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ORIGINAL RESEARCH
INTERVENTIONAL

Diffusion-Weighted Imaging–Detected Ischemic Lesions
following Endovascular Treatment of Cerebral Aneurysms:

A Systematic Review and Meta-Analysis
X K.M. Bond, X W. Brinjikji, X M.H. Murad, X D.F. Kallmes, X H.J. Cloft, and X G. Lanzino

ABSTRACT

BACKGROUND AND PURPOSE: Endovascular treatment of intracranial aneurysms is associated with the risk of thromboembolic isch-
emic complications. Many of these events are asymptomatic and identified only on diffusion-weighted imaging. We performed a system-
atic review and meta-analysis to study the incidence of DWI positive for thromboembolic events following endovascular treatment of
intracranial aneurysms.

MATERIALS AND METHODS: A comprehensive literature search identified studies published between 2000 and April 2016 that reported
postprocedural DWI findings in patients undergoing endovascular treatment of intracranial aneurysms. The primary outcome was the
incidence of DWI positive for thromboembolic events. We examined outcomes by treatment type, sex, and aneurysm characteristics.
Meta-analyses were performed by using a random-effects model.

RESULTS: Twenty-two studies with 2148 patients and 2268 aneurysms were included. The overall incidence of DWI positive for throm-
boembolic events following endovascular treatment was 49% (95% CI, 42%–56%). Treatment with flow diversion trended toward a higher
rate of DWI positive for lesions than coiling alone (67%; 95% CI, 46%– 85%; versus 45%; 95% CI, 33%–56%; P � .07). There was no difference
between patients treated with coiling alone and those treated with balloon-assisted (44%; 95% CI, 29%– 60%; P � .99) or stent-assisted
(43%; 95% CI, 24%– 63%; P � .89) coiling. Sex, aneurysm rupture status, location, and size were not associated with the rate of DWI positive
for lesions.

CONCLUSIONS: One in 2 patients may have infarcts on DWI following endovascular treatment of intracranial aneurysms. There is a trend
toward a higher incidence of DWI-positive lesions following treatment with flow diversion compared with coiling. Patient demographics
and aneurysm characteristics were not associated with DWI-positive thromboembolic events.

Coil embolization and flow diversion have proved highly effi-

cacious options for the endovascular treatment of intracra-

nial aneurysms. However, both techniques are associated with

potential periprocedural complications, including aneurysm rup-

ture, transient ischemic attacks, and ischemic stroke. Small, silent

infarcts caused by thromboemboli are often seen on postproce-

dural diffusion-weighted imaging. While many of these lesions

remain ostensibly asymptomatic, the long-term effects of such

tiny infarcts remain unclear.1-3

Previous studies have reported that the rate of ischemic lesions

on postoperative DWI ranges from 10% to 77% following coil

embolization4-15 and 51% to 63% following therapy with flow

diversion.16-19 However, baseline clinical and angiographic risk

factors for postoperative DWI lesions, to our knowledge, have not

been fully elucidated previously. We performed a systematic re-

view and meta-analysis for the following: 1) to determine the

overall incidence of perioperative infarcts on DWI in patients

undergoing endovascular treatment of intracranial aneurysms;

and 2) to demonstrate the relationship between treatment type,

patient demographics, and aneurysm characteristics with postop-

erative infarcts on DWI.

MATERIALS AND METHODS
Literature Search and Inclusion Criteria
This systematic review and meta-analysis are reported in accor-

dance with the Preferred Reporting Items for Systematic Reviews

and Meta-Analysis (PRISMA; http://www.bmj.com/content/339/

bmj.b2535) guidelines. An experienced librarian conducted a

comprehensive literature search of PubMed, Ovid MEDLINE,

and Ovid EMBASE with input from the authors. The search was
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performed by using the following keywords: “coiling,” “pipeline,”

“flow diverter,” “aneurysm,” “endovascular,” “diffusion,” “re-

stricted diffusion,” “MR imaging,” and “stroke” in both “AND”

and “OR” combinations. The search was limited to English arti-

cles published from 2000 to April 2016. The inclusion criteria

were the following: 1) consecutive series of �10 patients who

underwent endovascular treatment of intracranial aneurysms

with endosaccular coiling or flow diversion, and 2) DWI exami-

nation performed within 5 days of endovascular treatment in all

patients. Exclusion criteria were the following: 1) �10 patients in

the series, 2) series that reported outcomes of parent artery occlu-

sion, 3) studies in which only symptomatic patients underwent

postoperative DWI imaging, 4) studies that did not provide the

number of patients who had no lesions on DWI, and 5) studies for

which an English translation was not available. Two independent

reviewers determined whether the articles met the inclusion and

exclusion criteria for this systematic review and meta-analysis.

