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Abstract

Background and purpose: Aneurysm wall enhancement (AWE) of intracranial aneurysms
on magnetic resonance imaging has been described in previous studies as a surrogate
marker of instability. With this study, an updated literature overview and summary risk
estimates of the association between AWE and different specific outcomes (i.e., rupture,
growth or symptomatic presentation) for both cross-sectional and longitudinal studies
are provided.

Methods: The PRISMA guideline was followed and a search was performed of PubMed
and Embase to 1 January 2021 for studies that reported on AWE and aneurysm insta-
bility. In cross-sectional studies, AWE was compared between patients with stable and
unstable aneurysms. In longitudinal studies, AWE of stable aneurysms was assessed at
baseline after which patients were followed longitudinally. Risk ratios were calculated
for longitudinal studies, prevalence ratios for cross-sectional studies and then the ratios
were pooled in a random-effects meta-analysis. Also, the performance of AWE to differ-
entiate between stable and unstable aneurysms was evaluated.

Results: Twelve studies were included with a total of 1761 aneurysms. In cross-sectional
studies, AWE was positively associated with rupture (prevalence ratio 11.47, 95% con-
fidence interval [Cl] 4.05-32.46) and growth or symptomatic presentation (prevalence
ratio 4.62, 95% Cl 2.85-7.49). Longitudinal studies demonstrated a positive association
between AWE and growth or rupture (risk ratio 8.00, 95% Cl 2.14-29.88). Assessment
of the performance of AWE showed high sensitivities, mixed specificities, low positive
predictive values and high negative predictive values.

Conclusions: Although AWE is positively associated with aneurysm instability, current ev-

idence mostly supports the use of its absence as a surrogate marker of aneurysm stability.
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INTRODUCTION

Rupture of an intracranial aneurysm causes a subarachnoid hem-
orrhage, which is a significant health problem due to its high asso-
ciated morbidity and mortality rates [1,2]. The increased utilization
of brain imaging has resulted in a consistent increase of inciden-
tally discovered unruptured intracranial aneurysms, warranting
adequate risk assessment to counsel the risk of future rupture
[3,4]. Current guidelines advocate elective treatment of aneu-
rysms with a high estimated risk of rupture [5]. However, current
prediction models like the PHASES score (5-year estimated risk of
rupture) have significant shortcomings [6]. For example, the ma-
jority of ruptured aneurysms have low PHASES scores and would
presumably not have received treatment if evaluated before the
occurrence of rupture [7]. When the estimated risk of rupture is
low, it is common practice to monitor for aneurysm growth using
serial follow-up imaging [8]. Aneurysm growth during follow-up
is frequently used in studies as a proxy of aneurysm rupture be-
cause it substantially increases the risk of rupture compared to
stable aneurysms, with a yearly rupture rate of 3.1% versus 0.1%,
respectively [9]. Hence, constant effort is needed to optimize risk
assessment methods.

Magnetic resonance angiography (MRA) is an established, non-
invasive imaging method frequently used for follow-up imaging
of unruptured intracranial aneurysms. Although a time-of-flight
sequence, averting the need for intravenous gadolinium, is most
commonly used to assess aneurysm growth, there is an increas-
ing interest in the use of additional contrast-enhanced magnetic
resonance imaging (MRI) sequences (Figure 1) [10,11]. In particular,
multiple studies indicate that gadolinium enhancement of the an-
eurysm vessel wall on MRI may be a surrogate marker of aneurysm
instability since histopathological studies demonstrate a correla-
tion with inflammatory changes, a critical process behind aneurysm
progression [12-16]. The evaluation of aneurysm wall enhance-
ment (AWE) can thereby potentially improve the current risk as-
sessment of incidentally found intracranial aneurysms. However,
it is currently unclear how AWE performs for different types of
aneurysm instability (i.e., growth, rupture or symptomatic presen-
tation) and how the estimates differ between cross-sectional and
longitudinal studies. To answer this question, both cross-sectional
and longitudinal studies were reviewed comparing the presence
of AWE between stable aneurysms and those with growth, rup-
ture or symptomatic presentation. Additionally, the performance
of AWE was assessed as a predictor of aneurysm instability during

follow-up.

