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WHAT THIS STUDY ADDS

This systematic review presents an overview of the available evidence on patient related features associated
with an increased susceptibility to the development of new ischaemic brain lesions on magnetic resonance
diffusion weighted imaging after carotid endarterectomy and carotid artery stenting. These demographic,
radiological, and biochemical predictors may be helpful in decision making on patient selection for medical
intervention, carotid stenting, or endarterectomy.
Objectives: Peri-procedural ischaemic brain lesions on diffusion weighted imaging (DWI) after carotid
endarterectomy (CEA) and carotid artery stenting (CAS) have been related to a higher chance of recurrent
cerebrovascular events. This systematic review provides an overview of patient characteristics associated with
increased risk of new DWI lesions.
Methods: MEDLINE, EMBASE, and Cochrane library databases were systematically searched (update November
2018) for studies reporting post-procedural DWI lesions after CEA or CAS. Data derived from both procedures
were analysed separately. Studies reporting predictive features that were present prior to intervention were
assigned to 10 categories: age, gender, cardiovascular risk factors, symptomatology, plaque vulnerability,
atherosclerotic burden, cerebrovascular haemodynamics, carotid/arch anatomy, inflammatory markers, and
markers of coagulation. A semi-quantitative analysis was performed by plotting studies that found an
association between the investigated features and DWI lesions against those that did not find an association.
Results: Forty-six studies (5018 patients) were included: 10 reported only CEA, 33 CAS, and three both
interventions. 68.0% of 1873 CEA patients and 55.9% of 3145 CAS patients were symptomatic. The weighted
prevalence of DWI lesions was 18.1% (95% CI 14.0e22.7%) in CEA patients compared with 40.5% (95% CI
35.4e45.7%) in CAS patients. Studies reporting on CEA patients predominantly found an increased risk in
symptomatic patients (two of seven studies, including 848/1661 patients), those with impaired
haemodynamics (five of five studies), and increased inflammatory markers (two of three studies). Studies
reporting on CAS patients often found a positive association with age (10/26 studies), high plaque
vulnerability (25/34 studies), or complex carotid/arch anatomy (three out of five studies).
Conclusions: For patients undergoing CEA, symptomatic status, impeded cerebral haemodynamics, and increased
inflammatory markers are associated with increased susceptibility to peri-operative DWI lesions. In CAS patients,
higher age, plaque vulnerability and complex carotid/aortic arch anatomy were identified as risk factors. These
clinical predictors may assist with decision making on patient selection for medical treatment, CEA or CAS.
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INTRODUCTION

The occurrence of peri-procedural ischaemic brain lesions
on magnetic resonance imaging (MRI) after treatment of
the carotid artery has been a topic of increasing interest.1e3
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A considerably high incidence of these so called diffusion
weighted imaging (DWI) lesions are reported after both
carotid artery stenting (CAS; 37e50%) and carotid endar-
terectomy (CEA; 10e17%).1e3 DWI lesions are associated
with a higher risk of recurrent cerebrovascular events.4,5 In
the MRI substudy of the ICSS (International Carotid Stenting
Study) it was demonstrated that recurrent stroke or tran-
sient ischaemic attack (TIA) was more likely to occur in DWI
positive patients than in DWI negative patients (hazard ratio
2.85).4 DWI positive patients are also more likely to develop
definite brain infarction on follow up MRI than DWI nega-
tive patients.5 Furthermore, the presence of silent ischae-
mic lesions may lead to early onset cognitive decline and
dementia.6 These results suggest that peri-procedural DWI
lesions may be used as a surrogate and clinically relevant
marker for cerebral ischaemia.

DWI lesions onMRI reflect intracellular movement of water
resulting in cytotoxic oedema; they are considered reminis-
cent of early pathological changes resulting from acute
ischaemia.7 Different theories regarding the aetiology of these
lesions exist. During and after CAS or CEA, dislodgement of
thrombotic material or atherosclerotic debris of vulnerable
plaques can lead to cerebral embolisation.3 A second hy-
pothesis is that haemodynamic and embolic mechanisms
interact in development of new (silent) ischaemic lesions as a
result of “impaired clearance of emboli”.8

Over the last few years several studies have been per-
formed investigating the occurrence of new DWI lesions in
relation to procedural features and patient characteristics.
Besides optimising interventional techniques and improving
peri-procedural antiplatelet therapies, identification of pa-
tients at risk of peri-procedural DWI lesions can be helpful
in determining the optimal treatment strategy, ranging from
CEA and CAS to best medical treatment (BMT). Novel in-
sights supporting clinicians in decision making based on
individual patient characteristics are needed. The aim of this
study was to provide an overview of predictive features,
based on patient characteristics, for the development of
new DWI lesions following treatment of the carotid artery.

