, 
medical center 


Vogel, 201034 Postoperative 
(timeframe not further 
specified) stroke 


A: 18599 
(100%) 


High 
≥60/2ys 


N/A -/4841 
(1.78%) 


Low  
<60/2ys  


N/A -/13758 
(2.35%) 


OR 0.77 (0.59-0.96)† 
RR 0.76 (0.60-
0.96)*£ 


OR 0.75 (0.59-0.95)‡ Age, gender, and comorbidities. 
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CAS HV – Procedural myocardial infarction  
First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Sidawy, 
200994 


<30 days myocardial 
infarction 


Both 
S: 645/1450 
(44.5%) 
A: 805/1450 
(55.5%) 


High >50/ 
in 2.5 year 


13 14/1151* 
(1.22%) 


Medium 
25-50/ in 
2.5 year 


11 2/179* 
(1.12%) 


RR 1.09 (0.25-4.75)* N/A N/A 


High >50/ 
in 2.5 year 


13 14/1151* 
(1.22%) 


Low <25/ 
in 2.5 year 


26 1/120* 
(0.83%) 


RR 1.46 (0.19-
11.00)* 


N/A N/A 


Medium 
25-50/ in 
2.5 year 


11 2/179* 
(1.12%) 


Low <25/ 
in 2.5 year 


26 1/120* 
(0.83%) 


RR 1.34 (0.12-
14.62)* 


N/A N/A 


Tsai, 201595 <30 days acute 
myocardial infarction 


Both 
S: 2698/2849 
(94.7%) 
A: 151/2849 
(5.3%) 


High ≥43/y - -/- (-) Low <43/y - -/- (-) N/A HR 0.38 (0.04-3.34)‡ Age (per decade), gender (male), 
diabetes, hypertension, acute renal 
failure, chronic kidney disease, 
gout, dyslipidemia, atrial 
fibrillation, heart failure, 
malignancy, chronic obstructive 
pulmonary disease, liver disease, 
medical center 
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CAS HV – Procedural death, stroke or myocardial infarction 
First author, 
Year of 
publication 


Definition of outcome 
and timeframe 


Number (%) of 
symptomatic/ 
asymptomatic 
patients 


Threshold 
or 
definition 
index 


Number 
of index 
operators 
or 
hospitals  


Events/ 
patients 
index (%) 


Threshold 
or 
definition 
reference 


Number 
of 
reference 
operators 
or 
hospitals 


Events/ 
patients 
reference 
(%) 


Crude risk estimate 
(95% CI) 


Adjusted risk 
estimate (95% CI) 


Adjustment factors 


Shishehbor, 
201432 


<30 days death, stroke, 
myocardial infarction 


Both 
S: 755/5613 
(13.5%) 
A: 4858/5613 
(86.5%) 


>100 (71 
months) 


- -/- (3.6%) 30-100 (71 
months) 


- -/- (4.2%) RR 0.86* (-) N/A N/A 


>100 (71 
months) 


- -/- (3.6%) <30 (71 
months) 


- -/- (4.1%) RR 0.88* (-) N/A N/A 


30-100 (71 
months)  


- -/- (4.2%) <30 (71 
months) 


- -/- (4.1%) RR 1.02* (-) N/A N/A 


Sidawy, 
200994 


<30 days death, stroke, 
myocardial infarction 


Both 
S: 645/1450 
(44.5%) 
A: 805/1450 
(55.5%) 


High >50/ 
in 2.5 years 


13 63/1151* 
(5.47%) 


Medium 
25-50/ in 
2.5 years 


11 13/179* 
(7.26%) 


RR 0.75 (0.42-1.34)* N/A N/A 


High >50/ 
in 2.5 years 


13 63/1151* 
(5.47%) 


Low <25/ 
in 2.5 years 


26 7/120* 
(5.83%) 


RR 0.94 (0.44-2.00)* N/A N/A 


Medium 
25-50/ in 
2.5 years 


11 13/179* 
(7.26%) 


Low <25/ 
in 2.5 years 


26 7/120* 
(5.83%) 


RR 1.25 (0.51-3.03)* N/A N/A 


Tsai, 201595 <30 days death, stroke, 
acute myocardial 
infarction 


Both 
S: 2698/2849 
(94.7%) 
A: 151/2849 
(5.3%) 


High ≥43/y - -/- (-) Low <43/y - -/- (-) N/A HR 1.10 (0.75-1.63)‡ Age (per decade), gender (male), 
diabetes, hypertension, acute renal 
failure, chronic kidney disease, 
gout, dyslipidemia, atrial 
fibrillation, heart failure, 
malignancy, chronic obstructive 
pulmonary disease, liver disease, 
medical center 


 
A, asymptomatic; CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; HR, hazard ratio; HV, hospital volume; N/A, not applicable; OR, odds ratio; OV, operator volume; RR relative risk; 
S, symptomatic. 
* Self-estimated. 
‡ Adjusted risk estimates. 
† Unadjusted risk estimates.  
¥ Risk estimates were reported in the inversed order, i.e. low vs. high, in the original study. We inversed the risk estimates and 95%-CIs ourselves.  
§ Because 0 events occurred we added 0.5 to the number of events and the total number of procedures in order to obtain a risk estimate.  
£ Although the exact number of events cannot be derived from the percentage and proportion we calculated the risk estimate and 95% CI based on the most logical value for the number of events.   
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Table S4. Excluded studies, with the reasons for their exclusion 
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1.  -, 197697    *    
2.  -, 198998       * 
3.  -, 199199     *   
4.  -, 1991100     *   
5.  -, 1992101     *   
6.  -, 1995102     *   
7.  -, 1998103     *   
8.  -, 2003104     *   
9.  -,2005105       * 
10.  -, 2005106   *     
11.  -, 2006107   *     
12.  -, 2011108   *     
13.  Abernathy, 1979109       * 
14.  Abidi, 2011110     *   
15.  AbuRahma, 1988111     *   
16.  AbuRahma, 1993112    *    
17.  AbuRahma, 2006113    *    
18.  AbuRahma, 2007114    *    
19.  AbuRahma, 2012115 *       
20.  AbuRahma, 2014116     *   
21.  Akbari, 2000117     *   
22.  Akinci, 2014118 *       
23.  Ali, 2016119     *   
24.  Al Mubarak, 1999120     *   
25.  Allen, 1981121     *   
26.  Allison, 2011122     *   
27.  Alozairi, 2003123     *   
28.  Amato, 2013124   *     
29.  Anderson, 2004125     *   
30.  Arhuidese, 2016126 *       
31.  Asplund, 2015127     *   
32.  Awadalla, 2009128     *   
33.  Aylin, 2007129     *   
34.  Back, 1997130     *   
35.  Badheka, 2014131       * 
36.  Bekelis, 2013132     *   
37.  Balduf, 2002133    *    
38.  Ballard, 1997134     *   
39.  Barnett, 1984135  *      
40.  Barnett, 1995136   *     
41.  Barnett, 1998137     *   
42.  Barnett, 2002138  *      
43.  Bazan, 2014139     *   
44.  Beebe, 1989140   *     
45.  Benade, 2003141       * 
46.  Bennett, 2015142     *   
47.  Bennett, 2017143     *   
48.  Bennett, 2017144     *   
49.  Bergeron, 1999145     *   
50.  Bergqvist, 1994146     *   
51.  Bergqvist, 1998147   *     
52.  Biasi, 2006148   *     
53.  Bijuklic, 2011149 *       
54.  Bijuklic, 2016150 *       
55.  Birkmeyer, 1998151   *     
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56.  Birkmeyer, 2000152   *     
57.  Birkmeyer, 2001153       * 
58.  Birkmeyer, 2004154    *    
59.  Birkmeyer, 2008155   *     
60.  Bisdas, 2012156     *   
61.  Black, 2009157   *     
62.  Black, 2010158   *     
63.  Bloom,1988159     *   
64.  Blumberg,1986160   *     
65.  Bockenheimer,1983161     *   
66.  Bonati, 2010162     *   
67.  Bond, 2002163     *   
68.  Bottsford, 1997164     *   
69.  Boutros, 2007165     *   
70.  Bradac, 2014166     *   
71.  Bradbury, 1997167     *   
72.  Brahmanandam, 2008168   *     
73.  Brennan, 1991169    *    
74.  Brooks, 2001170     *   
75.  Brothers, 2015171 *       
76.  Brott, 1986172     *   
77.  Brott, 1995173   *     
78.  Brott, 2010174 xii     *   
79.  Brown, 2013175     *   
80.  Budd, 1995176       * 
81.  Bunker, 1969177    *    
82.  Buschur, 2012178   *     
83.  Cafferata, 1986179     *   
84.  Cairols, 1995180   *     
85.  Calligaro, 2014181  *      
86.  Calvillo-King, 2011182     *   
87.  Campbell, 2002183   *     
88.  Cao, 2006184     *   
89.  Cappelli, 2011185     *   
90.  Carlsson, 2005186       * 
91.  Carmichael, 1980187     *   
92.  Carter, 2003188  *      
93.  Carter, 2002189   *     
94.  Cebul, 1989190   *     
95.  Chappel, 2006191       * 
96.  Charalampoudis, 2011192       * 
97.  Chassin, 1989193       * 
98.  Chaturvedi, 2000194     *   
99.  Chaturvedi, 2010195     *   
100.  Chaturvedi, 2015196  *      
101.  Cheng, 2004197 *       
102.  Chiam, 2008198     *   
103.  Choi, 2012199       * 
104.  Chothani, 2013200 *       
105.  Collado, 2016201 *       
106.  Collier, 1992202     *   
107.  Connolly, 1977203     *   
108.  Connors III, 2004204   *     
109.  Connors III, 2005205   *     
110.  Conrad, 2003206     *   
111.  Cox, 2015207       * 
112.  Coyle, 1995208     *   
113.  Cronenwett, 2012209   *     
114.  Dahl, 2006210       * 
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115.  Daley, 1997211    *    
116.  Daley, 1997212    *    
117.  Daly, 2003213  *      
118.  Dangas, 2000214     *   
119.  Davies, 2015215   *     
120.  DeBakey, 1996216  *      
121.  Delgado Silva, 2015217 *       
122.  DeWeese, 1978218   *     
123.  Diethrich, 1996219  *      
124.  Diethrich, 1996220  *      
125.  Dimick, 2004221    *    
126.  Dimick, 2006222       * 
127.  Doig, 2012223 *       
128.  Donabedian, 1966224   *     
129.  Donabedian, 1984225   *     
130.  Drake, 2016226 *       
131.  Dubois, 1987227    *    
132.  Dubois, 1987228    *    
133.  Dudley, 2000229   *     
134.  Dumont, 2012230   *     
135.  Duncan, 2008231     *   
136.  Dyken, 1984232     *   
137.  Dyken, 1993233   *     
138.  Eaker, 1993234   *     
139.  Easton, 1977235       * 
140.  Ecker, 2007236     *   
141.  Eckstein, 2008237     *   
142.  Eikel, 2003238   *     
143.  Enomoto, 2014239     *   
144.  Epstein, 2010240       * 
145.  Epstein, 2003241    *    
146.  Eskandari, 2005242     *   
147.  Eslami, 2011243     *   
148.  Eslami, 2014244     *   
149.  Fairman, 2007245     *   
150.  Faries, 2004246     *   
151.  Farley, 1992247    *    
152.  Feasby, 2002248     *   
153.  Ferguson, 1999249     *   
154.  Fiehler, 2008250     *   
155.  Fink, 2002251    *    
156.  Finlayson, 2002252     *   
157.  Flood, 1984253    *    
158.  Flood, 1984254    *    
159.  Fode, 1986255       * 
160.  Fokkema, 2013256       * 
161.  Ford, 2000257    *    
162.  Ford, 1995258   *     
163.  Gandjour, 2001259   *     
164.  Gao, 2015260   *     
165.  Garg, 2011261     *   
166.  Giacomini,1996262     *   
167.  Gibbs, 1989263       * 
168.  Gibbs, 1995264       * 
169.  Giles, 2010265     *   
170.  Gillum, 2005266     *   
171.  Glaser, 2014267       * 
172.  Gloviczki, 2014268  *      
173.  Goldstein, 1994269     *   
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174.  Goldstein, 1996270       * 
175.  Goldstein, 1998271     *   
176.  Gonzales, 2014272     *   
177.  Goodney, 2002273       * 
178.  Goodney, 2003274       * 
179.  Goodney, 2008 275     *   
180.  Goodney, 2010 276     *   
181.  Goodney, 2014277 *       
182.  Gornick, 1996278    *    
183.  Gray, 2006279     *   
184.  Gray, 2007280      *  
185.  Gray, 2007281      *  
186.  Gray, 2009282     *   
187.  Gray, 201130     *   
188.  Grigoryan, 2012283       * 
189.  Grimm, 2014284     *   
190.  Groeneveld, 2011 285     *   
191.  Grotta, 1997286  *      
192.  Gupta, 2011287     *   
193.  Gupta, 2006288     *   
194.  Gurm, 2008289     *   
195.  Hallett, 1998290     *   
196.  Halliday, 2004291       * 
197.  Halliday, 2009292 *       
198.  Halliday, 2010293     *   
199.  Halm, 2003294       * 
200.  Halm, 2005295     *   
201.  Halm, 2007296       * 
202.  Halm, 2009297       * 
203.  Halm, 2009298       * 
204.  Hannan, 1989299    *    
205.  Hannan, 1999300  *      
206.  Hannan, 1999301   *     
207.  Hannan, 2001302     *   
208.  Harbaugh, 2002 303     *   
209.  Hartz, 1989304    *    
210.  Healey, 2002 305    *    
211.  Hebel, 1982306    *    
212.  Henry, 1998307     *   
213.  Henry, 2008 308     *   
214.  Hernandez-Boussard, 2012309       * 
215.  Hertzer, 1986310   *     
216.  Hertzer, 2012311   *     
217.  Hertzer, 2012312   *     
218.  Heverhagen, 2014313     *   
219.  Heyman, 1972314     *   
220.  Hibbard, 2011315 *       
221.  Hill, 2006316     *   
222.  Ho, 2014317       * 
223.  Hobson, 1993318     *   
224.  Hobson, 2004319     *   
225.  Hobson, 2004320     *   
226.  Hollenbeak, 2010321     *   
227.  Holt, 2007322       * 
228.  Hong, 2015323     *   
229.  Hopkins, 2010324     *   
230.  Hopkins, 2014325     *   
231.  Hoppe, 2015326 *       
232.  Horner, 2002327     *   
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233.  Houghton, 1994328   *     
234.  Howard, 2009 329     *   
235.  Huber, 1998330     *   
236.  Huber, 2001331   *     
237.  Hughes, 1987332    *    
238.  Hurlbert, 1995333   *     
239.  Hussain, 2016334       * 
240.  Hussain, 2016335 *       
241.  Hussain, 2016336 *       
242.  Hye, 2015337     *   
243.  Iannuzzi, 2014338 *       
244.  Jalbert, 2015339       * 
245.  James, 2001340     *   
246.  Jani, 2016341 *       
247.  Jencks, 1988342    *    
248.  Jencks, 1992343   *     
249.  Jencks, 2003344    *    
250.  Jessup, 2011345 *       
251.  Jha, 2005346    *    
252.  Jha, 2005347     *   
253.  Jim, 2012 348     *   
254.  Johansson, 2015349     *   
255.  Jones, 2015350       * 
256.  Jordan, 1998351     *   
257.  Kalbassi, 2000352     *   
258.  Kallmayer, 2015353     *   
259.  Kammler, 2016354 *       
260.  Kang, 2009355     *   
261.  Kao, 2002356     *   
262.  Kao, 2007357     *   
263.  Kapral, 2003358       * 
264.  Karp, 1973359    *    
265.  Karthikesalingam, 2010360   *     
266.  Kassaian, 2013361     *   
267.  Kassin, 2012362    *    
268.  Kastrup, 2003363     *   
269.  Kastrup, 2005364     *   
270.  Keeler, 1992365    *    
271.  Kelly, 1986366    *    
272.  Kelly, 1990367   *     
273.  Kennedy, 2002368    *    
274.  Kennedy, 2004 369       * 
275.  Khuri, 1995370    *    
276.  Khuri, 1997371    *    
277.  Khuri, 1998 372    *    
278.  Killeen, 2007373   *     
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 Total number of studies: 38 25 73 74 233 2 68 
CAS, carotid artery stenting; CEA, carotid endarterectomy; HV, hospital volume; OV, operator volume. 
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Table S5. Characteristics of included studies  
  METHODS  


First author, 
year 


Study 
design 


Pro- or 
retrospective 
data-
collection 


Data source Setting study Number 
of 
hospitals 


Number 
of 
operators 


Geographic area 
(country & 
continent) 


Study 
years 


Sample size, N CEA CAS 


 Patients Procedures HV OV HV OV 


1.  AbuRahma, 
198835 


Cohort Retrospective Clinical: Medical 
records 


Charleston Area 
Medical Center 


1 19 WV, US 1980- 
1985 


420 508 N Y N N 


2.  AbuRahma, 
201336 


Cohort Retrospective Clinical: Medical 
records 


Charleston Area 
Medical Center 


1 24 WV, US 2010-
2011 


881 953 N Y N N 


3.  AbuRahma, 
201792 


Cohort Prospective Clinical: Medical 
records 


Charleston Area 
Medical Center 


1 - WV, US - (10-
year 
period) 


414 414 N N N Y 


4.  Asaph, 19918 Cohort Retrospective Clinical: Medical 
records 


Providence 
Medical Center 


1 Period 1: 
18 
Period 2: 
14 
Period 3: 
15 


Portland, OR, US 1986- 
1990 


418 470 N Y N N 


5.  Birkmeyer, 
200271 


Cohort Not stated Administrative: ICD-9-
CM 


Medicare 
Provider 
Analysis and 
Review 
(MEDPAR) files 


2990 - US 1994-
1999 


479289 479289 Y N N N 


6.  Birkmeyer, 
200347 


Cohort Not stated Administrative: ICD-9 National analytic 
files from the 
Center for 
Medicare and 
Medicaid 
Services: 
including 
Medicare 
Provider 
Analysis and 
Review 
(MEDPAR) and 
inpatient files.  