The following baseline information was extracted from each

study: number of patients, mean age, sex distribution, mean an-

eurysm size, aneurysm location, and rupture status.

Outcomes and Patient Groups
The primary outcome of this study was the overall rate of DWI

positive for thromboembolic events following endovascular an-

eurysm treatment. We also performed subgroup analyses strati-

fied by treatment type (ie, coiling, stent-assisted coiling, balloon-

assisted coiling, and flow diversion), patient sex (male versus

female), aneurysm size (small versus large/giant), aneurysm loca-

tion (anterior versus posterior circulation), and aneurysm rup-

ture status (ruptured versus unruptured). Small aneurysms were

defined as those with a maximum diameter of �10 mm.

Risk of Bias Assessment
We selected items from the Newcastle-Ottawa Scale for nonran-

domized trials to fit the type of included studies. We queried the

following study characteristics: 1) patient groups clearly defined,

2) outcomes clearly reported, 3) outcomes clearly reported for

each patient group studied, 4) imaging interpreted by an indepen-

dent reader or interpreted by the operator, 5) readers blinded to

the clinical status of the patient, 6) multiple readers used and

interobserver agreement assessed, and 7) the study followed a

predefined study protocol in which all patients underwent MR

imaging at the same time point.

Statistical Analysis
We estimated from each study the cumulative incidence (event

rate at the end of the study) and 95% confidence interval. Because

we anticipated marked heterogeneity in the populations and in-

terventions across the various included studies, a random-effects

model was used to pool incident rates across studies.20 Variance

was estimated by using the Freeman-Tukey Double Arcsine

Transformation.21,22 The I2 statistic was used to express the pro-

portion of inconsistency that is not attributable to chance.23 Anal-

ysis was conducted by using the STATA Statistical Software for

2015: Release 14 (StataCorp, College Station, Texas).

RESULTS
Search Results and Patient Population
The literature search yielded 533 records, of which 424 were

deemed irrelevant by reading the title and abstract alone. Of the

remaining 109 records, 45 were duplicates, abstracts only, or re-

view articles. Forty-two did not meet our minimum sample size

criterion of �10 patients or did not provide data for the number

Table 1: Summary of studies included in meta-analysis

Study Design
No. of

Patients
Mean
Age

Sex Aneurysms Circulation

Treatment
Time until

Imaging (hr)

Risk
of

BiasM F Ruptured Unruptured Total Anterior Posterior
Altay et al, 201112 R 184 58.8 44 154a 65 133 198 147 51 C, SAC, BAC �72 M
Biondi et al, 200025 R 20 50 5 15 11 9 20 16 4 C 2–4 and 24–48 M
Brasiliense et al, 201616 P 59 59 11 48 70 0 70 60 10 FD 24 M
Cronqvist et al, 200532 P 40 49.4 13 27 16 30 46 38 8 C 18–52 M
Hahnemann et al, 20147 R 75 52.6 21 54 0 75 75 35 40 SAC �120 H
Heller et al, 201317 P 76 56 11 65 68 10 78 53 25 SAC 24–48 H
Iosif et al, 201518 P 38 53 7 31 – – 49 48 1 FD �48 H
Ishibashi et al, 200615 R 74 – – – 29 45 74 63 11 C, BAC �48 H
Kang et al, 20136 R 343 – 99 283a 0 382 382 323 59 C, SAC, BAC – M
Kang et al, 201324 P 40 54.8 13 27 0 40 40 33 7 C, SAC �24 M
Kim et al, 201311 R 90 58 20 72a 0 92 92 78 14 C �24 M
Kim et al, 201410 R 58 – 23 35 0 62 62 – – C, SAC 23–46 M
Kim et al, 201627 R 309 – 84 225 0 338 338 306 32 C, SAC 24–48 M
McGuinness et al, 201533 P 31 56 4 27 8 25 33 30 3 FD 48–240 H
Nagahata et al, 201134 R 14 58.6 1 13 0 14 14 14 0 C, BAC �96 M
Nishikawa et al, 20134 R 154 58.8 37 117 0 157 157 108 49 C, SAC, BAC 48–120 M
Park et al, 20165 R 271 57.2 68 203 0 271 271 226 45 C, SAC, BAC 24 L
Rordorf et al, 20019 P 14 57.2 4 10 0 14 14 14 0 C, BAC �48 M
Sim and Shin, 20128 P 39 57.7 11 28 26 13 39 32 7 C, SAC, BAC �48 M
Soeda et al, 200313 R 26 60 8 18 0 26 26 0 26 C, BAC 48–120 M
Takigawa et al, 201414 R 119 62.9 30 89 0 119 119 95 24 SAC, BAC 24 M
Tan et al, 201519 R 74 60 12 62 0 74 74 58 16 FD �24 M