MATERIALS AND METHODS

This systematic review was performed according to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines.9
Search strategy

A systematic search was performed in the MEDLINE,
EMBASE, and Cochrane databases in February 2018, upda-
ted in November 2018. The Medical Subject Headings
(MeSH) terms “diffusion magnetic resonance imaging”,
“endarterectomy”, and “stents” were combined using
various synonyms for DWI lesions and carotid artery
stenting and endarterectomy. The full search strategy can be
found in Supplementary material (I).

Original studies that reported patients undergoing CEA or
CAS and performed both a pre- and post-procedural MR-
DWI scan were included. Exclusion criteria were case
reports, case series of < 10 patients, animal studies, and
reviews. Investigated parameters had to be based on pre-
operative data, studies that only involved intra- or post-
operative measurements were excluded. Articles in En-
glish, Dutch, German, and French were considered.

Duplicates were removed and studies published in lan-
guages other than those mentioned above were excluded.
Two authors (M.L.R., A.J.A.M.) independently assessed full
text eligibility based on title and abstract screening.
Discordant judgements were addressed by consulting a
third author (G.J.B.). The reference lists of all included pa-
pers were searched manually to identify missed but
potentially relevant studies.

Data processing and assessment of methodological quality

Data derived from CEA and CAS were analysed separately to
account for inherent differences in type of patients selected
for each procedure and the procedure itself. If quantitative
or separated CEA/CAS data were not provided, corre-
sponding authors were contacted. If there was no response
the article was excluded. The NewcastleeOttawa Scale
(NOS) was used to assess quality of cohort studies based on
selection and comparability of study groups and ascertain-
ment of the outcome of interest (average quality was
defined as 6e7 points out of 9, good quality was defined as
8e9 points out of 9). For randomised controlled trials
(RCTs), the Cochrane Collaboration’s risk of bias tool was
used for assessment of random sequence generation, allo-
cation concealment, selective reporting, blinding, and
missing data.10,11 Two authors (M.L.R., A.J.A.M.) indepen-
dently assessed methodological quality and carried out data
extraction from the individual papers.

Statistical analysis

All reported predictive parameters were collected and
subsequently assigned to different categories (Table 1).
Categories were as follows: age, gender, cardiovascular risk
factors, symptomatology, (ipsilateral) plaque burden or
vulnerability, atherosclerotic burden, impaired cerebrovas-
cular haemodynamics, difficult arch/carotid anatomy,
increased inflammatory markers, and increased markers of
coagulation. When a category was reported on in fewer
than three articles, this category was excluded from further
analysis. A semi-quantitative analysis was performed for
each of the above mentioned categories, comparing fea-
tures significantly associated with an increased risk of post-
procedural DWI lesions to those for which no significant
association was found. The results with total number of
investigated patients were shown in radar graphs.

The prevalence of DWI was estimated using a random
effects model with double arcsine transformation.12

Weighted means with 95% confidence interval (CI) of the
proportion of patients with new post-procedural DWI le-
sions were calculated for CEA and CAS patients; subgroup
analyses were performed for different MR field strengths.
Symptomatic and asymptomatic patients were analysed
together. Funnel plots were used to assess publication bias.



Table 1. List of the predictive categories for post-procedural diffusion weighted imaging lesions after carotid endarterectomy or
carotid artery stenting with the assigned parameters as reported by the included studies

Category Reported pre-procedural predictive parameters

Age Age
Gender Gender
Cardiovascular risk factors Hypertension; DM; hypercholesterolaemia; HDL cholesterol, LDL cholesterol; currently smoking;

history of smoking; high BMI
Symptomatology Symptomatic status (ischaemic stroke; TIA or monocular vision loss in ipsilateral carotid territory

<6 months); pre-operative stroke <14 days
Plaque burden/vulnerability High degree of stenosis; longer lesion; large plaque volume; jellyfish sign; plaque ulceration;

plaque calcification (proximal/distal); intraplaque haemorrhage; atheromatous plaque; fibrolipid
plaque, large necrotic core; high intima media thickness; high intensity signal plaque; high signal
intensity (ratio); high plaque muscle intensity ratio; plaque echolucency; high extensive
remodelling ratio; enhancement vasa vasorum; eccentric lesion; plaque surface irregularity;
floating plaque

Atherosclerotic burden Contralateral carotid lesion; CAD; PAOD; aortic plaques
Cerebrovascular haemodynamics Impeded cerebrovascular reactivity to acetazolamide; high CBRBP/CBF asymmetry;

haemodynamic tandem intracranial lesion, reduced MCA signal intensity; high CBL / MCA
asymmetry; collateral flow; increased ICA PSV; increased ICA EDV

Arch/carotid anatomy Type II/III aortic arch; CCA or ICA tortuosity (index); arch elongation; large ICA angle; high
CCA/ICA angle ratio; high expert score for anatomical suitability

Inflammatory markers Increased CRP; increased hsCRP; increased TNF-a
Markers of coagulation High fibrinogen; high platelet count