- 8818 US 1998-
1999 


136049 136049 Y Y N N 


7.  Boudourakis, 
200948 


Cohort Not stated Administrative: ICD-9 Discharge 
information from 
the Health Care 
Utilization 
Project National 
Inpatient Sample 
(HCUP-NIS) 


- - US 1999 and 
2005 


10655 10655 N Y N N 


8.  Bratzler, 
199663 


Cohort Retrospective Administrative: ICD-9-
CM 


Oklahoma 
Medicare claims 
data 


8 - OK, US 1993 and 
1994 


774 
 


813 Y N N N 
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9.  Brinjikji, 
201572 


Cohort Retrospective Administrative: ICD-9 National 
Inpatient Sample 
(NIS) database 


3338 - US 2005-
2011 


181972 181972 
(CEA: 
159711 
CAS: 
22261) 


Y N Y N 


10.  Brook, 199062 Cohort Not stated Clinical: Medical 
records 


Medicare 
physician claims 


- - US 1981 1302 - N Y N N 


11.  Brott, 198437 Cohort Retrospective Clinical: Medical 
records 


16 general 
hospitals in 
Greater 
Cincinnati 


16 62 Greater 
Cincinnati, US 


1980 371 431 N Y N N 


12.  Calvet, 201486 3 
RCTs 
pooled 


Trial-
registration 


Clinical: Medical 
records 


Pooled data of 
the EVA-3S (30 
centres in 
France), SPACE 
(35 centres in 
Germany, 
Austria, 
Switzerland) and 
ICSS trials (50 
centres in 
Europe, Canada, 
Australia and 
New-Zealand) 
Pts who received 
CAS in the per 
protocol 
population  


115 - Europe, Canada, 
Australia, New-
Zealand 


EVA-3S: 
Nov 
2000- 
Sep 2005 
SPACE: 
Mar 
2001-Feb 
2006 
ICSS: 
May 
2001-Oct 
2008 


1679 1679 N N N Y 


13.  Cebul, 19989 Cohort Retrospective Administrative: ICD-9-
CM 


Administrative 
data sources and 
chart review 
guided by 
Medicare Part A 
claims data 
(modified 
Medicare 
Provider 
Analysis and 
Review files)  


- - OH, US 1993-
1994 


678 678 Y Y N N 


14.  Chang, 201587 Cohort Retrospective Administrative: ICD-9-
CM 


Taiwan’s 
National Health 
Insurance (NHI) 
Claims database 


- - Taiwan, Asia 2005-
2008 


1258 1258 N N N Y 


15.  Christian, 
200319 


Cohort Retrospective Administrative: ICD-9-
CM 


UHC Clinical 
Database (102 
academic 
medical centers 
in the US) 


102 - US 1999 and 
2000 


17015 17015 Y N N N 
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16.  Cowan, 
200249 


Cohort Retrospective Administrative: ICD-9-
CM 


Nationwide 
Inpatient Sample 
(NIS) 


372 2330 US 1996 and 
1997 


35821 35821 Y Y N N 


17.  Dardik, 
200038 


Cohort Retrospective Administrative: ICD-9-
CM 


Maryland Health 
Services Cost 
Review 
Commission 
database 
(includes federal 
hospitals) 


48 479 MD, US 1990 - 
1995 


9842 9842 Y Y N N 


18.  Dua, 201610 Cohort Retrospective Administrative: ICD-9 National 
Inpatient Sample 
(NIS) and 
State Ambulatory 
Services 
Database (SASD) 


- - US 1998-
2012 


Total 
database:  
CEA: 
1745976 
CAS: 
10466 
Analyses: 
CEA: 
7462 
CAS: 
7462 


Total 
database:  
CEA: 
1745976 
CAS: 10466 
Analyses: 
CEA: 7462 
CAS: 7462 


Y N Y N 


19.  Edwards, 
199150 


Cohort Retrospective Administrative: ICD-9-
CM and hospital 
discharge abstracts 


Computerized 
hospital 
discharge 
abstract data 
from acute care 
hospitals in a 
single state in the 
US 


- 190 US 1979-
1988 


11119 11119 Y Y N N 


20.  Elixhauser, 
200373 


Cohort Retrospective Administrative: Not 
stated 


Nationwide 
Inpatient Sample 
(NIS)  


2543 - US 2000 - - Y N N N 


21.  Epstein, 
201493 


Cohort Retrospective Administrative: ICD-9-
CM 


Medicare claims 
US hospitals  


- - US 2009- 
2011 


22708 22708 N N Y N 


22.  Feasby, 
200239 


Cohort Retrospective Administrative: ICD-9-
CM 


National database 
of the Canadian 
Institute for 
Health 
Information 
(CIHI) (Canada, 
except for the 
province of 
Quebec) 


- - Canada 1994-
1997 


14268 14268 Y Y N N 


23.  Finks, 201120 Cohort Retrospective Administrative: ICD-9-
CM 


National 
Medicare 
Provider 
Analysis and 
Review 


1999-
2000: 
2635; 
2001-
2002: 


- US 1999-
2008 


1647457 1647457 Y N N N 







95 
 


(MEDPAR) files, 
which contain all 
hospital 
discharge 
abstracts for fee 
forservice, acute 
care 
hospitalizations 
for Medicare 
recipients. 


2550; 
2003-
2004: 
2502; 
2005-
2006: 
2415; 
2007-
2008: 
2341. 


24.  Fisher, 198964 Cohort Retrospective Administrative: ICD-9-
CM 


New England 
resident 
Medicare 
beneficiaries 
identified 
through 
Medicare 
Provider 
Analysis and 
Review 
(MEDPAR) file, 
Health Insurance 
Skeletonized 
Eligibility 
Writeoff 
(HISKEW) file 
and Provider of 
Services file 


139 - Six New England 
States, US 


1984- 
1985 


- 2089 Y N N N 


25.  Giacovelli, 
201021 


Cohort Not stated Administrative: ICD-9-
CM 


New York State 
Health 
Department, 
Statewide 
Planning and 
Research 
Cooperative 
System 
(SPARCS), and 
California’s 
Office of 
Statewide Health 
Planning and 
Development 
(OSHPD) 


CAS: 
NY: 61; 
CA: 113. 


- NY and CA, US 2005-
2007 


- CEA: 41392  
CAS: 6360 


Y N Y N 


26.  Goodney, 
200840 


Cohort Prospective Clinical: Medical 
records 


Vascular Study 
Group of 
Northern New 
England 
(NSGNNE) data 


11 50 US 2003-
2007 


2714 3092 Y Y N N 
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(11 hospitals in 
Northern New 
England) 


27.  Gray, 200241 Cohort Not stated Clinical: Medical 
records 


Presbyterian 
hospital, 
Albuquerque, 
New Mexico 


1 CEA: 10  NM, US 1997 
(CEA) 


CEA: 126 CEA: 136 N Y N N 


28.  Hannan, 
199851 


Cohort Retrospective Administrative: ICD-9-
CM 


New York State 
hospitals, New 
York, US 


- - NY, US 1990-
1995 


28207 28207 Y Y N N 


29.  Harthun, 
200574 


Cohort Retrospective Administrative: ICD-9-
CM 


Virginia, US Appr. 
100 


- VA, US 1997-
2001 


- 14095 Y N N N 


30.  Hawkins, 
201528 


Cohort Not stated Clinical: Medical 
records 


National 
Cardiovascular 
Data Registry–
Carotid Artery 
Endarterectomy 
and 
Revascularization 
Registry 


188 - US 2005-
2013 


- 19381 N N Y Y 


31.  Hertzer, 
198452 


Cohort Retrospective Clinical: Medical 
records 


Computer 
registry of The 
Cleveland 
Vascular Society, 
Ohio, US 


- - OH, US 1978-
1981 


2646 - N Y N N 


32.  Hsia, 199275 Cohort Retrospective Administrative: ICD-9-
CM 


Medicare 
beneficiaries 


Between 
2558 
and 
2747 


- US 1985-
1989 


- 266802 Y N N N 


33.  Hsia, 199876 Cohort Retrospective Administrative: ICD-9-
CM 


Medicare 
administrative 
files, from the 
Health Care 
Financing 
Administration 
(HCFA) and US 
Department of 
Health and 
Human Services 
(HHS) 
Medicare 
Provider 
Analysis and 
Review 
(MEDPAR) file 


2747 - US 1989-
1996 


- - Y N N N 
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34.  Huibers, 
201665 


RCT Prospective Clinical: RCT 126 center from 
30 countries. 
Asymptomatic 
Carotid Surgery 
Trial-1 (ASCT-
1).  


126 - 30 countries 
(multicontinental) 


1993-
2003 


1832 1979 Y N N N 


35.  Hung, 201796 Cohort Not stated Administrative: ICD-9-
CM 


Taiwan National 
Health Insurance 
claims database 


482 - Taiwan, Asia 2008-
2012 


3248 3576 N N Y N 


36.  Jalbert, 
201588 


Cohort Retrospective Administrative: ICD-9-
CM 


Medicare, US 729 2045 US 2005-
2009 


- 19724 N N Y Y 


37.  Kantonen, 
199811 


Cohort Retrospective Registry with 
questionnaire 


Finnvasc registry, 
Finland, Europe 


20 104 Finland, Europe 1991-
1994 


- 1600 Y Y N N 


38.  Karp, 199866 Cohort Retrospective Administrative: ICD-9-
CM 


Medicare 
beneficiaries, 
Georgia, US 


- - GA, US 1993 - 1945 Y N N N 


39.  Kempczinski, 
198642 


Cohort Retrospective Clinical: Medical 
records 


Greater 
Cincinnati area, 
US 


16 61 Cincinnati, OH, 
US 


1983-
1984 


656 750 Y Y N N 


40.  Kennedy, 
200722 


Cohort Retrospective Administrative: ICD-9 Agency for 
Healthcare and 
Research Quality, 
California, US 


850 - CA, US 2000 9276 9276 Y N N N 


41.  Khuri, 199924 Cohort Prospective Administrative: CPT-4 93 Veterans 
Affairs medical 
centers 
(VAMCs), US 


93 - US 1991-
1999 


10173 10173 Y N N N 


42.  Kragsterman, 
200423 


Cohort Prospective Clinical: Medical 
records 


Swedvasc, 
Sweden, Europe 


20 - Sweden, Europe 1994-
1996 


1411 1518 Y N N N 


43.  Kucey, 199843 Cohort Retrospective Administrative: 
Canadian Classification 
of Procedures 


Toronto, Canada 8 27 Toronto, Canada 1994-
1996 


- 1280 N Y N N 


44.  Kuehnl, 
201667 


Cohort Retrospective Administrative German quality 
assurance 
database 


CEA: 
574 
CAS: 
367 


- Germany, Europe 2009-
2014 


CEA: 
161448 
CAS: 
17575 


CEA: 
161448 
CAS: 17575 


Y N Y N 


45.  Kuhan, 
200168 


Cohort Combination Clinical: Medical 
records 


Hull, UK, Europe 2 4 Hull, UK, Europe 1992-
1999 


- CEA: 741 Y N N N 


46.  Kumamaru, 
201553 


Cohort Retrospective Administrative: ICD-9-
CM 


Medicare, US - 8648 US CEA: 
2001–
2008 
CAS: 
2005-
2008 


CEA: 
454717 


CEA: 
454717 


N Y N N 


47.  Maas, 201344 Cohort Prospective Clinical: Medical 
records 


Massachusetts 
General Hospital, 
MA, US 


1 - MA, US 2008-
2010 


841 841 N Y N N 
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48.  Manheim, 
199877 


Cohort Retrospective Administrative: ICD-9 California patient 
discharge data 
compiled 
annually by the 
Office of 
Statewide Health, 
Planning and 
Development 
(OSHPD). US 


- - CA, US 1982-
1994 


- 106493 Y N N N 


49.  Mao, 201754 Cohort Not stated Administrative: ICD-9-
CM 


New York State 
Department of 
Health Statewide 
Planning and 
Research 
Cooperative 
System, New 
York, US 


- 1071 NY, US 2000-
2014 


- 68896 N Y N N 


50.  Matsen, 
200658 


Cohort Retrospective Administrative: ICD-9-
CM 


Maryland, US MD: 47 MD: 438 MD, US MD: 
1994-
2003;  
CA: 
1999-
2003 


74568 74568 Y Y N N 


51.  Mattos, 
199545 


Cohort Retrospective Clinical: Medical 
records 


Springfield, 
Illinois, US 


2 31 IL, US 1976-
1993 


1981 2243 N Y N N 


52.  Mayo, 199859 Cohort Prospective Clinical: Medical 
records 


Maine Medical 
Center, Portland, 
Maine, US 


10 23 ME, US 1995 341 362 Y Y N N 


53.  McCollum, 
199712 


Cohort Prospective Clinical: Medical 
records 


The Vascular 
Surgical Society 
of Great Britain 
and Ireland 
(VSS) 


- 59 UK and Ireland, 
Europe 


1994 697 697 N Y N N 


54.  Meltzer, 
201755 


Cohort  Retrospective  Administrative: ICD-9-
CM 


New York State 
Department of 
Health Statewide 
Planning and 
Cooperative 
System 
(SPARCS), NY, 
US 


- 806 NY, US 2004-
2011 


36495 36495 N Y N N 


55.  Middleton, 
200225 


Cohort Prospective Audit form New South 
Wales, Australia 


46 54 New South 
Wales, Australia 


1999 666 666 Y Y N N 


56.  Modrall, 
201429 


Cohort Retrospective Administrative: ICD-9-
CM 


The Nationwide 
Inpatient Sample 
(NIS) from the 
Healthcare Cost 


- - US 2005-
2009 


- 6828 N N N Y 
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and Utilization 
Project 


57.  Nallamothu, 
201189 


Cohort Retrospective Administrative: 
Healthcare Comon 
Procedure Coding 
Systems 


Medicare 
Provider 
Analysis and 
Review 
(MEDPAR) 


- 2339 US 2005-
2007 


24701 24701 N N N Y 


58.  Nault, 200813 Cohort Prospective Online registry Province of 
Quebec, Canada 


10 23 Quebec, Canada 2004-
2005 


279 279 Y Y N N 


59.  Nazarian, 
200814 


Cohort Not stated Administrative: ICD-9-
CM  


Maryland Health 
Services Cost 
Review 
Commission 
(HSCRC) 
database 


47 422 MD, US 1994-
2003 


22772 22772 Y Y N N 


60.  O'Neill, 
200056 


Cohort Retrospective Administrative: ICD-9-
CM  


Pennsylvania 
Health Care Cost 
Containment 
Council (PHC4), 
an independent 
state agency 
responsible for 
collecting and 
reporting 
information on 
the cost and 
quality of 
Pennsylvania 
hospitals, 
containing all 
inpatient 
discharges for 
non-federal 
facilities 


284 532 PA, US 1994-
1995 


- 12725 N Y N N 


61.  Pearce, 
199915 


Cohort Not stated Administrative: ICD-9-
CM  


Florida Agency 
for Health Care 
Administration. 