METHODS

This systematic review and meta-analysis was conducted according
to the Preferred Reporting in Systematic Reviews and Meta-Analysis
(PRISMA) statement [17].

FIGURE 1 Example of aneurysm wall enhancement in a patient
with a left middle cerebral artery aneurysm. All images are coronal
projections and were made during the same scanning session. (a)
Coronal maximum intensity projection of 3D time-of-flight MRA.
High spatial resolution, fat-saturated 3D T1 SPACE black blood
MRI before (b) and after (c) administration of gadolinium, showing
circumferential aneurysm wall enhancement

Search strategy and eligibility criteria

A search strategy for PubMed and Embase was constructed with
the assistance of a medical information specialist (Table S1). Studies
published until 1 January 2021 that reported on adults with intracra-
nial aneurysms and evaluated the association between AWE on MRI
and stable versus unstable aneurysms were included. Unstable an-
eurysms were defined as those with growth, rupture or symptomatic
presentation (e.g., cranial nerve palsy related to the aneurysm). Both
cross-sectional and longitudinal studies were included. The study
types differ concerning the moment at which vessel wall imaging
is performed. In the cross-sectional studies, imaging was compared
between patients with stable and unstable aneurysms (as defined
previously). Vessel wall imaging was performed at the same time as
the assessment of aneurysm stability. In longitudinal studies, imag-
ing was performed at the start of follow-up of stable aneurysms
only, enabling the assessment of AWE as a predictor of instability
during follow-up. Conference abstracts were excluded as were non-
original studies (letters, editorials or reviews), studies describing
non-saccular aneurysms, written in a language other than English,
including 10 or fewer patients, and those using other contrast agents
than gadolinium. Reference lists of all included studies, as well as rel-
evant reviews, were screened for potentially missed studies. When
multiple studies were published (partially) based on the same patient
cohort, and they described similar outcomes, the study describing

the largest cohort was chosen.
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Study selection

The first author (RM) screened titles and abstracts after removal of
duplicates. Full texts of potentially relevant articles were indepen-
dently evaluated by two reviewers (RM and MWA) for final inclusion
in the systematic review and meta-analysis. Disagreements between
the two reviewers were solved by consensus or by consulting a third

reviewer.

Data extraction and quality assessment

A data extraction file was constructed to systematically extract
data regarding patient, aneurysm, imaging and study characteris-
tics. Data extraction was done independently by two reviewers (RM
and MWA). Study quality was assessed using the Methodological
Index for Non-randomized Studies (MINORS) for all included stud-
ies [18]. This tool encompasses 12 items relating to potential areas
of bias. Each item receives a score from O to 2, resulting in overall
scores ranging from O to 24. A high score indicates a low risk of bias,
whereas a low score indicates a high risk of bias. The assessment
was performed independently by two reviewers (RM and MWA).
Disagreements were solved between the two authors by consen-
sus, as was the case for potential exclusion of a study based on the
MINORS quality assessment.

Statistical analyses

If studies described different enhancement patterns, such as cir-
cumferential or partial, this outcome was dichotomized to the pres-
ence or absence of any pattern of enhancement to facilitate data
synthesis. Based on study design and outcome, studies were divided
into one of three categories: (i) cross-sectional studies with rupture
as the outcome, (ii) cross-sectional studies with growth or sympto-
matic presentation as the outcome and (iii) longitudinal studies with
growth or rupture as the outcome. When a study described multiple
outcomes, patients were divided over the categories based on the
corresponding outcome of interest. The risk ratios (RRs) for longitu-
dinal studies and prevalence ratios (PRs) for cross-sectional studies
were calculated, with corresponding 95% confidence intervals (Cls),
for the association between AWE and outcomes. For each category,
the ratios were then pooled in a random-effects (DerSimonian and
Laird) meta-analysis, with a continuity correction of 0.5 for cells
with a frequency of zero. Sensitivity, specificity, positive and nega-
tive predictive values were also calculated, with true positives rep-
resenting unstable aneurysms with AWE and true negatives stable
aneurysms without AWE.