DM ¼ diabetes mellitus; BMI ¼ body mass index; CAD ¼ coronary artery disease; PAOD ¼ peripheral arterial occlusive disease; MCA ¼ middle
cerebral artery; CBL ¼ cerebellar hemispheric; CBRBP ¼ central benzodiazepine receptor binding potential; CBF ¼ cerebral blood flow;
ICA ¼ internal carotid artery; PSV ¼ peak systolic velocity; EDV ¼ end diastolic velocity; CRP ¼ C reactive protein; hsCRP ¼ high sensitivity C
reactive protein. TNF ¼ tumour necrosis factor; HDL ¼ high density lipoprotein; LDL ¼ low density lipoprotein; TIA ¼ transient ischaemic
attack; CCA ¼ common carotid artery. Plaque burden/vulnerability refers to the ipsilateral carotid artery.
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MetaXL 5.3 (Epigear International Pty Lts) was used for
statistical analysis.
RESULTS

Study selection

The search yielded 850 articles. After removal of duplicates,
695 articles were left of which 46 studies reporting on pre-
dictive features for development of DWI met the inclusion
criteria (Fig. 1). An overview of the included studies is pro-
vided in Table 2. Two substudies of randomised trials were
included, other studies were prospective (n ¼ 29) and
retrospective (n ¼ 15) cohort studies. The methodological
quality of the included studies was high since all but one
cohort study reached a NOS score of 7 or higher out of 9, and
risk of bias was low for the two RCT substudies (Table 2).

Study sample. A total of 5018 unique patients were
included from 46 studies, of which 10 reported only CEA
patients, 33 only patients that had CAS, and three both
patient categories. For both CEA and CAS patients the same
10 investigated features were described. A total of 1873
CEA patients from 13 studies (68% symptomatic) and 3145
CAS patients from 36 studies (55.9% symptomatic) were
included. A weighted mean of 18.1% (95% CI 14.0e22.7%)
new post-procedural DWI lesions in CEA patients was
significantly lower than 40.5% (95% CI 35.4e45.7% in CAS
patients. There was no evidence of publication bias based
on funnel plots.
Most studies (n ¼ 28) used solely 1.5 T MRI, some
used 3 T or a combination of 1.5 T and 3 T (n ¼ 10 and
n ¼ 2 respectively), while six studies did not report the
field strength used. Pooled prevalence of new DWI le-
sions after CEA in studies using 1.5 T was 15.3% (95% CI
10.2e21.2%) compared with 14.1% (95% CI 9.09e20.0%)
with 3 T MRI and 30.3% (95% CI 21.8e39.5%) in com-
bined studies. The reported pooled prevalence of new
DWI lesions after CAS was 38.0% (95% CI 32.4e43.7%) in
studies using 1.5 T MRI, compared with 38.7% (95% CI
27.8e50.3%) with 3 T and 48.1% (95% CI 27.0e69.5%) in
combined studies.

CEA. An overview of the reported predictive features is
provided in Table 3, more detailed information on the in-
dividual study results can be found in Supplementary ma-
terial (III). None of the investigated features was negatively
associated with new DWI lesions. All studies described
either a positive association or found no association. To
illustrate the relationship between studies finding a positive
association between the investigated parameter and the
presence of new DWI lesions and studies not finding a
significant association, the results are plotted in Fig. 2A.
Nine of 13 included articles reporting CEA patients investi-
gated age, of which none reported a significantly higher
chance of new DWI lesions with increasing age. None of the
10 studies reporting gender found a significant association
(1696 patients).13 Symptomatic status (e.g. symptomatic vs.
asymptomatic) or recent stroke (< 14 days from interven-
tion) was associated with an increased risk of new DWI



Table 2. List of the studies reporting post-procedural diffusion weighted imaging (DWI) lesions after carotid endarterectomy or
carotid artery stenting included in the review

Author Type of
study

Definition
outcome

Patients
n

Symptomatic
lesions %

New DWI
lesions %

MRI field
strength

NOS/
Cochrane

Carotid endarterectomy
Gwon 201718 Retrospective cohort �1 new lesion 556 50 14 Unknown 8
Lee 201613 Retrospective cohort �1 new lesion 292 100 28 1.5 T 8
Heider 200723 Prospective cohort �1 new lesion 183 50 22 1.5 T 9
Aso 200944 Prospective cohort �1 new lesion 150 74 17 1.5 T 8
Sato 201121 Prospective cohort �1 new ipsilateral lesion 112 67 8 1.5 T 8
Suzuki 200922 Prospective cohort �1 new ipsilateral lesion 106 74 13 3 T 8
Oikawa 201320 Prospective cohort �1 new ipsilateral lesion 101 100 9 1.5 T 8
Lee 201455 Prospective cohort �1 new lesion 94 77 25 1.5 T/3 T 8
Muller 201760,a RCT substudy �1 new lesion 87 100 16 1.5 T/3 T High
Sfyroeras 201364 Prospective cohort �1 new lesion 66 17 8.9 1.5 T 7
Maruyama 201558,a Retrospective cohort �1 new ipsilateral lesion 51 55 8 3 T 9
Akpinar 201543 Prospective cohort �1 new lesion 51 55 16 1.5 T 7
Burow 201445,a RCT substudy �1 new lesion 24 100 8 1.5 T/3 T High
Weighted mean 68.0 18.1 (95% CI 14.0e22.7)