1992: 
165 
1993: 
161 
1994: 
156 
1995: 
159 
1996: 
157 


1992: 829 
1993: 647 
1994: 838 
1995: 671 
1996: 684 


FL, US 1992-
1996 


- 45744 Y Y N N 


62.  Peck, 200169 Cohort Retrospective Clinical: Hospital 
medical records, 
operating room logs, 


Three hospitals in 
a metropolitan 
area in Portland, 
Oregon, US 


3 10 Portland, OR, US 1998-
1999 


- 560 Y N N N 
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office charts (low 
volume hospitals). 
Department of Quality 
Assurance (high volume 
hospital) 


63.  Perler, 199878 Cohort Retrospective Administrative: ICD-9-
CM  


Maryland Health 
Services Cost 
Review 
Commission 
(MHSCRC) 
database, which 
records every 
discharge from 
all 
nonfederal short-
stay hospitals 
throughout 
Maryland 


48 - MD, US 1990-
1995 


- 9918 Y N N N 


64.  Reames, 
201479 


Cohort Not stated Administrative: ICD-9-
CM  


Medicare 
Provider 
Analysis and 
Review file, 
which contains 
hospital 
discharge records 
for fee-for-
service acute care 
hospitalizations 
of all Medicare 
beneficiaries not 
enrolled in 
managed care 
plans. And the 
Medicare 
Denominator file.  


Year 
2000-
2001: 
2569 
Year 
2002-
2003: 
2487 
Year 
2004-
2005: 
2444 
Year 
2006-
2007: 
2325 
Year 
2008-
2009: 
2275 


- US 2000-
2009 


2000-
2001: 
148468 
2002-
2003: 
144130 
2004-
2005:  
112339 
2006-
2007: 
103038 
2008-
2009: 
127433 


2000-2001: 
148468 
2002-2003: 
144130 
2004-2005:  
112339 
2006-2007: 
103038 
2008-2009: 
127433 


Y N N N 


65.  Reina-
Gutierrez, 
200380,81 


Cohort Ambispective Administrative: ICD-9-
CM 


Registry started 
by Junta 
Directiva de la 
Sociedad Centro 
de Angiologia y 
Cirugia Vascular 
(SCACV) 


9 - Central region of 
Spain, Europe 


1999 - 
2000 


- 576 Y N N N 


66.  Richardson, 
198960 


Cohort Retrospective Administrative: Chart 
information of Health 


Medicare patient 
data of all 
hospitals (except 


41 98 KY, US 1983-
1984 


705 738 N Y N N 
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Care Financing 
Administration  


2 Veteran’s 
Administration 
hospitals) 


Data on 
operator 
volume: 586 


67.  Roddy, 200070 Cohort Retrospective Administrative: ICD-9-
CM  


Massachusetts 
Division of 
Health Care 
Finance and 
Policy, and 
hospital cost and 
charge data were 
provided by the 
Health Care 
Financing 
Administration 


62 - MA, US 1995-
1997 


- 10211; 9600 
in analysis 


Y N N N 


68.  Rubin, 198861 Cohort Retrospective Registry  Registry filled 
out on standard 
registry forms 
submitted by 
each contributing 
surgeon 


44 51 Cleveland, OH, 
US 


1973-
1985 


7937 8535 N Y N N 


69.  Ruby, 199626 Cohort Retrospective Administrative: ICD-9-
CM  


Connecticut 
Hospital 
Association’s 
CHIME 
(Connecticut 
Hospital 
Information 
Management 
Exchange), a 
statewide 
database 


32 226 CT, US 1985-
1991 


- 3997. 3880 
in analysis 


Y Y N N 


70.  Sahni, 201616 Cohort Retrospective Administrative: ICD-9-
CM  


Medicare 
Inpatient File 


- 5505 US 2008-
2013 


183792 - N Y N N 


71.  Segal, 199357 Cohort Retrospective Not stated Medicare data as 
part of the Health 
Care Quality 
Improvement 
Initiative 
(HCQII) based 
on peer review 
organizations 
(PRO) in 
Pennsylvania & 
the Pennsylvania 
Medical Society 
Liability 
Insurance 
Company’s 


163 652 PA, US 1989-
1992 


5295 5657 Y Y N N 
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(PMSLIC’s) 
Cause of Loss 
Database.  


72.  Sgroi, 201531 Cohort Retrospective Administrative: ICD-9 National 
(Nationwide) 
Inpatient Sample 
(NIS) 20% of the 
national patient 
population of the 
United States 


- - US 2004-
2011 


- 20663 N N Y N 


73.  Shishehbor, 
201432 


Cohort Prospective  Registry CHOICE 
(Carotid Stenting 
for High 
Surgical-Risk 
Patients; 
Evaluating 
Outcomes 
through the 
Collection of 
Clinical 
Evidence) study 


- (366 
centers 
in total 
database 
of 17925 
patients) 


- (913 
operators 
in total 
database 
of 17925 
patients) 


US 2006-
2012 


5841 5841 N N Y Y 


74.  Sidawy, 
200994 


Cohort Prospective Online registry Society for 
Vascular Surgery 
(SVS) Online 
Vascular 
Registry (VR) 


56 287 US 2005-
2007 


CAS 2763 
Patients 
with 30-
days 
outcome: 
CAS: 
1450 


CAS: 2763 
Patients with 
30-days 
outcome: 
CAS: 1450 


N N Y N 


75.  Sidloff, 201417 Cohort Retrospective Registry National 
Vascular 
Registry Report 
on Surgical 
Outcomes 
(NVSRO) which 
is a retrospective 
review of the 
prospectively 
maintained 
National 
Vascular 
Database, and the 
Carotid 
Interventions 
Audit, UK. 


114 429 UK, Europe 2009-
2012 


15751 15751 Y Y N N 


76.  Slavish, 
198446 


Cohort Prospective Not stated Lehigh Valley 
Hospital Center, 
Allentown, 
Pennsylvania, US 


1 24 PA, US 1977-
1982 


743 743 N Y N N 
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77.  Steppacher, 
200990 


Cohort Retrospective Administrative: ICD-9-
CM  
 


Healthcare Cost 
and Utilization 
Project and 
contain all patient 
discharge records 
from 
participating 
non-federal 
academic and 
private acute care 
hospitals 


424 641 NY and FL, US 2005-
2006 


- 4001 N N N Y 


78.  Teso, 200482 Cohort Retrospective Administrative: 
Discharge records 
searched by an algorithm 
combining diagnosis-
related group and ICD-
9-CM 


Nonfederal 
Connecticut 
hospitals & 
Hospitals 
involved in the 
Connecticut 
Hospital 
Association 
Chime Data 
Program 


31 - CT, US 1991-
2001 


12618 12618 Y N N N 


79.  Theiss, 200833 Cohort Prospective  Open registry Any investigator 
in Germany, 
Austria, and 
Switzerland who 
is active in CAS 
could contribute 
to the registry 


25 - Germany, 
Austria, and 
Switzerland, 
Europe 


1999-
2005 


- 5341 N N Y N 


80.  Tsai, 201595 Cohort Retrospective Administrative: ICD-9-
CM 


Taiwan National 
Health Insurance 
Research 
Database 
(NHIRD) 


- - Taiwan, Asia 2004-
2010 


2849 2849 N N Y N 


81.  Tu, 199883 Cohort Retrospective Administrative: ICD-9 
or Canadian 
Classification of 
Procedures 


Office of 
Statewide Health 
planning and 
Development 
database 
California, 
Statewide 
Planning and 
Regional 
Cooperative 
System database 
New York, and 
Canadian 
Institute for 
Health 


In 1989: 
509 


NY: 
between 
406 and 
518. 
Ontario: 
between 
78-102. 
California: 
- 


CA and NY, US 
& Ontario, 
Canada 


1983-
1995 
 
Data 
presented 
for 
volume-
outcome 
relation: 
1989-
1990 & 
1992-
1993 


Total 
1989-1990 
& 1992-
1993: 
47541 
1989-
1990: 
20006 
1992-
1993: 
27535 


Total 1989-
1990 & 
1992-1993: 
47541 
1989-1990: 
20006 
1992-1993: 
27535 
 


Y N N N 
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Information 
database Ontario 


82.  Vogel, 200991 Cohort Retrospective Administrative: ICD-9-
CM 


New Jersey State 
Inpatient 
Database 
(NJSID), as part 
of the Healthcare 
Cost and 
Utilization 
Project 


- - NJ, US 2005-
2006 


625 625 N N N Y 


83.  Vogel, 201034 Cohort Retrospective Administrative: ICD-9-
CM 


Nationwide 
Inpatient Sample 
(NIS), as part of 
the Healthcare 
Cost and 
Utilization 
Project 


 - - US 2005-
2006 


18599 18599 N N Y Y 


84.  Waljee, 
200618 


Cohort Retrospective Administrative: ICD 
codes 


100% national 
Inpatient Files 
from the Center 
for Medicare and 
Medicaid 
Services. These 
files contain 
hospital 
discharge 
abstracts for all 
feefor- service, 
acute care 
hospitalizations 
for Medicare 
patients 
hospitalized in 
the US. 


- - US 1998 & 
1999 


- - N Y N N 


85.  Wennberg, 
199884 


Cohort Retrospective Administrative: ICD-9  Health Care 
Financing 
Administration’s 
(HCFA) 100% 
Medicare 
Provider 
Analysis and 
Review 
(MEDPAR) file, 
US 


2699 - US 1992-
1993 


113300 113300 Y N N N 


86.  Westvik, 
200685 


Cohort Retrospective Administrative: ICD-9-
CM 


Connecticut 
Hospital 
Association 


26 - CT, US 1991-
2002 


- 14288 Y N N N 
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Chime Data 
Program, US 


87.  Yuo, 201327 Cohort Retrospective Administrative: ICD-9-
CM 


All hospitals in 
California 
(except for 
federally funded 
hospitals), 
California Office 
for Statewide 
Health Planning 
and Development 
(OSHPD)  


273 - CA, US 2005-
2009 


- CEA: 26841 
CAS: 3476 


Y N Y  N 
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Table S6. Patient and disease characteristics in included studies 
  PATIENT CHARACTERISTICS  DISEASE CHARACTERISTICS 


First 
author, year 


Sample size, N Male 
sex, 
N (%) 


Age in 
years, 
Mean/ 
Median 
(SD/SE/ 
range/ 
IQR) 


Cardiovascular risk factors, N (%) Symptomatic status, N 
(%) 


Degree of stenosis, N 
(%) 


Duration 
of 
hospital 
stay 
Mean/ 
Median 
(SD/SE/r
ange/IQ
R) 


Patien
ts 


Procedu
res 


Smokin
g 


Hyperte
nsion 


Hyper 
choleste
rolemia 


Diabetes 
mellitus 


Ischemi
c 
cardiac 
disease 


History of 
cerebro-
vascular 
disease 


Symptom
atic 


Asymptom
atic 


<70% 70-
99% 


>99
% 


1.  AbuRahma, 
198835 


420 508 308 
(73.3%) 


- (range: 
34-83) 


- - - - - - 442/508 
(87.0%) 
 


66/508 
(13.0%) 


- - - - 


2.  AbuRahma, 
201336 


881 953 530 
(60.2%)
xiii 


Mean: 
68.9* 
(range: 43-
91)xiv 


501 
(52.6%)
xv 


781 
(82.0%)
xvi 


662 
(69.5%)
xvii 


354 
(37.1%)
xviii 


499 
(52.4%)
xix xx 


138 
(14.5%)xxi 


297/953 
(31.2%)xxii 


656/953 
(68.9%)xxiii 


-xxiv -xxv -xxvi - 


3.  AbuRahma, 
201792 


414 414 253 
(61.1%) 


Mean: 68.5 
(range: 40-
88) 


251 
(60.6%) 


367 
(88.6%) 


310 
(74.9%) 


180 
(43.5%) 


305 
(73.7%)
xxvii 


- 183/414 
(44.2%) 


231/414 
(55.8%) 


- - - - 


4.  Asaph, 
19918 


418 470 - Mean: 70.4 - - - - - - 240/470 
(51.1%)
xxviii 


230/470 
(48.9%)xxix 


- - - - 


5.  Birkmeyer, 
200271 


47928
9 


479289 269215 
(56.2%) 


Range: 65-
99 


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


6.  Birkmeyer, 
200347 


13604
9 


136049 76589 
(56.3%) 


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


7.  Boudouraki
s, 200948 


10655 10655 6055 
(56.8%) 


Mean: 70.8 - - - - - - - - - - - Mean: 
3.06 days 


8.  Bratzler, 
199663 


774 
 


813 - Median: 73 
(range: 44-
92) 


- (26%) - (71%) - (38%) - (26%) - (67%) - 466/813 
(57%) 


347/813 
(43%) 


- - - Median: 
4 days 
(range: 
0-37) 


9.  Brinjikji, 
201572 


18197
2 


181972 
(CEA: 
159711 
CAS: 
22261) 


125724 
(69.1%) 


Total: 
mean: 71.0 
Low 
volume 
mean age: 
71.1 (SD 
9.6). High 
volume 
mean age: 
70.8 (SD 
9.5) 


- - - - - - 14335/181
972 
(7.9%) 


167637/181
972 
(92.1%)  
 


- - - Total: 
mean; 
2.8 days 
Low 
volume 
mean: 
2.9 (SD 
4.1)  
High 
volume 
mean: 
2.7 (SD 
4.0) 
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10.  Brook, 
199062 


1302 - - - - - (59%) - - (18%) - - 949/1296 
(73.2%) 
 


347/1296 
(26.8%) 


- - - - 


11.  Brott, 
198437 


371 431 259/431 
(60.2%)
xxx 


- - - - - - - 215/431 
(49.9%) 


216/431 
(50.1%) 


- - - - 
 


12.  Calvet, 
201486 


1679 1679 1200/16
79 
(71.5%) 


Mean: 69.4 
(SD 9.0) 


1072/16
69 
(64.2%)
xxxi 


1204/16
69 
(72.1%) 


661/107
8 
(61.3%) 


391/166
9 
(23.4%) 


401/166
9 (24%) 


184/1088 
(24%) 


1667/1667 
(100%) 


0 (0%) 323/1
679 
(19.2
%) 


1356/1
679 
(80.8%
) 


0% - 


13.  Cebul, 19989 678 678 364 
(53.7%) 


Mean: 73.1 
(range: 42-
95) 


211 
(31.1%)
xxxii 


478 
(70.5%) 


- 177 
(26.1%) 


153 
(22.6%)
xxxiii 


- 356/678 
(52.5%) 


322/678 
(47.5%) 


- - - - 


14.  Chang, 
201587 


1258 1258 1018* 
(80.9%) 


Mean: 71.2 
(SD: 10.1) 


- 1016* 
(80.8%) 


- 464* 
(36.9%) 


547* 
(43.5%) 
Myocard
ial 
infarctio
n:39* 
(3.1%) 


- - - - - - - 


15.  Christian, 
200319 


17015 17015 10224 
(60%) 


Mean: 69.4 - - - - - - - - - - - - 


16.  Cowan, 
200249 


35821 35821 - 
(56.8%) 


Mean: 71.1 - - - - 
(21.4%) 


- (9.3%) 
xxxiv 


- - - - - - 7393 
(20.6%) 
patients 
>4 days. 
28428 
(79.4%) 
patients 
≤4 days. 