Note:—R indicates retrospective; P, prospective; C, coiling only; SAC, stent-assisted coiling; BAC, balloon-assisted coiling; FD, flow diversion; H, high; M, moderate; L, low; –, data
was not available.
a Authors reported sex distribution by number of aneurysms.
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of patients with no DWI positive for lesions. Twenty-two studies

met all of our inclusion criteria and were included in the meta-

analysis. A summary of these studies is provided in Table 1. The

PRISMA flow diagram is provided in Fig 1.

In total, 2148 patients with 2268 aneurysms were included in

this study. Five hundred ninety-two aneurysms were treated with

coiling alone; 376, with stent-assisted coiling; 162, with balloon-

assisted coiling; and 178, with flow diversion. Two hundred

ninety-two aneurysms had ruptured at the time of treatment,

while1927aneurysmsremainedunruptured.Fourhundredthirty-

six aneurysms were located in the anterior circulation, and 129

were in the posterior circulation.

Study Outcomes
The rates of postprocedural DWI positive for thromboembolic

events are summarized in Table 2. Overall, 49% of all patients had

DWI positive for lesions following endovascular treatment of cere-

bral aneurysms (95% CI, 42%–56%) (Fig 2). The rate of infarcts in

patients treated with simple coiling was 45% (95% CI, 33%–56%).

This was no different from those treated with balloon-assisted coiling

(44%; 95% CI, 29%–60%; P � .99) or stent-assisted coiling (43%;

95% CI, 24%–63%; P � .89). The rate of DWI positive for lesions in

patients treated with flow diversion was 67% and approached statis-

tical significance (95% CI, 46%–85%; P � .07) (Fig 3).

Patient sex was not associated with the rate of DWI positive for

lesions because 32% (95% CI, 17%– 48%) of men and 41% (95%

CI, 28%–54%) of women had postoperative infarcts (P � .47). In

comparing aneurysm size, the rate of DWI positive for thrombo-

embolic events was 52% (95% CI, 39%– 65%) for small aneu-

rysms and 61% (95% CI, 34%– 86%) for large aneurysms (P �

.55). The rate of infarcts was not different between patients with

aneurysms in the anterior circulation (35%; 95% CI, 25%– 47%)

and posterior circulation (31%; 95% CI, 9%–59%; P � .83). An-

eurysm rupture status was not associated with the rate of stroke

because 42% (95% CI, 17%– 69%) of patients with ruptured an-

eurysms and 44% (95% CI, 35%–53%; P � .87) of those with

unruptured aneurysms had DWI positive for lesions.

Study Heterogeneity and Risk of Bias
I2 values were �50% for all outcomes, with the exception of post-

operative infarct rate for large aneurysms, indicating substantial

heterogeneity. Of the 22 studies included in this meta-analysis, 14

were retrospective and 8 were prospective. Five studies had a high

risk of bias, 16 studies had a moderate risk of bias, and 1 study had

a low risk of bias as determined by our modified Newcastle-

Ottawa Scale criterion.

DISCUSSION
This systematic review and meta-analysis demonstrated that the

overall incidence of DWI positive for thromboembolic events fol-

lowing endovascular treatment of intracranial aneurysms is ap-

proximately 50%, with no significant difference between coiling

with and without adjunct devices. In addition, there was no asso-

ciation between postoperative DWI positive for lesions and pa-

tient sex or aneurysm location, size, or rupture status. There was a

trend toward a higher infarct rate among patients treated with

flow diversion compared with traditional endovascular coiling

techniques; however, this did not reach statistical significance.

Because these so-called “clinically silent strokes” have been asso-

ciated with cognitive decline, depression, and future stroke, these

findings highlight the importance of finding new techniques

aimed at reducing perioperative infarcts.1-3,24

Several studies have identified risk factors for both symptom-

atic and asymptomatic lesions positive on DWI following treat-

ment with traditional endovascular techniques. These include

large aneurysm size, female sex, age, atherosclerotic disease, and

protruding loops of coil.8,13,25,26 Some studies have found that

balloon-assisted and stent-assisted coiling increased the risk of

thromboembolic complications, while others found no associa-

tion.5,6,8-10,13-15,27 In contrast, our large study demonstrates that

no anatomic or demographic risk factors are associated with this

particular postoperative complication. Prior studies have demon-

strated that aggressive antiplatelet and anticoagulation therapy is

also associated with a reduction in perioperative ischemic

FIG 1. Flow chart illustrating study selection.