Carotid artery stenting
Bijuklic 201314 Retrospective cohort �1 new lesion 728 29 33 1.5 T 8
Groschel 200847 Prospective cohort �1 new lesion 176 51 51 1.5 T 8
Rosenkranz 201062 Prospective cohort �1 new lesion 147 100 29 1.5 T 8
Lin 201856 Prospective cohort �1 new lesion 128 52 50 3 T 8
Russjan 201163 Prospective cohort �1 new lesion 127 100 21 1.5 T 8
Huang 201449 Retrospective cohort �1 new lesion 126 37 26 1.5 T 8
Yoshimura 201175 Prospective cohort �1 new ipsilateral lesion 112 57 41 1.5 T 8
Sakamoto 201629 Retrospective cohort �1 new lesion 110 50 18 3 T 7
Ichinose 201715 Prospective cohort �1 new lesion 104 42 42 3 T 9
Abiko 201842 Retrospective cohort �1 new lesion 98 58 19 Unknown 7
Muller 201760,a RCT substudy �1 new lesion 97 100 51 1.5 T/3 T High
Chung 201646 Prospective cohort �1 new ipsilateral lesion 94 43 27 3 T 7
Kashiwazaki 201751 Retrospective cohort �1 new lesion 82 Unknown 18 1.5 T 7
Krapf 200654 Prospective cohort �1 new lesion 77 58 45 1.5 T 8
Song 201365 Retrospective cohort �1 new lesion 76 75 59 3 T 8
Zhou 201176 Retrospective cohort �1 new lesion 67 52 46 1.5 T 9
Kastrup 201652 Retrospective cohort �1 new lesion 62 100 55 1.5 T 8
Mizobe 201836 Prospective cohort �1 new lesion 60 100 28 3 T 8
Yamada 201173 Retrospective cohort �1 new lesion 52 58 40 1.5 T 8
Gunduz 201448 Prospective cohort �1 new lesion 52 75 56 1.5 T 8
Yamada 201074 Prospective cohort �1 new lesion 50 52 38 1.5 T 7
Stojanov 201266 Prospective cohort �1 new lesion 50 74 14.9 1.5 T 9
Tanemura 201316 Retrospective cohort �1 new ipsilateral lesion 48 49 70 3 T 8
Maggio 201757 Retrospective cohort �1 new lesion 47 Unknown 36 1.5 T 8
Koyanagi 201653 Prospective cohort �1 new lesion 46 48 23 1.5 T 8
Jongen 201050 Prospective cohort �1 new ipsilateral lesion 45 100 27 1.5 T/3 T 8
Maruyama 201558,a Retrospective cohort �1 new ipsilateral lesion 37 46 27 3 T 9
Matsukawa 201559 Prospective cohort �1 new lesion 36 67 31 3 T 7
Takemoto 201267 Prospective cohort �1 new ipsilateral lesion in

ICA territory
36 56 19 1.5 T 8

Varetto 201572 Prospective cohort �1 new lesion 35 8 54 1.5 T 7
Tulip 201270 Prospective cohort �1 new lesion 34 43 50 1.5 T 6
Burow 201445,a RCT substudy �1 new lesion 26 100 69 1.5 T/3 T High
Timaran 201069 Prospective cohort �1 new lesion 24 42 71 1.5 T 7
Pini 201361 Prospective cohort High lesion number (>5) or

volume (�100 mm3)
20 65 90 Unknown 8

Uchiyama 201271 Prospective cohort �1 new ipsilateral lesion 19 100 79 Unknown 7
Tanabe 201668 Retrospective cohort �1 new lesion 18 78 61 1.5 T 7
Weighted mean 55.9% 40.5 (95% CI 35.4e45.7)