17.  Dardik, 
200038 


9842 9842 5397 
(54.8%) 


Mean: 69.2 - 5818 
(59.1%) 


- 2277 
(23.1%) 


1469 
(14.9%) 


- 1769/9843 
(18.0%)  


8073/9842 
(82.0%) 


- - - Mean:4.6
5 days 


18.  Dua, 201610 Total 
databa
se:  
CEA: 
17459
76 
CAS: 
10466 
 
Analy
ses: 
CEA 
5398; 
CAS 
5398 


Total 
database
:  
CEA: 
1745976 
CAS: 
10466 
 
 
Analyses
: CEA 
5398; 
CAS 
5398  


- - - - - - - - Total 
database: 
CEA: 
162362 
/1745976 
(9.3%) 
CAS: 
3149 
/10466 
(30.1%) 
 
Analyses:  
CEA 
3149;  
CEA 3149 


Total 
database: 
CEA: 
1583614 
/1745976 
(90.7%) 
CAS: 7317 
/10466 
(69.9%) 
 
Analyses: 
CEA 2249; 
CAS 2249 


- - - - 
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19.  Edwards, 
199150 


11119 11119 - - - 3241 
(28.9%) 


- 1473 
(13.2%) 


1736 
(15.5%) 


- - - - - - Mean: 
11.2 days 


20.  Elixhauser, 
200373 


- - - Mean: 71.1 - - - - - - - - - - - - 


21.  Epstein, 
201493 


22708 22708 - (40%) Mean: 74 
(SD: 8) 


- - - (34%) (5.0%)
xxxv 


(15%) - - - - - - 


22.  Feasby, 
200239 


14268 14268 - 
(64.9%) 


Mean: 68.7 
(SD: 8.6) 


- - - (14.2%) (6.7%)
xxxvi 


- - - - - - - 


23.  Finks, 
201120 


16474
57 


1647457 - - - - - - - - - - - - - - 


24.  Fisher, 
198964 


- 2089 - - - - - - - - - - - - - - 


25.  Giacovelli, 
201021 


- CEA: 
41392  
CAS: 
6360 


CEA: - 
(57.07%
) 
CAS: - 
(60.69%
) 


CEA mean: 
72.57 
CAS mean: 
71.29 


- CEA: - 
(71.29%
) 
CAS: - 
(74.26%
) 


CEA: - 
(45.56%
) 
CAS: - 
(52.69%
) 


CEA: - 
(27.44%
) 
CAS: - 
(29.75%
) 


CEA: - 
(43.45%
) 
CAS: - 
(55.75%
) 
 


- CEA: 
3776 
(9.12%) 
CAS: 740 
(11.64%) 


CEA: 
37616 
(90.88%) 
CAS: 5620 
(88.36%) 


- - - - 


26.  Goodney, 
200840 


2714 3092 - (59%) Mean: 69 - (79%) 
xxxvii 


- (86%) - 
(67%)
xxxviii 


- (30%) - 
(35%)
xxxix 


- - (44%) - (56%) - - - - 


27.  Gray, 200241 126 136 64 
(47%) 


Mean: 72 
(SD: 9) 


90 
(66%)xl 


92 
(68%) 


68 
(50%)xli 


24 
(18%) 


61 
(45%)xlii 


- 57 
(42%)xliii 


79 (58%)xliv - - - Mean: 
3.0 days 


28.  Hannan, 
199851 


28207 28207 - 
(56.9%) 


Mean: 
69.7; 
Median: 70 


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


29.  Harthun, 
200574 


- 14095 8144 
(57.8%)
xlv 


Mean: 69.9  - 10904 
(77.4%) 


- 928 
(6.6%) 


4905 
(34.8%) 
xlvi 


- - - - - - - 


30.  Hawkins, 
201528 


- 19381 12403 
(64%) 


- - 17567 
(90.6%) 


16863 
(87.0%) 


7308 
(37.7%) 


10532 
(54.3%) 


3049 
(15.7%) 


8155 
(42.0%) 


11226 
(57.9%) 


- - - - 


31.  Hertzer, 
198452 


2646 - - - - - - - - - 1991/2646 
(75%) 


655/2646 
(25%) 


- - - - 


32.  Hsia, 199275 - 266802 150406 
(56.37%
) 


- - - - - - - - xlvii - - - - - 


33.  Hsia, 199876 - - - - - - - - - - - - - - - - 


34.  Huibers, 
201665 


1832 1979 1214 
(66.3%) 


- - 791 
(43.1%)
xlviii 
1195 
(65.2%)
xlix 


486 
(26.5%)l 
609 
(33.2%)li 


382 
(20.9%) 


615 
(33.6%) 


718 
(39.2%)lii 


0 (0%) 1832 
(100%) 


-liii - - - 


35.  Hung, 
201796 


3248 3576 2557 
(78.7%) 


Mean: 69.1  - 1937 
(59.6%) 


800 
(24.6%) 


953 
(29.3%) 


58 
(1.8%)liv 


- - - - - - Mean: 
9.8  
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36.  Jalbert, 
201588 


- 19724 11855 
(60.1%) 


Mean: 76.3  
(SD: 6.3) 


- 18887 
(95.8%) 


17767 
(90.1%) 


10983 
(55.7%) 


16497 
(83.6%) 


- 9357 
(47.4%) 


10367 
(52.6%) 


- - - - 


37.  Kantonen, 
199811 


- 1600 1136 
(71%) 


Mean: 63.7  - - - - - - 1376 
(86%) 


224 (14%) - - - - 


38.  Karp, 
199866 


- 1945 1051 
(53.2%) 


Mean: 72.3  - - - 388 
(19.9%) 


- - 973 
(48.5%) 


1002 
(51.5%) 


-lv - - - 


39.  Kempczinsk
i, 198642 


656 750 - (57%) Mean: 68.1  (45.2%) (61.5%) - (22.0%) (21.7%)
lvi 


- 369/750 
(49.2%) 
 


381/750 
(50.8%) 


- - - - 


40.  Kennedy, 
200722 


9276 9276 5299 
(57.1%) 


- 2410 
(26.0%) 


5988 
(64.6%) 


2302 
(24.8%) 


2223 
(24.0%) 


3165 
(34.1%) 


- 1456 
(15.7%) 


7820 
(84.3%) 


- - - - 


41.  Khuri, 
199924 


10173 10173 10021 
(98.5%) 


Mean: 67.2 
(SD: 7.8 
Range: 27-
100) 


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


42.  Kragsterma
n, 200423 


1411 1518 994/151
8 
(65.5%) 


68.8 
(range: 53-
90) 


574 
(37.8%) 


789 
(52.0%) 


- 209 
(13.8%) 


- - 1352/1518 
(89.1%) 


166/1518 
(10.9%) 


- - - - 


43.  Kucey, 
199843 


- 1280 847 
(66.1%) 


- 334 
(26.1%) 
580 
(45.3%)
lvii 


861 
(67.2%) 


420 
(32.8%) 


286 
(22.4%) 


494 
(38.6)lviii 


- 930/1280 
(72.7%)  
 


350/1280 
(27.3%) 


142 
(11.1
%) 


- - - 


44.  Kuehnl, 
201667 


CEA: 
16144
8 
CAS: 
17575 


CEA: 
161448 
CAS: 
17575 


Total: 
121870 
(68.1%) 
CEA: 
109684 
(67.9%)  
CAS: 
12186 
(69.3%) 


CEA: 
mean: 70.7 
(SD: 9.1.  
CAS: 
mean: 69.1 
(SD: 9.9) 


- - - - - - CEA: 
75710/161
448 
(46.9%) 
CAS: 
9215/1757
5 (52.4%) 


CEA: 
85738/1614
48 (53.1%) 
CAS: 
8360/17575 
(47.6%) 


CEA: 
11105 
(6.9%
) 
CAS: 
1661 
(9.5%
) 


CEA: 
148946 
(92.3%
) 
CAS: 
15003 
(85.4%
) 


CE
A: 
139
7 
(0.9
%) 
CA
S: 
911 
(5.2
%) 


- 


45.  Kuhan, 
200168 


- 741 509 
(60.4%) 


Median: 68 
(range: 38-
86) 


- - - 82 
(11.1%) 


316 
(42.6%)
lix 


- 646/741 
(87.2%) 


95/741 
(12.8%) 


- - - - 


46.  Kumamaru, 
201553 


45471
7 


454717 -lx - - - - - - - Both: 
distributio
n provided 
within 
different 
timeframe
s 


Both: 
distribution 
provided 
within 
different 
timeframes 


- - - - 


47.  Maas, 
201344 


841 841 534 
(63.5%) 


- 649 
(77.2%) 


748 
(88.9%) 


728 
(86.6%)
lxi 


251 
(29.8%) 


317 
(37.7%)
lxii 


254 
(30.2%) 


- (31%) 
 


- (69%) - - - - 
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48.  Manheim, 
199877 


- 106493 -lxiii - - - - - - - - - - - - - 


49.  Mao, 201754 - 68896 39454 
(57.3%) 


Mean: 71.5 - 49747 
(72.2%) 


- 20556 
(29.8%) 


28774 
(41.8%)
lxiv 


- - - - - - High-
volume: 
Median: 
1 (IQR: 
1-2) 
Low-
volume: 
Median: 
2 (IQR: 
1-3) 


50.  Matsen, 
200658 


74568 74568 Mean: 
54.7% 


Median: 
70.6 
(range: 33-
99) 


- - - - - - 15.2% 84.8% - - - - 


51.  Mattos, 
199545 


1981 2243 - (63%) Mean: 68 
(SD: 9) 


- - - - - - 1648/2243 
(73.5%) 


595/2243 
(26.5%) 


- - - - 


52.  Mayo, 
199859 


341 362 225 
(66%) 


Mean: 69 184 
(56%) 


229 
(68%) 


154 
(47%)lxv 


69 
(20%) 


155 
(46%) 


- 224/362 
(63%) 
Unknown: 
9/362 
(2.5%) 


129/362 
(37%) 
Unknown: 
9/362 
(2.5%) 


- - - - 


53.  McCollum, 
199712 


697 697 - Mean: 66.8 
(range: 34-
89) 


- - 
(53.3%) 


- - 
(15.9%) 


- 
(46.6%) 
lxvi 


- 640 
(91.8%) 


57 (8.2%) - - - Mean: 
7.1 (1-
91) 


54.  Meltzer, 
201755 


36495 36495 19996 
(54.8%) 


45-64y: 
8682 
(22.6%) 
65-74y: 
13597 
(35.3%) 
≥75y: 
16216 
(42.1%) 


- 28466 
(78.0%) 


- 12043 
(33.0%) 


16785 
(46.0%) 


- 0 36495 
(100%) 


- - - - 


55.  Middleton, 
200225 


666 666 447 
(67.1%) 


Mean: 72.6 - - - - - - 462 
(69.4%) 


204 
(30.6%) 


-lxvii - 1 
(0.2
) 


- 


56.  Modrall, 
201429 


- 6828 4117 
(60.3%) 


- - 4965 
(73.0%) 


- 1816 
(26.6%) 


758 
(11.7%) 
lxviii 


1106 
(16.2%) 


16.8% 83.8% 
 


- - - - 


57.  Nallamothu, 
201189 


24701 24701 14784 
(59.9%) 


- - - - - - - 12145/247
01 
(49.2%) 


12556/2470
1 (50.8%) 


- - - - 
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58.  Nault, 
200813 


279 279  - Mean: 69 
(range: 46-
91) 


- (37%) - (76%) - 
(74%)lxix 


- (29%) - 
(53%)lxx 


- 157 (56%) 122 (44%) - - - Mean: 3; 
Median: 
2 


59.  Nazarian, 
200814 


22772 22772 - 
(54.7%) 


Mean: 70.6 
(33-99) 


- - - - - - Both, but 
distributio
n unclear 


Both, but 
distribution 
unclear 


- - - - 


60.  O'Neill, 
200056 


- 12725 7375 
(58.0%) 


<65y: 2817 
(22.1%) 
65-74y: 
5675 
(44.6%) 
≥75y: 4098 
(32.2%) 


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


61.  Pearce, 
199915 


- 45744 26512 
(58%) 


Median: 72 
(IQR: 67-
77) 


- - - - - - - - - - - Median: 
3 (IQR 2-
5) 


62.  Peck, 200169 - 560 349 
(62.3%) 


Mean 68.2 175 
(31.2%) 


375 
(67.0%) 


- 81 
(14.5%) 


195 
(34.8%) 


- 321/560 
(57.3%) 
CEAs 
 


239/560 
(42.7%) 
CEAs 


- - - Low-
volume 
hospitals 
mean: 
1.6 days; 
median 1 
day 


63.  Perler, 
199878 


- 9918 - Mean: 69.2 
(SD: 8.7; 
range: 34-
92) 


- - - - - - - - - - - Mean: 
4.6 days 


64.  Reames, 
201479 


2000-
2001: 
14846
8 
2002-
2003: 
14413
0 
2004-
2005:  
11233
9 
2006-
2007: 
10303
8 
2008-
2009: 
12743
3 


2000-
2001: 
148468 
2002-
2003: 
144130 
2004-
2005:  
112339 
2006-
2007: 
103038 
2008-
2009: 
127433 


- - - - - - - - - - - - - - 
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65.  Reina-
Gutierrez, 
200380,81 


- 576 494* 
(85.7%) 


Mean: 68.8 466* 
(80.9%) 


404* 
(70.1%) 


- 190* 
(33.0%) 


273* 
(47.4%) 


- 383* 
(66.5%) 


193* 
(33.5%) 


- 560* 
(97.2%
) 


- - 


66.  Richardson, 
198960 


705 738 
Data on 
operator 
volume: 
586 


426 
(60.4%) 


Mean: 71.1 
(range: 47-
96) 


- - - - - - 589/738 
(79.8%) 
 


149/738 
(20.2%) 


- - - - 


67.  Roddy, 
200070 


- 10211. 
9600 in 
analysis 


- 
(55.2%) 


Mean: 70.5  - - - - - - - - - - - Mean: 
3.8 days 


68.  Rubin, 
198861 


7937 8535 4818 
/7937 
(60.7%) 


Mean: 65 -/7937 
(75.6%) 


-/7937 
(62.2%) 


- -/7937 
(21.9%) 


-/7937 
(68.6%)
lxxi 


- 7480/8535 
(87.6%) 
CEAs  


1055/8535 
(12.4%) 
CEAs 


- - - - 


69.  Ruby, 
199626 


- 3997.  
3880 in 
analysis 


- (60%) Mean: 68 
(range: 28-
94) 


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


70.  Sahni, 
201616 


18379
2 


- 105044 
(57.2%) 


Mean: 75.9 - - (28%) - - (13%) - - (16%) - - - - - - 


71.  Segal, 
199357 


5295 5657 - - - - - - - - - - - - - - 


72.  Sgroi, 
201531 


- 20663 12557/ 
20662 
(60.8%) 


Surgeon: 
mean 70.65 
(SD 9.96) 
Interventio
nalist: 
mean 70.95 
(SD 10.10) 


- - - - - - - - - - - Surgeon: 
mean 
2.81 (SD 
4.29) 
Interventi
onalist: 
mean 
3.08 (SD 
4.70) 


73.  Shishehbor, 
201432 


5841 5841 3632/58
41 
(62%) 


Mean: 72 
(SD: 10) 


1328/ 
5650 
(24%)
lxxii 


5239/58
18 
(90%) 


5034/57
60 
(87%) 


2180/58
28 
(37%) 


3808/56
94 
(67%)
lxxiii 


- 755/5613 
(13.5%) 


4858/5613 
(86.5%) 


-; for all patients: Mean 
stenosis 85% (SD: 8%) 


- 


74.  Sidawy, 
200994 


CAS: 
2763 
Patien
ts with 
30-
days 
outco
me: 
CAS: 
1450 


CAS: 
2763 
Patients 
with 30-
days 
outcome
: 
CAS: 
1450 


CAS 
with 
informat
ion on 
30-day 
outcome
: 
863 
(59.5%) 


CAS with 
information 
on 30-day 
outcome: 
Mean 
70.78 (SD: 
10.03; 
range: 37-
94) 
 


CAS 
with 
informat
ion on 
30-day 
outcome
: 860 
(59.3%)
lxxiv 


CAS 
with 
informat
ion on 
30-day 
outcome
: 1183 
(81.6%) 


- CAS 
with 
informat
ion on 
30-day 
outcome
: 478 
(33.0%) 


CAS 
with 
informat
ion on 
30-day 
outcome
: 890 
(61.4%)
lxxv 


CAS with 
informatio
n on 30-
day 
outcome 
364 
(25.1%) 


645/1450 
(44.5%) 


805/1450 
(55.5%) 


- - - - 


75.  Sidloff, 
201417 


15751 15751 - - - - - - - - - - - - - - 
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76.  Slavish, 
198446 


743 743 468 
(63%) 


Mean: 65 
(range 40-
81) 


- - - - - - 553/743 
(74%) 


190/743 
(26%) 


- - - - 


77.  Steppacher, 
200990 


- 4001 2481* 
(62.0%) 


Mean: 71.1 - 3033* 
(75.8%) 


- 1216* 
(30.4%) 


1944* 
(48.6%) 


- 348 
(8.7%) 


3653 
(91.3%) 


- - - Mean 3.0 
(SD 4.7) 
days. 
Median 1 
(range 0-
85) days 


78.  Teso, 200482 12618 12618 - (58%) Mean +/- 
70 years 
(data 
presented 
in figure) 


- (4%) - (67%) - - (25%) - (17%) - (8%) Between 
10 and 
20% (data 
presented 
in figure) 


Between 80 
and 90% 
(data 
presented 
in figure) 


- - - Mean: 
2.8 days 


79.  Theiss, 
200833 


- 5341 3421/48
34 
(70.8%) 


Median: 70 
(range: 32-
96) 


- - - - - - 2921/5333 
(54.8%) 


2412/5333 
(45.2%) 