Table 2: Incidence of ischemic strokes as measured by restricted
diffusion with DWI

% DWI+ (95% CI) I2 P Value
Overall 49 (42–56) 90 –
Location

Anterior 35 (25–47) 76 .83
Posterior 31 (9–59) 87

Treatment type
Coiling alone 45 (33–56) 86 Ref
Balloon-assisted coiling 44 (29–60) 54 .99
Stent-assisted coiling 43 (24–63) 93 .89
Flow diversion 67 (46–85) 87 .07

Sex
Male 32 (17–48) 58 .47
Female 41 (28–54) 84

Rupture status
Ruptured 42 (17–69) 90 .87
Unruptured 44 (35–53) 87

Size
Small 52 (39–65) 62 .55
Large 61 (34–86) 38

Note:—Ref indicates reference.
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events,28 but our meta-analysis did not consider this parameter

because it was inconsistently reported by the included studies.

One of the interesting findings from our meta-analysis was the

trend toward a higher rate of silent infarcts in patients treated with

flow diverters compared with those treated with coils alone. While

both coils and flow diverters are inherently thrombogenic, treat-

ment with flow diversion is generally associated with a higher rate

of thromboembolic complications than with coiling alone.19 Be-

cause flow diverters are high-density metal constructs with large

endoluminal surface areas, these devices pose a higher risk of

thrombosis in the lumen of the parent artery. Shearing stress from

blood flow through the device can cause these thrombi to embo-

lize. In contrast, thrombi that form on lower density coils are less

likely to embolize into the bloodstream because of the placement

of the coil in the aneurysm sac outside the cerebral circulation.29

The high rate of asymptomatic DWI positive for lesions raises

questions about the clinical relevance of these tiny strokes. Most

thromboembolic events likely do not present as focal neurologic

deficits simply because they occur in noneloquent locations.

However, many of these so-called “clinically silent” lesions may

actually give rise to nongross neurologic deficits. Thus, studies

have prospectively explored the relationship between DWI posi-

tive for lesions and neuropsychological examination performance

and have yielded variable results. Studies from the cardiac litera-

ture have found that patients with DWI lesions post-cardiac en-

dovascular and surgical procedures have reduced cognitive func-

tion on neuropsychological examinations.30,31 However, studies

from the coiling and flow-diversion literature have demonstrated

no association between the presence of DWI lesions and neuro-

psychological examination performance.24,18 Given these con-

flicting results, the relevance of DWI positive for lesions to cogni-

tive function remains uncertain, and further study is needed to

evaluate the long-term consequences of these infarcts.

Limitations
Our study has several limitations. Many of the studies included in

our analysis were retrospective, noncomparative, and nonran-

domized. There was substantial variability in methods and the

detail in which outcomes were reported. For example, the type of

antiplatelet therapy and the time elapsed between the procedures

and imaging were inconsistent between studies. Additionally,

many articles gave an incomplete account of patient demograph-

ics, symptomatic status, and neurologic outcomes. Our study also

has publication bias, and we acknowledge the methodologic dif-

ferences between institutions and the tendency for retrospective

studies to only publish positive results. We did not compare out-

comes based on the type of anticoagulation and antiplatelet ther-

apy, a parameter that likely influences clot formation and isch-

FIG 2. Forest plot demonstrating the overall rate of silent infarcts following endovascular aneurysm treatment.
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emic stroke incidence. Similarly, we did not consider the lesion

load of each patient and the relationship of this value to pre-

dicting symptoms. MR imaging techniques likely differ from

institution to institution. It is possible that differences in MR

imaging field strength, B0 values, and section thickness affect

the overall rate of DWI lesion detection. It is important to

consider these limitations when interpreting the results of this

meta-analysis.

CONCLUSIONS
Our meta-analysis, which included �2000 patients undergoing

endovascular treatment of intracranial aneurysms, demonstrated

that the overall rate of postoperative DWI positive for thrombo-

embolic events is approximately 50%, with no differences when

comparing coiling techniques, aneurysm characteristics, or pa-

tient sex. There was a trend toward a higher rate of thromboem-

bolic complications among those treated with flow diverters com-

pared with those treated with coiling alone. Because the long-term

effects of these so-called silent infarcts are unclear, further work is

needed to develop techniques to reduce the rate of thromboem-

bolic complications associated with endovascular aneurysm treat-

ment. Given the limitations of this meta-analysis, prospective

studies with uniform methods are needed to confirm these results.
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