CI ¼ confidence interval; RCT ¼ randomised clinical trial; DWI ¼ diffusion weighted imaging; MRI ¼ magnetic resonance imaging;
NOS ¼ NewcastleeOttawa scale; ICA ¼ internal carotid artery.
a Study included both carotid endarterectomy and carotid artery stenting patients. Prevalence of DWI lesions was calculated using random effects
model with double arcsine transformation.
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lesions in only two out of nine studies. However, these two
studies represented a relatively large number of patients
(848 out of 1661) (Fig. 2A). Cardiovascular risk factors and
atherosclerotic burden (excluding ipsilateral carotid
atherosclerosis) were never found to be significant pre-
dictors (respectively nine and six reporting articles). Eleven
studies reported various measures of plaque characteristics,
two of them found a significant increased risk of develop-
ment of new DWI lesions in case of high plaque vulnera-
bility/high plaque burden (386 out of 1672 patients). All five
articles investigating measures for cerebral haemodynamics,
found an increased risk of new DWI lesions in cases of pre-
operatively impaired cerebral haemodynamics (761 pa-
tients). Aortic arch and carotid anatomy was investigated in
one study and was not associated with increased predis-
position to new DWI lesions in CEA patients. Three studies
reported markers of inflammation (high sensitivity C reac-
tive protein [hsCRP] or CRP), of which two were found to be
independently associated with new DWI lesions (475 out of
526 patients). A marker of coagulation (fibrinogen) was
reported once and was found to be associated with an
increased chance of new DWI lesions (183 patients).

CAS. An overview of the reported predictive features and 36
articles reporting CAS is given in Table 4 and graphically
Articles identified by datab

MEDLINE n = 469
EMBASE n = 325
Cochrane n = 56

Unique articles after removal 

Potentially eligible ar

Potentially eligible a

Included article

In
cl

u
d
e
d

E
li

g
ib

il
it

y
S
cr

e
e
n
in

g
Id

e
n
ti

fi
ca

ti
o
n

Figure 1. Flowchart showing selection of articles reporting post-proce
arterectomy (CEA) or carotid artery stenting (CAS) for review. C
DWI ¼ diffusion weighted imaging; NL ¼ Dutch; EN ¼ English; DE ¼
represented in Fig. 2B. More detailed information can be
found in Supplementary material (III). Twenty-six studies (on
2849 patients) reported age as a predictive feature and 10
(1725 patients) described a significantly increased chance of
new post-procedural DWI lesion in older patients. Of the 22
studies reporting gender, only one study (n ¼ 20) described
a negative association between male gender and the inci-
dence of new lesions; others did not show a significant
association. Symptomatic status was associated with an
increased risk in four (n ¼ 409) of 22 studies investigating
reporting on this topic (n ¼ 2298). Cardiovascular risk fac-
tors were reported in 24 articles and were only associated
with new DWI lesions in three studies (significant associa-
tion with hypertension in one study, n ¼ 72814 and signif-
icant association with low density lipoprotein cholesterol in
two studies, n ¼ 15215,16). Increased ipsilateral plaque
burden or plaque vulnerability was often investigated
(n ¼ 3114) and frequently showed an increased chance of
new DWI lesions (n ¼ 2130). Within this category, signal
intensity (ratio) and plaque volume/area were most often
found to be predictive of new DWI lesions. Features
representative of atherosclerotic burden (other than ipsi-
lateral carotid atherosclerosis) were investigated in 20
studies (n ¼ 1467) and were found to be predictive of
development of a new lesion in three of them (n ¼ 349).
ase search n = 850

of duplicates n = 695

ticles n = 221

rticles n = 51

s n = 46

Excluded after full-text review n = 170

No NL/EN/DE/FR n = 14

No pre-operative features n = 155 

No full text n = 1

Excluded after (attempt to) contact authors n = 5

No separate data for CEA/CAS n = 5

Cross-reference check n = 0

Reasons for exclusion search n = 474
Review n = 1
Case report/series<10 patients n = 72 
No study (e.g. conference abstract, n = 126 
commentary, letter)
No predictive features n = 64 
Non-comparative study n = 28 
No CEA/CAS n = 128 
No DWI (after procedure) n = 73  

dural diffusion weighted imaging (DWI) lesions after carotid end-
AS ¼ carotid artery stenting; CEA ¼ carotid endarterectomy;
German; FR ¼ French.



Table 3. Results of investigated predictive features for development of post-procedural diffusion weighted imaging (DWI) lesions
after carotid endarterectomy (CEA), sorted in descending order by number of included patients

Study on
CEA

Patients
n

Higher
age

Male
gender

Presence of
symptoms

Cardiovascular
risk factors

Plaque
burden and
characteristics

Atherosclerotic
burden (excl
ipsilateral
carotid
artery)

Impeded
cerebral
haemo
dynamics

Difficult
arch/
Carotid
anatomy

Markers of
inflammation

Markers of
coagulation

Gwon 201718 556 NS NS þ NS NS NS
Lee 201619 292 NS NS þ NS NS / þa NS þ þ
Heider 200723 183 NS NS NS NS NS NS þ þ
Aso 200944 150 NS NS NS NS þ
Sato 201121 112 NS NS NS NS NS þ
Suzuki 200922 106 NS NS NS NS NS NS þ
Oikawa 201320 101 NS NS NS NS þ
Lee 201455 94 NS NS NS NS / þa

Muller 201760,b 87 NS NS
Sfyroeras 201364 66 NS NS NS
Akpinar 201543 51 NS NS NS NS
Maruyama
201558,b