- - - Median: 
2 days 


80.  Tsai, 201595 2849 2849 2230 
(78.3%) 


Mean: 70.3 
(SD 10.8) 


- 2628 
(92.2%) 


1578 
(55.4%)  


1190 
(41.8%) 


281 
(9.9%)
lxxvi 


 2698/2849 
(94.7%) 


151/2849 
(5.3%) 


- - - - 


81.  Tu, 199883 Total 
1989-
1990 
& 
1992-
1993: 
47541 
1989-
1990: 
20006 
1992-
1993: 
27535 


Total 
1989-
1990 & 
1992-
1993: 
47541 
1989-
1990: 
20006 
1992-
1993: 
27535 


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


82.  Vogel, 
200991 


625 625 - Vascular 
surgeon: 
mean: 71.7 
(SD: 8.98) 
ys 
Cardiologis
t: Mean 
72.0 (SD: 
9.51) ys 
Radiologist
s: mean: 
71.3 (SD: 
7.9) ys 


- - - - - - 22 (3.5%) 603 
(96.5%) 


- - - Vascular 
surgeons: 
Mean: 
1.64 (SD: 
1.40) 
days 
Cardiolo
gist:  
Mean: 
2.14 (SD: 
3.37) 
days 
Radiolog
ist: 
Mean: 
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2.83 (SD: 
5.15) 
days 
Low 
volume 
physician
: mean: 
2.4 (SD: 
4.1) days 
Medium 
volume 
physician
: mean: 
1.7 (SD: 
1.2) days 
High 
volume 
physician
: mean: 
1.7 (SD: 
1.4) days 


83.  Vogel, 
201034 


18599 18599 11371 
(61.2%) 


Mean: 71.6 
(SD: 9.6) 


- - - - - - 0 (0%) 18599 
(100%) 


- - - Low-
volume 
hospital: 
mean: 
1.64 
(SD:2.10
) days 
High-
volume 
hospital: 
mean: 
1.45 (SD: 
1.21) 
days 
Low-
volume 
physician
s: mean: 
1.70 (SD: 
2.14) 
days 
High-
volume 
physician
s: mean: 
1.36 (SD: 
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1.36) 
days 


84.  Waljee, 
200618 


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


85.  Wennberg, 
199884 


11330
0 


113300 - 
(56.3%) 


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


86.  Westvik, 
200685 


14288 14288 8378/14
288 
(59%) 


- - 9558/14
288 
(67%) 


- 3534/14
288 
(25%) 


2542/14
288 
(18%)
lxxvii 


- 2488/1428
8 (17.4%) 


11800/1428
8 (82.6%) 


- - - Mean: 
3.4 


87.  Yuo, 201327 - Multivar
iable 
analysis 
CEA: 
26841 
CAS: 
3476 


CEA: -/- 
(57%) 
CAS: -/- 
(56%)  
 


CEA: - 
CAS: - 


CEA: - 
CAS: - 


CEA: 
10%lxxviii 
CAS: 
11%lxxix 


CEA: - 
CAS: - 


CEA: 
5% 
CAS: 
4% 


CEA: - 
CAS: - 


CEA: - 
CAS: - 


CEA: 0 
(0%) 
CAS: 0 
(0%) 


CEA: 
26841 
(100%) 
CAS: 3476 
(100%) 


CEA: 
- 
CAS: 
- 


CEA: - 
CAS: - 


CE
A: - 
CA
S: - 


CEA: - 
CAS: - 


N, number of patients unless indicated as procedures; SD, standard deviation, IQR interquartile range. 
*The number for this characteristic is only presented in the original study per procedure and not per patient 
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Table S7. Summary of number of studies and patients per determinant and procedural outcome according to the 
modality of carotid revascularizationa 


 Carotid endarterectomy  
N of studies  


(N of patients) 


Carotid artery stenting 
N of studies  


(N of patients) 
Procedural outcome  Operator Volume Hospital Volume Operator Volume Hospital Volume 


Death or Stroke 14  
(38681) 


15  
(264291) 


3 
(9765) 


3 
(29276) 


Death 23  
(1026155) 


28  
(>2121916)b 


3 
(48426) 


6 
(86567) 


Stroke 18  
(254828) 


15  
(364100) 


4 
(24483) 


5 
(48407) 


MI 3 
 (70197) 


5  
(29874) 


0 2 
(4299) 


Death, Stroke, or MI 1 
 (1302) 


2 
(16120) 


2 
(6255) 


3 
(10140) 


Cranial nerve injury 1 
(881) 


2 
(1136) 


NA NA 


MI, myocardial infarction; N, number of studies; NA, not applicable. 
aIn this table, the number of studies and patients are displayed only for those studies that provided a quantified estimation of the volume-outcome relationship and did report this for volume-
categories.  
bNeither the number of patients nor the number of procedures was provided in two studies. 
If only the number of procedures was provided, we assumed the number of patients to be equal to the number of procedures.  
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Table S8. Risk of bias summary 
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1.  AbuRahma, 198835 - - - + + - - + 3 


2.  AbuRahma, 201336 - - - + + + - + 4 


3.  AbuRahma, 201792 - - + + + + - + 5 


4.  Asaph, 19918 - - - + + - - + 3 


5.  Birkmeyer, 200271 + + - - - + + + 5 


6.  Birkmeyer, 200347 + + - - - +  + + 5 


7.  Boudourakis, 200948 + + - + - + - + 5 


8.  Bratzler, 199663 + + - - + - + + 5 


9.  Brinjikji, 201572 + + - + - - + + 5 


10.  Brook, 199062 + + - - + + + + 6 


11.  Brott, 198437 + + - + + - - + 5 


12.  Calvet, 201486 - + + - + + + + 6 


13.  Cebul, 19989 - + - - + + - + 4 


14.  Chang, 201587 + + - + - - + + 5 


15.  Christian, 200319 - + - + - + - + 4 


16.  Cowan, 200249 + + - + - + - + 5 


17.  Dardik, 200038 + + - + - + - + 5 


18.  Dua, 201610 + + - + - + - + 5 


19.  Edwards, 199150 + + - + - - - + 4 


20.  Elixhauser, 200373 + + - + - - - + 4 


21.  Epstein, 201493 + + - - - + + + 5 


22.  Feasby, 200239 + + - + - + - + 5 


23.  Finks, 201120 + + - - - - - + 3 


24.  Fisher, 198964 + + - - + + - + 5 
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25.  Giacovelli, 201021 + + - + - + + + 6 


26.  Goodney, 200840 - + + + + - + + 6 


27.  Gray, 200241 - - - + + - - + 3 


28.  Hannan, 199851 + + - + + - - + 5 


29.  Harthun, 200574 - + - + - + - + 4 


30.  Hawkins, 201528 - + - + + - - + 4 


31.  Hertzer, 198452 - + - + + - - + 4 


32.  Hsia, 199275 + + - - - - + + 4 


33.  Hsia, 199876 + + - - - - + + 4 


34.  Huibers, 201665 - + + - + - + + 5 


35.  Hung, 201796 + + - + - + - + 5 


36.  Jalbert, 201588 + + - - - + + + 5 


37.  Kantonen, 199811 + + - + + - + + 6 


38.  Karp, 199866 + + - - + - + + 5 


39.  Kempczinski, 198642 - + - + + - - + 4 


40.  Kennedy, 200722 - + - - - - - + 2 


41.  Khuri, 199924 - + + + + - - + 5 


42.  Kragsterman, 200423 + + + + + - + + 7 


43.  Kucey, 199843 - + - + + + - + 5 


44.  Kuehnl, 201667 + + - + + + - + 5 


45.  Kuhan, 200168 - + - + + - - + 4 


46.  Kumamaru, 201553 + + - - - + + + 5 


47.  Maas, 201344 - - + + + + + + 6 


48.  Mao, 201754 + + - + - + - + 5 


49.  Manheim, 199877 - + - + - + - + 4 
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50.  Matsen, 200658 + + - + - - - + 4 


51.  Mattos, 199545 - + - + + - - + 4 


52.  Mayo, 199859 - + + - + - - + 3 


53.  McCollum, 199712 - + + + + - - + 5 


54.  Meltzer, 201755 + + - + - + - + 5 


55.  Middleton, 200225 - + + + + - - + 5 


56.  Modrall, 201429 + + - + - - - + 4 


57.  Nallamothu, 201189 + + - - - + - + 4 


58.  Nault, 200813 - + + + + - - + 5 


59.  Nazarian, 200814 + + - + - - - + 4 


60.  O'Neill, 200056 - + - + - - - + 3 


61.  Pearce, 199915 - + - + - - - + 3 


62.  Peck, 200169 - + - + + - - + 4 


63.  Perler, 199878 + + - - - - - + 3 


64.  Reames, 201479 + + - - - + + + 5 


65.  Reina-Gutierrez, 200380,81 - + - + - - - + 3 


66.  Richardson, 198960 + + - - + - - + 5 


67.  Roddy, 200070 + + - + - - - + 4 


68.  Rubin, 198861 - + - + + - - + 4 


69.  Ruby, 199626 + + - + - - - + 4 


70.  Sahni, 201616 + + - - - + - + 4 


71.  Segal, 199357 + + - - - - - + 3 


72.  Sgroi, 201531 + + - + - - - + 4 


73.  Shishehbor, 201432 - + + - + - - + 4 


74.  Sidawy, 200994 - + + + + - - - 4 
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75.  Sidloff, 201417 + + - + + - - + 5 


76.  Slavish, 198446 - - + + + - - + 4 


77.  Steppacher, 200990 + + - + - - - + 4 


78.  Teso, 200482 + + - - - + - + 4 


79.  Theiss, 200833 - + + + + - - + 5 


80.  Tsai, 201595 + + - + - + - + 5 


81.  Tu, 199883 + + - + - + - + 5 


82.  Vogel, 200991 + + - + - - - + 4 


83.  Vogel, 201034 + + - + - + - + 5 


84.  Waljee, 200618 + + - - - - - + 3 


85.  Wennberg, 199884 + + - - - - - + 3 


86.  Westvik, 200685 - + - + - + - + 4 


87.  Yuo, 201327 + + - + - + - + 5 
- indicates high risk of bias; + indicates low risk of bias. 
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Table S9. Sensitivity analyses for the primary outcome procedural death or stroke 


 Operator volume Hospital volume 
Unadjusted RR [95%CI]  


(N of cohorts) 
Adjusted OR [95%CI]  


(N of cohorts) 
Unadjusted RR [95%CI]  


(N of cohorts) 
Adjusted OR [95%CI]  


(N of cohorts) 
 


Sensitivity analysis of carotid endarterectomy 
 
All cohorts included in the 
meta-analyses 


0.59 [0.42-0.83] 
(N = 9)36,37,39,41,42,44-46,111 


OR: 0.40 [0.21-0.76] 
(N = 1)a 26 


0.50 [0.28-0.87] 
(N = 3)38,43,44 


0.68 [0.51-0.92] 
(N = 9)42,63-70 


0.62 [0.42-0.90] 
(N = 5)9,21,38,64,65 


RR: 0.74 [0.60-0.90] 
(N = 1)67 


Limited to cohorts from 
North-America 


0.59 [0.42-0.83] 
(N = 9)36,37,39,41,42,44-46,111 


OR: 0.40 [0.21-0.76] 
(N = 1)a 26 


0.50 [0.28-0.87] 
(N = 3)38,43,44 


0.73 [0.45-1.19] 
(N = 6)42,63,64,66,69,70 


0.57 [0.33-0.96] 
(N = 4)9,21,38,64 


RR: No cohorts remained 


Limited to cohorts 
adjusting for symptomatic 
status 


NA 0.25 [0.10-0.61] 
(N = 1)43 


NA 0.85 [0.66-1.09] 
(N = 1)21 


RR: 0.74 [0.60-0.90] 
(N = 1)67 


Limited to cohorts 
adjusting for the other 
volume determinant 


NA 0.640 [0.413-0.992] 
(1 cohort adjusted for hospital 


volume)38 


NA 0.45 [0.23-0.87] 
(3 cohorts adjusted for operator 


volume) 
RR: No cohorts remained 


Limited to cohorts with 
midyear of treatment equal 
or above the median 


0.48 [0.33-0.70] 
(N = 5)36,39,41,44,45 


Median midyear: 1984 
OR: 0.40 [0.21-0.76] 


(N = 1)a 26 


Median midyear: 1988 


0.38 [0.16-0.90] 
(N = 2)43,44 


Median midyear: 1995 


0.80 [0.52-1.24] 
(N = 5)65,67-70 


Median midyear: 1995 


0.62 [0.36-1.08] 
(N = 3)9,21,65 


Median midyear: 1993 
RR: 0.74 [0.60-0.90] 


(N = 1)67 
Median midyear: 2011 


Limited to cohorts with 
low volume equal or above 
the median 


0.55 [0.36-0.85] 
(N = 6)36,41,42,44-46 


0.38 [0.16-0.90] 
(N = 2)43,44 


0.85 [0.61-1.17] 
(N = 5)42,63,65,68,69 


0.62 [0.36-1.08] 
(N = 3)9,21,65 
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Median low-volume threshold: 
< 10 / year 


OR: 0.40 [0.21-0.76] 
(N = 1)a 26 


Median low-volume threshold: 
≤1 / year 


Median low-volume threshold: 
< 6 / year 


Median low-volume threshold: 
< 50 / year 


Median low-volume threshold: 
< 33 / year 


RR: 0.74 [0.60-0.90] 
(N = 1)67 


Median low-volume threshold: 
1-10 / year 


Limited to cohorts with 
high volume equal or 
below the median 


0.65 [0.42-0.99] 
(N = 5)37,39,41,45,111 


Median high-volume threshold: 
> 15 / year 


OR: 0.40 [0.21-0.76] 
(N = 1)a 26 


Median high-volume threshold: 
> 10 / year 


0.44 [0.18-1.08] 
(N = 2)38,43 


Median high-volume threshold: 
≥ 30 / year 


0.65 [0.40-1.06] 
(N = 5)63,64,66,68,70 


Median high-volume threshold: 
> 54 / year  


0.45 [0.23-0.87] 
(N = 3)9,38,64 


Median high-volume threshold: 
> 62 / year 


RR: 0.74 [0.60-0.90] 
(N = 1)67 


Median high-volume threshold: 
80 - 734 / year 


 
Sensitivity analysis of carotid artery stenting 


 
All cohorts included in the 
meta-analyses 


0.50 [0.32-0.79] 
(N = 1)86 


0.43 [0.20-0.95] 
(N = 1)87 


RR: 0.43 [0.26-0.74] 
(N = 1)b 86 


0.72 [0.49-1.06] 
(N = 2)33,67 


0.46 [0.26-0.80] 
(N = 1)21 


RR: 0.93 [0.50-1.69] 
(N = 1)67 


Limited to cohorts from 
North-America 


No cohorts remained No cohorts remained No cohorts remained No cohorts available 


Limited to cohorts 
adjusting for symptomatic 
status 


NA No cohorts remained NA No cohorts available 


Limited to cohorts 
adjusting for the other 
volume determinant 


NA 0.43 [0.20- 0.95] 
(1 cohort adjusted for hospital 


volume)87 


NA No cohorts available 


Limited to cohorts with 
midyear of treatment equal 
or above the median 


0.50 [0.32-0.79] 
(N = 1)86 


Median midyear: 2007 


0.43 [0.20-0.95] 
(N = 1)87 


Median midyear: 2006 
RR: 0.43 [0.26-0.74] 


0.96 [0.54-1.68] 
(N = 1)67 


Median midyear: 2006/2007 


0.46 [0.26-0.80] 
(N = 1)21 


Median midyear: 2006 
RR: 0.93 [0.50-1.69] 
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(N = 1)b 86 


Median midyear: 2004 
(N = 1)67 


Median midyear: 2011 
Limited to cohorts with 
low volume equal or above 
the median 


0.50 [0.32-0.79] 
(N = 1)86 


Median low-volume threshold: 
≤ 3.2 / year 


0.43 [0.20- 0.95] 
(N = 1)87 


Median low-volume threshold: 
< 40 / year 


RR: 0.43 [0.26-0.74] 
(N = 1)b 86 


Median low-volume threshold: 
≤ 3.2 / year 


0.63 [0.48-0.83] 
(N = 1)33 


Median low-volume threshold: 
< 26 / year 


0.46 [0.26-0.80] 
(N = 1)21 


Median low-volume threshold: 
1 - 17 / year 


RR: 0.93 [0.50-1.69] 
(N = 1)67 


Median low-volume threshold: 
1 - 2 / year 


Limited to cohorts with 
high volume equal or 
below the median 


0.50 [0.32-0.79] 
(N = 1)86 


Median high-volume threshold: 
> 5.6 / year 


 


0.43 [0.20- 0.95] 
(N = 1)87 


Median high-volume threshold:  
≥ 40 / year 


RR: 0.43 [0.26-0.74] 
(N = 1)b 86 


Median high-volume threshold: 
> 5.6 / year 


0.96 [0.54-1.68] 
(N = 1)67 


Median high-volume threshold: 
> 38.5 / year 


0.46 [0.26-0.80] 
(N = 1)21 


Median high-volume threshold: 
> 122 / year 


RR: 0.93 [0.50-1.69] 
(N = 1)67 


Median high-volume threshold: 
> 27-240 / year 


CI, confidence interval; N, number; NA, not applicable; OR, odds ratio; RR, relative risk. Pooled estimates are calculated based on a random effects model weighting the individual cohorts with the 
generic inversed variance method. Statistically significant risk estimates are displayed in a bold font.  
aOne cohort provided an unadjusted OR bOne cohort provided an adjusted RR. 


 
 
  







124 
 


Table S10. Pooled estimates per outcome with references 
 Operator volume Hospital volume 


Unadjusted 
RR [95%-CI] 
(N of cohorts) 


Adjusted 
OR [95%-CI] 
(N of cohorts) 


Unadjusted 
RR [95%-CI] 
(N of cohorts) 


Adjusted 
OR [95%-CI] 
(N of cohorts) 


Procedural outcomes for CEA 
Death or stroke 0.59 [0.42-0.83] 


(N = 9)36,37,39,41,42,44-46,111 
OR: 0.40 [0.21-0.76] 


(N = 1)26 


0.50 [0.28-0.87] 
(N = 3)38,43,44 


0.68 [0.51-0.92] 
(N = 9)42,63-70 


0.62 [0.42-0.90] 
(N = 5)9,21,38,64,65 


RR: 0.74 [0.60-0.90] 
(N = 1)67 


Death  0.60 [0.52-0.69] 
(N = 22)14,25,35-37,41-43,45,46,48-50,52-


54,56,57 


0.67 (0.61-0.74)  
(N = 10)16,38,47-49,53,54 


0.71 [0.62-0.82] 
(N = 17)14,42,49,50,57,64,67,70-72,74,80-84 


0.78 [0.72-0.84] 
(N = 12)19,38,49,64,71,74,79,82 


RR: 0.74 [0.53-1.02] 
(N = 1)67 


Stroke 0.56 [0.49-0.64] 
(N = 14)35-37,41,43,45,46,49,50,54,58-61 


0.55 [0.41-0.75] 
(N = 3)36,38,54 


0.83 [0.76-0.90] 
(N = 11)42,49,50,58,59,63,70,72,74,80-82 


0.62 [0.50-0.77] 
(N = 3)38,74,82 


MI 0.33 [0.20-0.53] 
(N = 3)35,36,54 


0.55 [0.31-0.97] 
(N = 1)54 


0.65 [0.42-0.99] 
(N = 4)65,69,80-82 


1.22 [0.96-1.56] 
(N = 2)65,82 


Death, stroke, or MI NA 1.08 [0.64-1.82] 
(N = 1)62 


0.70 [0.41-1.20] 
(N = 1)65 


1.48 [0.19-11.70] 
(N = 2)65,85 


Cranial nerve injury 0.68 [0.15-3.10] 
(N = 1)36 


NA 0.23 [0.04-1.39] 
(N = 2)69,80,81 


NA 


Procedural outcomes for CAS 
Death or stroke 0.50 [0.32-0.79] 


(N = 1)86 
0.43 [0.20-0.95] 


(N = 1)87 
RR: 0.43 [0.26-0.74] 


(N = 1)86 


0.72 [0.49-1.06] 
(N = 2)33,67 


0.46 [0.26-0.80] 
(N = 1)21 


RR: 0.93 [0.50-1.69] 
(N = 1)67 


Death 0.57 [0.44-0.74] 
(N = 2)89,90 


0.5 [0.4-0.7] 
(N = 1)89 


0.70 [0.51-0.98] 
(N = 4) 67,72,88,94 


0.59 [0.46-0.77] 
(N = 2)88,93 


RR: 0.65 [0.28-1.52] 
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(N = 1)67 
HR: 1.36 [0.74-2.49] 


(N = 1)95 
Stroke 0.67 [0.50-0.90] 


(N = 2)34,90 
0.67 [0.49-0.92] 


(N = 2)34,87 
0.81 [0.71-0.92] 
(N = 4)34,72,94,96 


0.76 [0.62-0.92] 
(N = 2)34,96 


HR: 1.04 [0.62-1.74] 
(N = 1)95 


MI NA NA 1.46 (0.19-11.00) 
(N = 1)94 


HR: 0.38 [0.04-3.34] 
(N = 1)95 


Death, stroke, or MI 0.42 [0.17-1.05] 
(N = 1)92 


0.4 [0.15-1.07] 
(N = 1)92 


0.94 (0.44-2.00) 
(N = 1)94 


HR: 1.10 [0.75-1.63] 
(N = 1)95 


CAS, carotid artery stenting; CEA, carotid endarterectomy; CI, confidence interval; MI, myocardial infarction; N, number; NA, no cohorts available; OR, odds ratio; RR, relative risk.  
All risk estimates represent the comparison of high volume with low volume taken as reference category.  
Pooled estimates are calculated based on a random effects model weighting the individual cohorts with the generic inversed variance method. Statistically significant risk estimates are 
displayed in a bold font. 
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i Hospitals that saw >130 CEAs per year had an odds ratio of death of 0.945 per additional procedure annually 
(P = .013), or 0.055 decrease in the odds of death. 
ii Outcome in this study was provided per CEA, not per patient. 
iii Outcome in this study was provided per CEA, not per patient. 
iv Also continuously assessed. Only textually mentioned: “When surgeon volume was assessed as a continuous 
variable, it was inversely related to operative mortality for all eight procedures (P=0.003 for lung resection, 
P<0.001 for all other procedures). The strength of the inverse association between surgeon volume and outcome 
varied markedly according to the procedure in terms of both the absolute operative mortality rate (Fig. 1) and 
the adjusted odds ratio for operative death (Table 2).” 
v Data on 8 hospitals in provided. Not cut-off point. 
vi When continuously assessed, there was no significant relationship between hospital volume and operative 
mortality for CEA (P = .20). 
vii No definition of cardiac event was provided. 
viii Considering the unadjusted risk estimate, the values for the adjusted risk estimate are in the opposite 
direction. Although this could happen in a multivariable analysis, multicollinearity or an unintentional error (e.g. 
reference and index category are switched) could also be responsible for such a change in the effect direction. 
We contacted the authors about this issue. However, the original data could not be retrieved and thus the 
analyses could not be re-ran. Therefore we have insufficient reasons to exclude this data and have included this 
value within all applicable analyses. 
ix Considering the unadjusted risk estimate, the values for the adjusted risk estimate are in the opposite direction. 
Although this could happen in a multivariable analysis, multicollinearity or an unintentional error (e.g. reference 
and index category are switched) could also be responsible for such a change in the effect direction. We 
contacted the authors about this issue. However, the original data could not be retrieved and thus the analyses 
could not be re-ran. Therefore we have insufficient reasons to exclude this data and have included this value 
within all applicable analyses. 
x Considering the unadjusted risk estimate, the values for the adjusted risk estimate are in the opposite direction. 
Although this could happen in a multivariable analysis, multicollinearity or an unintentional error (e.g. reference 
and index category are switched) could also be responsible for such a change in the effect direction. We 
contacted the authors about this issue. However, the original data could not be retrieved and thus the analyses 
could not be re-ran. Therefore we have insufficient reasons to exclude this data and have included this value 
within all applicable analyses. 
xi Considering the unadjusted risk estimate, the values for the adjusted risk estimate are in the opposite direction. 
Although this could happen in a multivariable analysis, multicollinearity or an unintentional error (e.g. reference 
and index category are switched) could also be responsible for such a change in the effect direction. We 
contacted the authors about this issue. However, the original data could not be retrieved and thus the analyses 
could not be re-ran. Therefore we have insufficient reasons to exclude this data and have included this value 
within all applicable analyses. 
xii Since the relationship between surgeon’s specialty and outcome was only provided for patients undergoing 
CAS, we provided the data for CAS only where possible. 
xiii Data provided per procedure, not per patient. 
xiv Data provided per procedure, not per patient. 
xv Data provided per procedure, not per patient. 
xvi Data provided per procedure, not per patient. 
xvii Data provided per procedure, not per patient. 
xviii Data provided per procedure, not per patient. 
xix Data provided per procedure, not per patient. 
xx Ischemic cardiac disease was defined as coronary artery disease. 
xxi Data provided per procedure, not per patient. 
xxii Data provided per procedure, not per patient. 
xxiii Data provided per procedure, not per patient. 
xxiv Data on degree of stenosis was only reported for asymptomatic patients.  
xxv Data on degree of stenosis was only reported for asymptomatic patients. 
xxvi Data on degree of stenosis was only reported for asymptomatic patients. 
xxvii Ischemic cardiac disease was defined as coronary artery disease. 
xxviii Data provided per procedure, not per patient. 
xxix Data provided per procedure, not per patient. 
xxx Data provided per procedure, not per patient. 
xxxi Smoking was defined as any smoking history (current or past). 
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xxxii Smoking was defined as past or present smoker. 
xxxiii Ischemic cardiac disease was defined as previous myocardial infarction. 
xxxiv Ischemic cardiac disease was defined as myocardial infarction. 
xxxv Ischemic cardiac disease was defined as prior acute myocardial infarction. 
xxxvi Ischemic cardiac disease was defined as old myocardial infarction. 
xxxvii Smoking was defined as current or prior. 
xxxviii Hypercholesterolemia was defined as pre-operative statin use. 
xxxix Ischemic cardiac disease was defined history of coronary disease. 
xl Smoking was defined as current or former smoker. 
xli Hypercholesterolemia was defined as dyslipidemia. 
xlii Ischemic cardiac disease was defined as coronary artery disease 
xliii Symptomatology was provided per operation, not per patient. 
xliv Symptomatology was provided per operation, not per patient. 
xlv Data was provided per procedure, not per patient. 
xlvi Ischemic cardiac disease was defined as chronic coronary artery disease. 
xlvii Presenting symptoms are not provided in this study. The authors provide an overview of other diagnoses 
based on ICD-coding, including stroke and TIA, but their relationship to the performed carotid endarterectomy 
is unknown. 
xlviii Hypertension was defined as prerandomization bloodpressure ≥160mmHg. 
xlix Number of patients using antihypertensive treatment. 
l Hypercholesterolemia was defined as prerandomization cholesterol >6.5.  
li Number of patients using lipid lowering treatment. 
lii Presenting symptoms were defined as TIA or stroke >6 months before inclusion. 
liii The degree of stenosis was provided with different cut-off points. 
liv Ischemic cardiac disease was defined as myocardial infarction. 
lv The degree of stenosis was provided with different cut-off points. 
lvi Ischemic cardiac disease was defined as myocardial infarct. 
lvii The number of patients was provided for current and former smoker respectively. 
lviii Ischemic cardiac disease was defined as coronary heart disease. 
lix Ischemic cardiac disease was defined as angina, previous myocardial infarction, heart failure or cardiac 
arrhythmia. 
lx Absolute number of patients within the different cohorts was not provided, only the percentages. 
lxi Hypercholesterolemia was defined as dyslipidemia. 
lxii Ischemic cardiac disease was defined as coronary artery disease. 
lxiii Unable to extract this characteristic. 
lxiv Ischemic cardiac disease was defined as coronary heart disease. 
lxv Hypercholesterolemia was defined as hyperlipidemia. 
lxvi Ischemic cardiac disease was defined as symptomatic ischaemic heart disease. 
lxvii Data on degree of stenosis are provided, but different cut-offs. 
lxviii Ischemic cardiac disease was defined as myocardial infarction. 
lxix Hypercholesteromia was defined as hyperlipidemia. 
lxx Ischemic cardiac disease was defined as coronary artery disease. 
lxxi Ischemic cardiac disease was defined as cardiac disease. 
lxxii Smoking was defined as current tabacco user. 
lxxiii Ischemic cardiac disease was defined as coronary artery disease. 
lxxiv Smoking was defined as current or past smoker. 
lxxv Ischemic cardiac disease was defined as coronary artery disease. 
lxxvi Ischemic cardiac disease was defined as myocardial infarction. 
lxxvii Ischemic cardiac disease was defined as heart disease, but not further specified. 
lxxviii Hypertension was defined as complicated hypertension. This was not further specified. 
lxxix Hypertension was defined as complicated hypertension. This was not further specified. 
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Appendix S1. Checklists for reporting standards  
PRISMA Checklist 1 
 


Section/topic  # Checklist item  Reported 
TITLE    
Title  1 Identification as a systematic review, meta-analysis, or both.  ✓ 
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.  
✓ 


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    







4 


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.  ✓ 
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.  
✓ 
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MOOSE Checklist for Meta-analyses of Observational Studies 2 


Item No Recommendation Reported 


Reporting of background should include 


1 Problem definition ✓ 


2 Hypothesis statement ✓ 


3 Description of study outcome(s) ✓ 


4 Type of exposure or intervention used ✓ 


5 Type of study designs used ✓ 


6 Study population ✓ 


Reporting of search strategy should include 


7 Qualifications of searchers (eg, librarians and investigators) ✓ 


8 Search strategy, including time period included in the synthesis and key words ✓ 


9 Effort to include all available studies, including contact with authors ✓ 


10 Databases and registries searched ✓ 


11 Search software used, name and version, including special features used (eg, 
explosion) 


✓ 


12 Use of hand searching (eg, reference lists of obtained articles) ✓ 


13 List of citations located and those excluded, including justification ✓ 


14 Method of addressing articles published in languages other than English ✓ 


15 Method of handling abstracts and unpublished studies ✓ 


16 Description of any contact with authors Not applicable 


Reporting of methods should include 


17 Description of relevance or appropriateness of studies assembled for assessing 
the hypothesis to be tested 


✓ 


18 Rationale for the selection and coding of data (eg, sound clinical principles or 
convenience) 


✓ 


19 Documentation of how data were classified and coded (eg, multiple raters, 
blinding and interrater reliability) 


✓, no inter-rater 
reliability has 


been calculated 
20 Assessment of confounding (eg, comparability of cases and controls in studies 


where appropriate) 
✓ 


21 Assessment of study quality, including blinding of quality assessors, stratification 
or regression on possible predictors of study results 


✓ 


22 Assessment of heterogeneity ✓ 


23 Description of statistical methods (eg, complete description of fixed or random 
effects models, justification of whether the chosen models account for predictors 
of study results, dose-response models, or cumulative meta-analysis) in sufficient 
detail to be replicated 


✓ 


24 Provision of appropriate tables and graphics ✓ 


Reporting of results should include 


25 Graphic summarizing individual study estimates and overall estimate No graphs used 


26 Table giving descriptive information for each study included ✓ 
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27 Results of sensitivity testing (eg, subgroup analysis) ✓ 


28 Indication of statistical uncertainty of findings ✓ 


Reporting of discussion should include 


29 Quantitative assessment of bias (eg, publication bias) ✓ 


30 Justification for exclusion (eg, exclusion of non-English language citations) ✓ 


31 Assessment of quality of included studies ✓ 


Reporting of conclusions should include 


32 Consideration of alternative explanations for observed results ✓ 


33 Generalization of the conclusions (ie, appropriate for the data presented and 
within the domain of the literature review) 