51 NS NS NS NS NS NS NS

Burow 201445,b 24 NS

CEA ¼ carotid endarterectomy; DWI ¼ diffusion weighted imaging.
þ ¼ Feature significantly associated with an increased risk of post-procedural DWI lesions; NS ¼ no significant association with DWI lesions or no
negative associations.
Cells are blank when a specific feature was not described by the study.
a Multiple features were investigated within one category resulting in both significant as well as insignificant associations.
b Study included both CEA and carotid artery stenting patients.
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Impaired cerebral haemodynamics was found to be a risk
factor for peri-procedural DWI lesions in three (n ¼ 143) of
five (n ¼ 307) studies. Difficult carotid (large internal carotid
artery angle) or arch anatomy (types II or III aortic arch
configuration) was associated with new lesions in three
(n ¼ 887) of a total of five studies (n ¼ 957). Markers of
inflammation and markers of coagulation were investigated
less frequently and were found to have a significant asso-
ciation with the presence of new DWI lesions in respectively
three of eight and one of two studies.
DISCUSSION

In this review a systematic overview of the available evi-
dence on predictive features for development of post-
procedural DWI lesions after CEA (13 studies, 1873 pa-
tients) and CAS (36 studies, 3145 patients) has been pro-
vided. For both CEA and CAS age, gender, cardiovascular risk
factors, symptomatology, plaque burden/vulnerability,
atherosclerotic burden, cerebrovascular haemodynamics,
arch/carotid anatomy, inflammatory markers, and markers
of coagulation were investigated as potential predictive
features. Factors associated with the development of new
DWI lesions were pre-procedural symptoms, impeded ce-
rebral haemodynamics and increased inflammatory markers
in CEA patients and age, plaque vulnerability and difficult
vascular anatomy in CAS patients.

Symptomatic patients are known to have a higher risk of
post-procedural events than asymptomatic patients.17 It is
therefore not unexpected that a risk benefit for asymp-
tomatic patients applies for development of DWI lesions as
well.18,19 CEA patients with impeded pre-procedural
haemodynamics may be at risk during clamping of the ca-
rotid artery, since it may cause a critical reduction in ce-
rebral perfusion. Only one of the included studies reporting
cerebral haemodynamics used routine intraluminal shunt-
ing;19 others stated that no shunt was used.20e22 It is un-
clear whether these studies used electrophysiological
neuromonitoring to determine maintenance of sufficient
cerebral perfusion after carotid artery cross clamping. Pa-
tients with an inadequate collateral blood flow may be
more at risk of ischaemic complications due to the impaired
clearance of emboli theory. According to this concept,
haemodynamic impairment may facilitate onset of
ischaemia due to emboli generated from a proximal lesion.8

Studies finding a positive association between increased
inflammatory markers and new lesions used CRP or hsCRP
as an inflammatory marker.19,23 These studies advocate
that inflammation may be related to the presence of
macrophages and T lymphocytes in the plaque, which is
associated with plaque instability. This hypothesis is
strengthened by studies finding differences in levels of in-
flammatory markers between symptomatic and asymp-
tomatic patients.24 Nevertheless, according to the results,
investigated features of plaque instability in CEA patients
were often found not to be associated with new DWI
lesions.

Higher age as a peri-procedural risk factor in CAS patients
corresponds to the literature describing increased risk of
stroke after CAS with age acting as an effect modifier for
outcome.25,26 Furthermore, biobank studies have revealed
that increased age is related to increased plaque vulnera-
bility.27 This review has shown that high plaque vulnera-
bility was associated with new DWI lesions in CAS patients.
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Figure 2. Radar graphs of the included prognostic features for carotid endarterectomy (CEA; A) and carotid artery
stenting (CAS; B) in studies reporting post-procedural diffusion weighted imaging (DWI) lesions after CEA (13
studies) or CAS (36 studies). Studies that found a significant association (dark coloured) were plotted against
studies not finding a significant association (light coloured). The y axis represents the cumulative number of
patients from the studies; each axis of the circular radar graph represents one prognostic category. CAS ¼ carotid
artery stenting; CEA ¼ carotid endarterectomy; DWI ¼ diffusion weighted imaging.
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Vulnerable plaques, identified by the presence of intra-
plaque haemorrhage, lipid rich necrotic core, and rupture of
the fibrous cap are known to cause more ischaemic strokes
or TIAs in carotid stenosis patients.28 They are also thought
to be risk factors for embolic complications after CAS, by
distal embolism into intracranial arteries as a result of
debris migration during the procedure.29 The same mech-
anism may apply for development of DWI lesions in CAS
patients. Increased tortuosity of the supra-aortic arteries
has been associated with a higher risk of stroke/death
within 30 days of CAS;30 however randomised trial evidence
comparing CEA and CAS in terms of clinical outcome is
lacking. Complex anatomy of the supra-aortic arteries in-
creases technical challenges during stenting procedure and
repeated attempts to advance the catheter and guidewire
may cause dislodgement of thrombotic material. An ICSS
substudy also included in this review demonstrated that
patients with a complex configuration of the aortic arch and
internal carotid artery (ICA) tortuosity increase the risk of
DWI lesions in CAS, but not CEA.31