✓ 


34 Guidelines for future research ✓ 


35 Disclosure of funding source ✓ 
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Appendix S2. Search strategies 
 
PubMed search 
 
1. "Hospitals, Low-Volume"[Mesh] OR "Hospitals, High-Volume"[Mesh]  
2. "Health Facility Size"[Mesh] 
3. "Hospitals/statistics and numerical data"[Mesh] 
4. Hospital[tiab] OR hospitals[tiab] OR "Health facility"[tiab] OR "health facilities"[tiab] OR 
Provider[tiab] OR providers[tiab] 
5. Size[tiab] OR sizes[tiab] OR Volume[tiab] OR volumes[tiab] OR capacity [tiab] OR 
capacities[tiab] OR load[tiab] OR loads[tiab] OR loading[tiab] 
6. #4 AND #5 
7. #1 OR #2 OR #3 OR #6 
8. Workload[Mesh] OR workload[tiab] OR workloads[tiab] 
9. Caseload[tiab] OR caseloads[tiab] 
10. Work[tiab] OR Case[tiab] OR cases[tiab] OR Patient[tiab] OR patients[tiab] OR operator[tiab] 
OR operators[tiab] OR physician[tiab] OR physicians[tiab] OR surgeon[tiab] OR surgeons[tiab] OR 
surgeon’s[tiab] OR surgical[tiab] OR surgery[tiab] OR surgeries[tiab] 
11. Load[tiab] OR loads[tiab] OR loading[tiab] OR Volume[tiab] OR volumes[tiab] 
12. #10 AND #11 
13. #8 OR #9 OR #12 
14. "Specialties, Surgical"[Mesh] 
15. Operator[tiab] OR operators[tiab] OR physician[tiab] OR physicians[tiab] OR Surgeon[tiab] OR 
surgeons[tiab] OR surgeon’s[tiab] OR surgical[tiab] OR surgery[tiab] OR surgeries[tiab] 
16. Specialty[tiab] OR specialties[tiab] OR Specialization[tiab] OR specializations[tiab] OR 
specializing [tiab] OR specialize[tiab] OR specializes[tiab] OR specialized[tiab] OR 
Specialisation[tiab] OR specialisations[tiab] OR specializing[tiab] OR specialise[tiab] OR 
specialises[tiab] OR specialised[tiab] OR Specialism[tiab] OR specialisms[tiab] 
17. #15 AND #16 
18. #14 OR #17 
19. #7 OR #13 OR #18 
20. "Endarterectomy, Carotid"[Mesh] OR "Endarterectomy"[Mesh] OR Endarterectomy[tiab] OR 
endarterectomies[tiab] 
21. "Carotid Arteries"[Mesh] OR Carotid[tiab] OR Carotids[tiab] OR Carotis[tiab] 
22. "Surgical Procedures, Operative"[Mesh] OR "Surgery"[Subheading] OR Surgery[tiab] OR 
Surgeries[tiab] OR Surgical[tiab] OR Operation[tiab] OR Operations[tiab] OR Operative[tiab] OR 
"Stents"[Mesh] OR Stent[tiab] OR Stents[tiab] OR Stenting[tiab] OR "Angioplasty"[Mesh] OR 
"Angioplasty, balloon"[Mesh] OR "Catheterization"[Mesh] OR Angioplasty[tiab] OR 
Angioplasties[tiab] 
23. #21 AND #22 
24. #20 OR #23 
25. #19 AND #24 
 
This search strategy was used for a project on quality of care in carotid revascularization.3 For this reason, the 
search strategy also contains terms referring to volume. 
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EMBASE search 
 
1. 'Low volume hospital'/exp  
2. 'High volume hospital'/exp 
3. 'Hospital bed capacity'/exp 
4. 'Hospital'/de 
5. Hospital:ab,ti OR hospitals:ab,ti OR 'Health facility':ab,ti OR 'health facilities':ab,ti OR 
Provider:ab,ti OR providers:ab,ti 
6. Size:ab,ti OR sizes:ab,ti OR Volume:ab,ti OR volumes:ab,ti OR capacity:ab,ti OR capacities:ab,ti 
OR load:ab,ti OR loads:ab,ti OR loading:ab,ti 
7. #5 AND #6 
8. #1 OR #2 OR #3 OR #4 OR #7 
9. 'Workload'/exp 
10. Workload:ab,ti OR workloads:ab,ti 
11. Caseload:ab,ti OR caseloads:ab,ti 
12. Work:ab,ti OR case:ab,ti OR cases:ab,ti OR patient:ab,ti OR patients:ab,ti OR operator:ab,ti OR 
operators:ab,ti OR physician:ab,ti OR physicians:ab,ti OR surgeon:ab,ti OR surgeons:ab,ti OR 
‘surgeon/s’:ab,ti OR surgical:ab,ti OR surgery:ab,ti OR surgeries:ab,ti 
13. Load:ab,ti OR loads:ab,ti OR loading:ab,ti OR Volume:ab,ti OR volumes:ab,ti 
14. #12 AND #13 
15. #9 OR #10 OR #11 OR #14 
16. 'Surgeon'/exp 
17. 'Medical specialist'/exp 
18. Operator:ab,ti OR operators:ab,ti OR physician:ab,ti OR physicians:ab,ti OR surgeon:ab,ti OR 
surgeons:ab,ti OR 'surgeon/s':ab,ti OR surgical:ab,ti OR surgery:ab,ti OR surgeries:ab,ti 
19. Specialty:ab,ti OR specialties:ab,ti OR Specialization:ab,ti OR specializations:ab,ti OR 
specializing:ab,ti OR specialize:ab,ti OR specializes:ab,ti OR specialized:ab,ti OR Specialisation:ab,ti 
OR specialisations:ab,ti OR specialising:ab,ti OR specialise:ab,ti OR specialises:ab,ti OR 
specialised:ab,ti OR Specialism:ab,ti OR specialisms:ab,ti 
20. #18 AND #19 
21. #16 OR #17 OR #20 
22. #8 OR #15 OR #21 
23. 'Carotid artery surgery'/exp 
24. 'Carotid artery stent'/exp 
25. 'Cerebral revascularization'/exp 
26. 'Endarterectomy'/exp OR Endarterectomy:ab,ti OR endarterectomies:ab,ti 
27. 'Carotid artery'/exp OR Carotid:ab,ti OR carotids:ab,ti OR carotis:ab,ti 
28. 'Surgery'/exp OR 'Stent'/exp OR Surgery:ab,ti OR surgeries:ab,ti OR surgical:ab,ti OR 
Operation:ab,ti OR operations:ab,ti OR operative:ab,ti OR Stent:ab,ti OR stents:ab,ti OR stenting:ab,ti 
OR Angioplasty:ab,ti OR angioplasties:ab,ti 
29. #27 AND #28 
30. #23 OR #24 OR #25 OR #26 OR #29 
31. #22 AND #30 
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Table S1. Risk of bias summary 
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1.  AbuRahma, 19884 + + - - + 3 
2.  AbuRahma, 20135 + + - - + 3 
3.  AbuRahma, 20146 + + - - + 3 
4.  AbuRahma, 20177 + + + - + 4 
5.  Asaph, 19918 + + - - + 3 
6.  Bennett, 20159 + - - - + 2 
7.  Brott, 198410 + + - - + 3 
8.  Cafferata, 198611 + + - - + 3 
9.  Cowan, 200212 + - - - - 1 
10.  Enomoto, 201413 - - + - + 2 
11.  Feasby, 200214 - - + - + 2 
12.  Gray, 201115 - + - - + 2 
13.  Halm, 200516 + - - - + 2 
14.  Hannan, 200117 + + - - + 3 
15.  Hobson, 200418 + + - - + 3 
16.  Hollenbeak, 201019 + - - - + 2 
17.  Hopkins, 201020 + + + - + 4 
18.  Kempczinski, 198621 + + - - + 3 
19.  Kucey, 199822 + - - - + 2 
20.  Lieber, 201723 + + + - + 4 
21.  Mattos, 199524 - + - - + 2 
22.  Meltzer, 201725 + - + - + 3 
23.  O'Neill, 200026 + - - - + 2 
24.  Pearce, 199927 + - + - + 3 
25.  Rigdon, 199828 + + - - + 3 
26.  Ruby, 199629 + - - - + 2 
27.  Sgroi, 201530 + - + - + 3 
28.  Shah, 200431 + - - - ? 1 
29.  Shishehbor, 201432 - + + - + 3 
30.  Steppacher, 200933 + - - - + 2 
31.  Stoner, 200634 + - - - + 2 
32.  Teso, 200435 + - + - + 3 
33.  Timaran, 201336 - + + + + 4 
34.  Vogel, 200937 + - - - + 2 
35.  Wong, 199738 + + - - + 3 
- indicates high risk of bias; + indicates low risk of bias; ? indicates unclear risk of bias. 
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Table S2. Overview of risk estimates assessing operator specialization and CEA 
 


Table A. Procedural outcomes after CEA (Adjusted risk estimates) 
 


Outcomes Index specialty Reference specialty Adjusted OR 
(95% CI) 


No. of studies Cochran’s Q I2 Prediction 
intervala 


Procedural death 
or stroke 


Vascular 
surgeons 


Other specialties (not 
specified) 


0.32 (0.14-0.72) [1 study]36 - - - 


Procedural death Vascular 
surgeons 


Neurosurgeons 0.59 (0.18-1.92) [1 study]25 ,b - - - 
General surgeons 0.71 (0.44-1.18) [1 study]25 ,b - - - 
Cardiothoracic surgeons 0.87 (0.34-2.17) [1 study]25 - - - 
General, neuro-, 
cardiothoracic surgeons 


2.04 (0.97-4.17) [1 study]35 - - - 


Procedural 
stroke 


Vascular 
surgeons 


Neurosurgeons 1.05 (0.59-1.84) [3 study]23,25,35 df: 2; Q: 0.339; 
p=0.84 


0.0% 0.03-40.79 


General surgeons 0.70 (0.58-0.83) [5 studies]5,13,23,25,35 df: 4; Q: 1.720; 
p=0.79 


0.0% 0.51-0.94 


Cardiothoracic surgeons 0.93 (0.59-1.45) [4 studies]5,23,25,35 df: 3; Q: 2.949; 
p=0.40 


0.0% 0.34-2.49 


General & Cardiothoracic 
surgeons 


0.50 (0.18-1.38) [1 study]5 - - - 


Procedural MI Vascular 
surgeons 


Neurosurgeons 0.24 (0.11-0.53) [1 study]35 - - - 
General surgeons 0.80 (0.07-9.65) [2 studies]13,35 df: 1; Q: 18.162; 


p<0.005 
94.5% NA 


Cardiothoracic surgeons 0.44 (0.23-0.85) [1 study]35 - - - 
Procedural 
death, stroke or 
MI 


Vascular 
surgeons 


General surgeons 0.80 (0.61-1.05) [1 study]13 - - - 
Not vascular certified 0.85 (0.77-0.94) [1 study]27 - - - 
Other specialties (not-
specified) 


HR 0.73 (0.42-1.27) [1 study]36 - - - 


CI, confidence interval; HR, hazard ratio; MI, myocardial infarction; NA, not applicable; OR, odds ratio. 
The risk estimate in a bold font is considered statistically significant. Combined groups of specializations or not clearly specified reference groups are in italics. 
aOnly estimated when ≥3 studies are within the meta-analyses. b The risk estimate of one study was omitted in this table, because the risk estimate did not fall within the 
confidence interval. 
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Table B. Procedural outcomes after CEA (Unadjusted risk estimates) 
 


Outcomes Index specialty Reference specialty Unadjusted RR 
(95% CI) 


No. of studies Cochran’s Q I2 Prediction 
intervala 


Procedural 
death or stroke 


Vascular 
surgeons 


General & Cardiothoracic 
surgeons 


0.42 (0.16-1.05) [1 study]6 - - - 


Non-vascular surgeons 0.86 (0.43-1.75) [1 study]9 - - - 
Other specialties (not 
specified) 


0.88 (0.60-1.29) [1 study]34 - - - 


Other specialties (not 
specified) 


0.31 (0.14-0.69) [1 study]36 - - - 


General, neuro-, 
cardiothoracic surgeons 


0.47 (0.30-0.72) [1 study]24 - - - 


Neurosurgeons Vascular & General surgeons 0.69 (0.24-1.98) [1 study]38 - - - 


Procedural 
death 


Vascular 
surgeons 


Neurosurgeons 0.71 (0.47-1.07) [11 studies]4,10-12,17,21-


23,25,26,35 
df: 10; Q: 15.391; 
p=0.12 


34.4% 0.26-1.96 


General surgeons 0.70 (0.58-0.85) [11 studies]4,5,11-


13,17,21,23,25,26,35 
df: 10; Q: 11.192; 
p=0.34 


0.0% 0.57-0.87 


Cardiothoracic surgeons 0.86 (0.66-1.13) [8 studies]4,5,12,21,23,25,26,35 df: 7; Q: 5.230; 
p=0.63 


0.0% 0.62-1.21 


General, neuro-, 
cardiothoracic surgeons 


1.55 (0.76-3.16) [1 study]35 - - - 


General & Cardiothoracic 
surgeons 


1.69 (0.28-10.07) [1 study]5 - - - 


Other specialties (not 
specified) 


0.88 (0.41-1.91) [1 study]26 - - - 


Other specialties (not 
specified) 


0.95 (0.57-1.59) [1 study]34 - - - 


Other specialties (not 
specified) 


1.04 (0.06-17.78) [1 study]35 - - - 


Neurosurgeons General surgeons 1.50 (1.04-2.15) [9 
studies]4,11,12,17,21,23,25,26,35 


df: 8; Q: 9.565; 
p=0.30 


0.0% 0.97-2.32 


Cardiothoracic surgeons 1.80 (1.16-2.79) [7 studies]4,12,21,23,25,26,35 df: 6; Q: 8.815; 
p=0.18 


2.97% 1.01-3.20 


Other specialties (not 
specified) 


0.13 (0.02-1.07) [1 study]26 - - - 
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Other specialties (not 
specified) 


1.42 (0.08-25.26) [1 study]35 - - - 


General surgeons Cardiothoracic surgeons 1.16 (0.90-1.50) [8 studies]4,5,12,21,23,25,26,35 df: 7; Q: 3.77; 
p=0.81 


0.0% 0.84-1.60 


Other specialties (not 
specified) 


1.38 (0.60-3.20) [1 study]26 - - - 


Other specialties (not 
specified) 


0.45 (0.03-7.48) [1 study]35 - - - 


Cardiovascular 
surgeons 


Thoracic surgeons 1.03 (0.49-2.18) [1 study]26 - - - 
Other specialties (not 
specified) 


1.31 (0.58-2.96) [1 study]26 - - - 


Cardiothoracic 
surgeons 


Other specialties (not 
specified) 


0.62 (0.04-10.36) [1 study]35 - - - 


Thoracic 
surgeons 


Other specialties (not 
specified) 


1.27 (0.50-3.21) [1 study]26 - - - 


Procedural 
stroke 


Vascular 
surgeons 


Neurosurgeons 0.57 (0.46-0.72) [11 studies] 
4,10-12,16,21-23,25,28,35 


df: 10; Q: 9.464; 
p=0.49 


0.0% 0.44-0.74 


General surgeons 0.69 (0.60-0.79) [10 studies] 
4,5,11-13,16,21,23,25,35 


df: 9; Q: 6.303; 
p=0.71 


0.0% 0.59-0.81 


Cardiothoracic surgeons 0.70 (0.58-0.86) [8 studies] 
4,5,12,16,21,23,25,35 


df: 7; Q: 4.366; 
p=0.74 


0.0% 0.55-0.91 


General & Cardiothoracic 
surgeons 


0.42 (0.16-1.05) [1 study]6 - - - 


General, neuro-, 
cardiothoracic surgeons 


0.40 (0.24-0.66) [1 study]24 - - - 


Other specialties (not 
specified) 


0.64 (0.40-1.02) [1 study]34 - - - 


Other specialties (not 
specified) 


1.47 (0.09-24.72) [1 study]35 - - - 


Neurosurgeons General surgeons 1.24 (0.83-1.85) [8 studies] 
4,11,12,16,21,23,25,35 


df: 7; Q: 11.505; 
p=0.12 


37.0% 0.47-3.26 


Cardiothoracic surgeons 1.17 (0.85-1.61) [7 studies] 
4,12,16,21,23,25,35 


df: 6; Q: 4.592; 
p=0.60 


0.0% 0.77-1.78 


Other specialties (not 
specified) 


2.30 (0.13-39.23) [1 study]35 - - - 


General surgeons Cardiothoracic surgeons 1.02 (0.86-1.21) [8 studies] 
4,5,12,16,21,23,25,35 


df: 7; Q: 5.502; 
p=0.60 


0.0% 0.83-1.26 
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Other specialties (not 
specified) 


1.93 (0.12-31.05) [1 study]35 - - - 


Cardiothoracic 
surgeons 


Other specialties (not 
specified) 


1.64 (0.10-26.70) [1 study]35 - - - 


Procedural MI Vascular 
surgeons 


Neurosurgeons 0.40 (0.10-1.61) [3 studies]4,23,35 df: 2; Q: 4.953; 
p=0.08 


64.08% 0.00-
2120044.95 


General surgeons 0.96 (0.33-2.79) [5 studies] 
4,5,13,23,35 


df: 4; Q: 23.667; 
p<0.005 


81.6% 0.03-34.98 


Cardiothoracic surgeons 0.52 (0.31-0.88) [4 studies] 
4,5,23,35 


df: 3; Q: 0.488; 
p=0.92 


0.0% 0.17-1.65 


General & cardiothoracic 
surgeons 


0.75 (0.13-4.48) [1 study]5    


Other specialties (not-
specified) 