The pooled prevalence of 18.1% new DWI lesions in CEA
patients as described in Table 2 is equivalent to that
described in two RCTs comparing CEA and CAS for preva-
lence of new DWI lesions (18e25%).3,32 The pooled prev-
alence of 40.5% in CAS patients, however, seems to be
lower than reported in both trials (50% and 49%). This may
be partly explained by the fact that the study sample in one
of these trials involved only symptomatic patients3 whereas
in the current review studies on both symptomatic and
asymptomatic patients were included. Another possible
explanation for the differences in prevalence is the change
over time in stent design and type of cerebral protection
device as well as changes in antithrombotic and lipid
lowering therapy.33e36 Moreover, patients with a deemed



Table 4. Results of investigated predictive features for development of post-procedural diffusion weighted imaging lesions after
carotid artery stenting (CAS), sorted in descending order by number of included patients

Study on
CAS

Patients
n

Higher
age

Male
gender

Presence of
symptoms

Cardiovascular
risk factors

Plaque
burden and
characteristics

Atherosclerotic
burden (excl
ipsilateral
carotid artery)

Impeded
cerebral
haemo
dynamics

Difficult
arch/
carotid
anatomy

Markers of
inflammation

Markers of
coagulation

Bijuklic 201314 728 þ NS NS NS/þa NS/þa NS/þa

Groschel 200847 176 þ NS NS NS NS/þa NS/þa

Rosenkranz
201062

147 þ NS NS NS/þa

Lin 201856 128 þ NS NS NS NS/þa NS þ
Russjan 201163 127 þ NS NS NS/þa

Huang 201449 126 NS NS NS NS NS NS/þa

Yoshimura
201175

112 NS NS þ NS NS/þa NS NS

Sakamoto 201629 110 NS
Ichinose 201715 104 NS NS NS NS/þa NS/þa NS NS NS
Abiko 201842 98 NS
Muller 201760,b 97 NS NS/þa

Chung 201646 94 þ NS
Kashiwazaki
201751

82 NS NS NS NS

Krapf 200654 77 NS NS NS/þa NS
Song 201365 76 NS NS NS NS NS NS NS/þa

Zhou 201176 67 þ NS NS/þa NS NS NS
Kastrup 2016 52 62 þ NS NS NS NS/þa NS NS/þa

Mizobe 201836 60 NS NS NS NS NS NS NS
Gunduz 201448 52 NS NS þ NS þ
Yamada 201173 52 NS NS NS NS NS/þa NS NS
Stojanov 201266 50 NS NS NS NS NS/þa NS NS
Yamada 201074 50 NS NS NS NS NS/þa NS þ
Tanemura 201316 48 NS NS NS NS/þ NS/þa NS NS
Maggio 201757 47 þ NS NS NS NS þ
Koyanagi 201653 46 þ NS NS NS NS/þa NS þ
Jongen 201050 45 NS NS NS NS NS NS þ
Maruyama
201558,b

37 NS NS NS NS NS/þa NS NS

Matsukawa
201559

36 NS þ NS

Takemoto 201267 36 þ NS
Varetto 201572 35 þ
Tulip 201270 34 NS
Burow 201445,b 26 NS/þa

Timaran 201069 24 NS
Pini 201361 20 NS e NS NS NS NS NS þ
Uchiyama 201271 19 þ
Tanabe 201668 18 þ

CAS ¼ carotid artery stenting.
þ ¼ Feature significantly associated with an increased risk of post-procedural DWI lesions; e ¼ significantly associated with a decreased risk at
post-procedural DWI lesions; NS ¼ no significant association with DWI lesions found.
Cells are blank when a specific feature was not described by the study.
a multiple features were investigated within one category resulting in both significant as well as insignificant associations.
b Study included both CEA and CAS patients.
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high risk anatomy were more likely to be treated conser-
vatively over the more recent years, resulting in a shift of
patient selection. In light of evidence suggesting that very
urgent intervention may increase procedural risk due to
presumed plaque vulnerability, procedural timing has to be
planned more carefully.37,38

In previous studies the advantage of CEA over CAS with
respect to prevention of new DWI lesions has already been
demonstrated.2,3 Although a meta-analysis of European RCT
data showed that CAS was associated with a significantly
higher risk of procedural death/stroke risk after 30 days
than CEA, follow up results of these RCTs show that CAS
appears to be as durable as CEA after the first 30 days.39