0.98 (0.48-1.98) [1 study]34    


Other specialties (not-
specified) 


0.61 (0.08-4.60) [1 study]35    


Neurosurgeons General surgeons 0.93 (0.59-1.46) [3 studies]4,23,35 df: 2; Q: 1.841; 
p=0.40 


0.0% 0.05-17.33 


Cardiothoracic surgeons 1.52 (0.92-2.50) [3 studies]4,23,35 df: 2; Q: 1.729; 
p=0.42 


0.0% 0.06-38.42 


Other specialties (not 
specified) 


1.96 (0.27-14.46) [1 study]35    


General surgeons Cardiothoracic surgeons 1.22 (0.56-2.68) [4 studies]4,5,23,35 df: 3; Q: 2.905; 
p=0.41 


27.1% 0.09-17.26 


Other specialties (not 
specified) 


2.19 (0.31-15.38) [1 study]35    


Cardiothoracic 
surgeons 


Other specialties (not 
specified) 


1.25 (0.18-8.89) [1 study]35    


Procedural 
death, stroke or 
MI 


Vascular 
surgeons 


General surgeons 0.82 (0.63-1.07) [1 study]13 - - - 
Other specialties (not-
specified) 


0.85 (0.60-1.20) [1 study]34 - - - 


Other specialties (not-
specified) 


0.72 (0.42-1.24) [1 study]36 - - - 


Procedural 
cranial nerve 
injury 


Vascular 
surgeons 


Neurosurgeons 1.27 (0.25-6.39) [2 studies]4,23 df: 1; Q: 0.029; 
p=0.86 


0.0% NA 


General surgeons 0.87 (0.44-1.68) [3 studies]4,5,23 df: 2; Q: 1.106; 
p=0.58 


0.0% 0.01-64.75 







14 


Cardiothoracic surgeons 0.77 (0.36-1.62) [3 studies]4,5,23 df: 2; Q: 0.240; 
p=0.89 


0.0% 0.01-97.92 


Cardiothoracic & general 
surgeons 


0.75 (0.31-1.82) [1 study]5 - - - 


Neurosurgeons General surgeons 0.58 (0.10-3.29) [2 studies]4,23 df: 1; Q: 0.231; 
p=0.63 


0.0% NA 


Cardiothoracic surgeons 0.74 (0.07-7.83) [1 study]4 - - - 
General surgeons Cardiothoracic surgeons 1.00 (0.36-2.81) [3 studies]4,5,23 df: 2; Q: 0.824; 


p=0.66 
0.0% 0.00-783.69 


CI, confidence interval; MI, myocardial infarction; NA, not applicable; RR, Risk ratio. 
The risk estimate in a bold font is considered statistically significant. Combined groups of specializations or not clearly specified reference groups are in italics. 
aOnly estimated when ≥3 studies are within the meta-analyses. 
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Table S3. Overview of risk estimates assessing operator specialization and CAS 
Table A. Procedural outcomes after CAS (adjusted risks) 


 
Outcome Index specialty Reference specialty Adjusted OR (95% 


CI) 
N of studies Cochran’s 


Q 
I2 Prediction 


intervala 
Procedural death 
or stroke 


Vascular surgeons Other specialties (not specified) HR 1.12 (0.54-2.35) [1 study]36 - - - 
Cardiologists Surgeons 0.89 (0.58-1.35) [1 study]32 - - - 
Cardiologists Radiologists & neurologists 0.85 (0.49-1.45) [1 study]32 - - - 


Procedural death Vascular surgeons Cardiologists & interventional  
radiologists 


1.67 (0.40-7.02) [1 study]33 - - - 


Interventionalists 
(including cardiologists) 


Surgeons 1.29 (0.90-1.84) [1 study]30 - - - 


Procedural stroke Vascular surgeons Cardiologists & interventional  
radiologists 


0.61 (0.25-1.48) [1 study]33 - - - 


Interventionalists 
(including cardiologists) 


Surgeons 1.00 (0.84-1.19) [1 study]30 - - - 


Procedural MI Interventionalists 
(including cardiologists)  


Surgeons 1.14 (0.90-1.43) [1 study]30 - - - 


Procedural death, 
stroke or MI 


Vascular surgeons Cardiologists 1.96 (1.19-3.24) [1 study]20 - - - 
Interventional cardiologists & 
interventional radiologists & 
interventional vascular medicine 


1.3 (0.45-3.95) 
 


[1 study]7 
 


- - - 


Other specialties (not further specified) HR 0.99 (0.50-2.0) [1 study]36 - - - 
Neurosurgeons Cardiologists 1.69 (0.76-3.74) [1 study]20 - - - 
Cardiologists Radiologists 1.14 (0.31-4.19) [1 study]20 - - - 


Radiologists & neurologists 0.66 (0.40-1.09) [1 study]32 - - - 
Surgeons Cardiologists 1.26 (0.84-1.89) [1 study]32 - - - 


CI, confidence interval; HR, hazard ratio; MI, myocardial infarction; OR, odds ratio. 
Combined groups of specializations or not clearly specified reference groups are in italics. 
aOnly estimated when ≥3 studies are within the meta-analyses. 
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Table B. Procedural outcomes after CAS (unadjusted risks) 
 


Procedural 
outcomes 


Index specialty Reference specialty Unadjusted RR 
(95% CI) 


N of studies Cochran’s Q I2 Prediction 
intervala 


Procedural 
death or stroke 


Vascular surgeons Neurosurgeons & interventional 
cardiologists & interventional 
radiologists & interventional 
neuroradiologists 


1.26 (0.78-2.04) [1 study]15 - - - 


Other specialties (not specified) 0.85 (0.42-1.73) [1 study]36 - - - 
Vascular surgeons 
and neurosurgeons 


Other specialties (not specified) 1.21 (0.54-2.71) [1 study]18 - - - 


Procedural 
death 


Vascular surgeons Neurosurgeons 1.45 (0.08-24.93) [1 study]15 - - - 
Cardiologists 1.96 (0.85-4.54) [2 studies]15,33 df: 1; Q: 


0.013; p=0.91 
0.0% NA 


Radiologists 1.60 (0.74-3.50) [2 studies]15,33 df: 1; Q: 
0.003; p=0.96 


0.0% NA 


Cardiologists & interventional  
radiologists 


1.81 (0.83-3.96) [1 study]33 - - - 


Neurosurgeons Cardiologists 1.45 (0.09-24.21) [1 study]15 - - - 
Radiologist 0.94 (0.05-18.29) [1 study]15 - - - 
Interventional radiologists 1.35 (0.05-33.13) [1 study]15 - - - 
Interventional neuroradiologists 0.51 (0.02-10.72) [1 study]15 - - - 


Cardiologists Radiologists 0.81 (0.36-1.83) [2 studies]15,33 df:1; Q:0.032; 
p=0.86 


0.0% NA 


Interventionalists 
(including 
cardiologists) 


Surgeons 1.22 (0.89-1.67) [1 study]30 - - - 


Procedural 
stroke 


Vascular surgeons Neurosurgeons 0.68 (0.16-2.85) [1 study]15    
Cardiologists 1.19 (0.80-1.76) [3 studies]15,33,37 df: 2; Q: 


1.520; p=0.47 
0.0% 0.09-14.96 


Radiologists 0.93 (0.48-1.77) [3 studies]15,33,37 df:2; Q: 
2.033; p=0.36 


26.48% 0.00-288.69 


Cardiologists & interventional  
radiologists 


0.91 (0.52-1.58) [1 study]33    


Neurosurgeons Cardiologists 2.01 (0.50-8.08) [1 study]15    
Radiologist 2.22 (0.46-10.71) [1 study]15    
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Cardiologists Radiologist 0.78 (0.44-1.41) [3 studies]15,33,37 df:2; Q: 
1.964; p=0.37 


18.66% 0.01-99.78 


Interventionalists 
(including 
cardiologists) 


Surgeons 0.96 (0.83-1.11) [1 study]30    


Procedural MI Vascular surgeons Neurosurgeons 0.38 (0.02-7.95) [1 study]15 - - - 
Cardiologist 0.93 (0.27-3.24) [2 studies]15,37 df: 1; Q: 


0.211; p=0.65 
0.0% NA 


Radiologists 1.24 (0.26-6.01) [2 studies]15,37 df: 1; Q: 
0.049; p=0.82 


0.0% NA 


Neurosurgeons Cardiologists 2.36 (0.14-40.61) [1 study]15 - - - 
Radiologists 2.20 (0.09-54.10) [1 study]15 - - - 


Cardiologists Radiologists 1.16 (0.27-4.97) [2 studies]15,37 df:1; Q: 
0.030; p 
=0.86 


0.0% NA 


Interventionalists 
(including 
cardiologists)  


Surgeons 1.01 (0.82-1.25) [1 study]30 - - - 


Procedural 
death, stroke or 
MI 


Vascular surgeons Neurosurgeons 1.07 (0.54-2.10) [2 studies]15,20 df: 1; Q: 
0.156; p=0.69  


0.0% - 


Cardiologists 1.57 (1.06-2.33) [3 studies]7,15,39 df: 2; Q: 
2.151; p=0.34 


22.1% 0.06-43.70 


Radiologists 1.43 (0.92-2.23) [3 studies]7,15,20 df: 2; Q: 
1.132; p=0.57 


0.0% 0.08-25.11 


Interventional vascular medicine 0.94 (0.22-4.02) [1 study]7 - - - 
Interventional cardiologists & 
interventional radiologists & 
interventional vascular medicine 


1.65 (0.70-3.90) [1 study]7 - - - 


Interventional cardiologists & 
interventional radiologists & 
interventional neuroradiologists & 
neurosurgeons 


1.18 (0.74-1.88) [1 study]15 - - - 


Other specialties (not further specified) 0.79 (0.41-1.54) [1 study]36 - - - 
Neurosurgeons Cardiologists 1.71 (0.79-3.71) [1 study]20 - - - 


Interventional cardiologists 1.44 (0.36-5.72) [1 study]15 - - - 
Radiologists 1.47 (0.73-2.94) [2 studies]15,20 df: 1; Q: 


0.022; p=0.88 
0.0% - 
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Cardiologists Radiologists 0.87 (0.57-1.34) [3 studies]7,15,20 df: 2; Q: 
0.512; p=0.77 


0.0% 0.05-14.04 


Radiologists & neurologists 0.62 (0.43-0.90) [1 study]32 - - - 
Interventional vascular medicine 0.46 (0.10-2.19) [1 study]7 - - - 


Radiologists Interventional vascular medicine 1.07 (0.11-10.85) [1 study]7 - - - 
Surgeons Cardiologists 1.11 (0.82-1.49) [1 study]32 - - - 


Radiologists & neurologists 0.69 (0.45-1.05) [1 study]32 - - - 
CI, confidence interval; HR, hazard ratio; MI, myocardial infarction; NA, not applicable; RR, relative risk. 
Combined groups of specializations or not clearly specified reference groups are in italics. 
aOnly estimated when ≥3 studies are within the meta-analyses. 
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Table S4. Sensitivity analyses for CEA 
 


A. Sensitivity analysis for the primary outcome with studies reporting ≥80% symptomatic patients and with studies reporting ≥80% 
asymptomatic patients 


 
  All studies Studies with ≥80% symptomatic 


patients 
Studies with ≥80% asymptomatic 
patients 


Index specialty Reference 
specialty 


Unadjusted RR 
(95% CI) 


No. of studies Unadjusted RR 
(95% CI) 


No. of studies Unadjusted RR 
(95% CI) 


No. of studies 


Vascular 
surgeons 


Neurosurgeons 0.63 (0.46-0.86)  [7 studies]4,10,11,14,16,21,22 0.69 (0.16-2.98) [1 study]4  No studies 
General surgeons 0.81 (0.66-0.99) [6 studies]4,6,11,14,16,21 0.77 (0.25-2.30) [2 studies]4,6 0.12 (0.03-0.45) [2 studies]4,6 
  df: 1; Q: 1.00; p=0.32;I2=0.4% df: 1; Q: 0.61; p=0.43;I2=0% 
Cardiothoracic 
surgeons 


 0.87 (0.63-1.19) [5 studies]4,6,14,16,21 0.83 (0.27-2.51) [2 studies]4,6 0.16 (0.05-0.52) [2 studies]4,6 
   df: 1; Q: 0.06; p=0.81;I2=0% df: 1; Q: 0.54; p=0.46;I2=0% 
Neurosurgeons General surgeons 1.53 (0.85-2.74) [5 studies]4,11,14,16,21 1.84 (0.27-12.42) [1 study]4  No studies 


Cardiothoracic 
surgeons 


1.22 (1.02-1.46) [4 studies]4,14,16,21 1.06 (0.16-7.10) [1 study]4  No studies 


General 
surgeons 


Cardiothoracic 
surgeons 


1.16 (0.85-1.57) [5 studies]4,6,14,16,21 1.16 (0.29-4.66) [2 studies]4,6 1.31 (0.46-3.70) [2 studies] 4,6 
  df: 1; Q: 1.06; p=0.30;I2=5.8% df: 1; Q: 0.02; p=0.89;I2=0% 


CI, confidence interval; RR, relative risk.  
The risk estimates in a bold font are considered statistically significant. 
Cochran’s Q and I2 values can only be estimated for meta-analyses included >1 study. Prediction intervals can only be estimated for meta-analyses including >2 studies, therefore no 
prediction intervals are depicted in the sensitivity analyses.  
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B. Sensitivity analysis for the primary outcome with studies based on clinical data and studies based on data from registries 
 


  All studies Studies based on clinical data Studies based on administrative data 
Index specialty Reference 


specialty 
Unadjusted RR 
(95% CI) 


No. of studies Unadjusted RR 
(95% CI) 


No. of studies Unadjusted RR 
(95% CI) 


No. of studies 


Vascular 
surgeons 


Neurosurgeons 0.63 (0.46-0.86)  [7 studies]4,10,11,14,16,21,22 0.52 (0.36-0.77) [4 studies]4,10,11,21 0.71 (0.45-1.13) [3 studies]14,16,22 
  df: 3; Q: 2.03; p=0.57;I2=0%; 


prediction interval: 0.23-1.21 
df: 2; Q: 5.38; p=0.07;I2=72.6%; 
prediction interval: 0.0-137.6 


General surgeons 0.81 (0.66-0.99) [6 studies]4,6,11,14,16,21 0.72 (0.41-1.24) [4 studies]4,6,11,21 0.98 (0.53-1.79) [2 studies]14,16 
  df: 3; Q: 3.76; p=0.29;I2=22.9%; 


prediction interval: 0.13-3.82 
df: 1; Q: 2.65; p=0.10;I2=62.3% 


Cardiothoracic 
surgeons 


0.87 (0.63-1.19) [5 studies]4,6,14,16,21 0.63 (0.34-1.18) [3 studies]4,6,21 1.02 (0.85-1.23) [2 studies]14,16 
 df: 2; Q: 2.77; p=0.25;I2=32.8%; 


prediction interval: 0.0-194.8 
df: 1; Q: 0.14; p=0.71; I2=0.0% 


Neurosurgeons General surgeons 1.53 (0.85-2.74) [5 studies]4,11,14,16,21 1.53 (0.86-2.73) [3 studies]4,11,21 1.85 (0.39-8.71) [2 studies]14,16 
   df: 2; Q: 0.24; p=0.89;I2=0%; 


prediction interval: 0.04-64.33 
df: 1; Q: 9.43; p<0.001;I2=89.4% 


Cardiothoracic 
surgeons 


1.22 (1.02-1.46) [4 studies]4,14,16,21 1.23 (0.61-2.46) [2 studies]4,21 1.41 (0.76-2.61) [2 studies]14,16 
   df: 1; Q: 0.44; p=0.51;I2=0% df: 1; Q: 1.71; p=0.19;I2=41.5% 
General 
surgeons 


Cardiothoracic 
surgeons 


 1.16 (0.85-1.57) [5 studies]4,6,14,16,21 1.00 (0.56-1.80) [3 studies]4,6,21 1.04 (0.49-2.18) [2 studies]14,16 
  df: 2; Q: 0.96; p=0.62;I2=0%; 


prediction interval: 0.02-45.27 
df: 1; Q: 2.13; p=0.14;I2=53.0% 


CI, confidence interval; RR, relative risk.  
The risk estimates in a bold font are considered statistically significant. 
Cochran’s Q and I2 values can only be estimated for meta-analyses included >1 study. Prediction intervals can only be estimated for meta-analyses including >2 studies. 
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Figure S1. Publication bias. 
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