Ongoing advances in stenting technology and safety may
lead to a point where CAS is an equivalent treatment option
compared with CEA in terms of major adverse events. The
risk of peri-operative DWI lesions has become increasingly
important since these lesions are associated with a higher
risk of recurrent cerebrovascular events.4,5 As peri-
operative stroke risk has gradually decreased over the
years, the necessity for a surrogate marker to assess
possible effects of changes in treatment is growing. Subtle
peri-operative events such as micro-embolism or a minor
decrease in cerebral perfusion may not be enough to cause
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stroke but can lead to silent ischaemic lesions. Decision
making on type of intervention may be supported by pa-
tient profiling based on the investigated features. Secondly,
as secondary stroke prevention has changed considerably
(widespread use of statins and lower blood pressure tar-
gets), the discussion on invasive treatment vs. BMT has re-
emerged, especially in patients with a low risk of future
cerebrovascular events. In the light of this debate, the risk
of development of peri-procedural DWI lesions may
contribute to an individualised risk benefit assessment.

This review focused on pre-procedural risk assessment
for development of DWI lesions. Naturally, treatment type
and procedural conditions influence the likelihood of new
DWI lesions greatly and the possible effect of choice of
interventional techniques and medication on the risk of
new DWI lesions must be emphasised. A recent review of
cerebral protection described several studies reporting a
higher prevalence of DWI lesions in patients treated with
cerebral protection than in those treated without cerebral
protection. Extensive comparison of type of protection
strategy (proximal occlusion, distal occlusion, and filter
type) did not lead to any convincing evidence of a superi-
ority of one of these protection devices in terms of DWI
lesions.34 A meta-analysis investigating stent design found
no differences in terms of major adverse events but found
an increased risk of development of peri-procedural DWI
lesions in patients treated with open cell stenting.40

Administration of additional pre-procedural anticoagulants
and additional lipid lowering therapy may be protective for
development of new DWI lesions.35,36,41 Another topic of
interest is procedural timing in symptomatic patients.37 As
cerebrovascular events are more likely to occur in patients
with unstable plaque, one could rationalise that timing of
the procedure in symptomatic patients may influence the
chance of dislodgement of plaque debris and therefore new
DWI lesions, in line with research suggesting increased
stroke risk after very urgent CEA.38 Future research on
intervention timing should incorporate presence of DWI
lesions as one of the secondary outcome measures.
Limitations

Most of the included studies were retrospective or pro-
spective cohort studies in which the reason for selection for
either one of the interventions (CEA or CAS) varied and may
have been based on patient characteristics such as age and
comorbidities or the physician’s preference, introducing
selection bias. To account for inherit differences no direct
comparisons between the groups were made. Future
research should focus on identifying risk factors for DWI
lesions after both CEA and CAS in patients with comparable
characteristics.

There’s a wide heterogeneity in the investigated param-
eters, even within one type of predictive category. Few
studies investigated the same parameter using consistent
imaging modalities when evaluating for example plaque
instability or cerebral haemodynamics. Although both of
these investigated categories appear promising tools for
identification of patients at risk of developing new DWI
lesions, one specific instrument could not be selected for
risk assessment for heterogeneous data collection and
quantifying the risk. Moreover, symptomatic and asymp-
tomatic patients could not be analysed separately as these
data were generally not provided by the included studies.
As the optimal treatment strategy for asymptomatic pa-
tients has yet to be determined, assessment of predictive
parameters for DWI lesions in this specific category could be
especially helpful. Future research should focus on devel-
opment of a risk prediction model to assist decision making
on type of revascularisation.

Included studies used 1.5 T, 3 T, or a mix of both MR field
strengths. A previous study has shown differences in DWI
lesion detection rates after CEA/CAS of the carotid artery
between field strengths.3 As most studies used only one
type of field strength, this is not likely to have caused a bias
in the results of the individual studies. Reasonably, studies
using 1.5 T may have underreported silent ischaemic le-
sions, although pooling of studies based on MRI field
strength did not result in a lower prevalence of DWI lesions
in these studies than studies using 3 T MRI.

The majority of studies used the presence of new DWI
lesions as their primary endpoint; however, some
mentioned DWI only as a secondary outcome measure.
These studies were likely to be underpowered to detect a
statistically significant difference in DWI lesions for the
investigated feature. In particular CEA studies in which the
prevalence of DWI is lower may have suffered from this
statistical problem. Pooling of data by performing an indi-
vidual patient data meta-analysis may offer a solution to
this problem; unfortunately this was not feasible due to the
large heterogeneity of the investigated predictive features.

CONCLUSION

Risk factors associated with the development of new DWI
lesions after carotid stenting or endarterectomy are het-
erogeneous. For CEA patients, assessment of symptom
status, pre-procedural cerebral haemodynamics, and in-
flammatory parameters may help to identify those at risk of
new DWI lesions. In CAS patients, age and imaging of pla-
que characteristics and anatomy of supra-aortic arteries
provide information on susceptibility to new DWI lesions.
These predictive features may assist in risk assessment to
determine the indication for and optimal type of treatment
being either medical intervention, carotid artery stenting, or
endarterectomy as revascularisation strategy.
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