Heterogeneity amongst studies was tested for using I?> and )(2
and the between-study heterogeneity was classified as moderate
(I? = 30%), substantial (1> > 50%) or considerable (I? > 75%) [19,20].
If at least substantial heterogeneity was identified or the p value of
;(2 was <0.05, the potential source of heterogeneity was explored

by conducting subgroup analysis (where applicable) based on the
following a priori defined variables: AWE assessment (qualitative,
quantitative), aneurysm size (<7 mm, =7 mm), geographical region
(Japan, Finland, other), outcome (growth, symptomatic, growth and
symptomatic). Geographical region groups (Japan, Finland, other)
are based on the groups used in the PHASES model, which is an es-
timator of the 5-year rupture risk of unruptured aneurysms [6]. All
statistical analysis was performed using R (version 4.0.2) with the
meta and metafor packages [21]. p values <0.05 were considered
statistically significant. Contour-enhanced funnel plots were used
and Egger's test was performed to evaluate the risk of publication
bias if at least 10 studies were included [22] A p value threshold of
<0.10 was used as an indicator of potential publication bias [23].

Data are available from the authors upon request.

Results
Study characteristics

The literature search resulted in a total of 1206 unique records.
Twenty-one full-text articles were assessed for eligibility after the
screening of titles and abstracts, of which a total of 12 studies met
the inclusion and exclusion criteria (Figure 2) [24-35]. Ten studies
had a cross-sectional design and performed vessel wall imaging in a
total of 1551 aneurysms, of which 454 were unstable (Table 1). Two
studies had a longitudinal design and performed vessel wall imaging
in 210 aneurysms, of which 16 became unstable during follow-up.
Two studies primarily performed a quantitative assessment of AWE
[27,30]. For these studies, the number of stable and unstable aneu-
rysms with and without AWE were calculated based on the sensitiv-
ity and specificity associated with the used cutoff value. The cutoff
value represented the point at which the used quantitative assess-
ment method most optimally differentiated between stable and un-
stable aneurysms, as determined via the receiver operating curve.
The discriminative performance belonging to various AWE defini-
tions used by the different studies is listed in Table S5. The differ-
ent definitions of symptomatic and growing aneurysms are listed in
Table S2. MRl field strengths ranged from 1.5 T to 7 T and some dif-
ferences in scan protocols were observed (Table 2). One of the nine
excluded articles did not describe the contrast agent used for vessel
wall imaging [36]. It was not possible to verify the details by contact-
ing the authors, leading to the final decision to exclude the study.
The risk of bias of individual studies based on the MINORS quality

assessment was considered low, and none was excluded (Table S3).

Association between AWE and rupture

A total of four cross-sectional studies comparing patients with rup-
tured and unruptured aneurysms were identified. The studies de-
scribe 656 aneurysms with 134 events. Pooling of the data resulted
ina PR of 11.47 (95% Cl 4.05-32.46), with substantial heterogeneity
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1669 records identified
through database searching

1 additional record identified
through other sources

FIGURE 2 PRISMA flow diagram
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data synthesis

between the individual studies (1> = 53%, p = 0.09), as depicted in
Figure 3a. Subgroup analysis could not be performed adequately
due to the low number of studies per subgroup. The discriminative

performance is depicted in Table 3.

Association between AWE and growth or
symptomatic presentation

A total of seven cross-sectional studies comparing patients with
growing or symptomatic aneurysms with stable unruptured aneu-
rysms were identified. The studies describe a total of 1171 aneu-
rysms with 320 events. Pooling of the data resulted in a PR of 4.62
(95% Cl 2.85-7.49), with substantial heterogeneity across studies
(P = 63%, p = 0.01), as depicted in Figure 3b. Subgroup analysis
showed that heterogeneity could be explained by aneurysm size, ge-
ographical region and study outcome (Table S4). The PR for growth
only (two studies; PR 3.65; 95% Cl 0.92-14.38; I> = 80%) was lower
compared to symptomatic only (four studies; PR 5.76; 95% Cl 3.74-
8.86; I” = 20%), although the wide confidence intervals limit compa-

rability. The discriminative performance is depicted in Table 3.

Association between AWE and rupture or growth
during follow-up

Two studies included in this meta-analysis had a longitudinal study
design with vessel wall imaging at baseline. The first study followed
a total of 57 patients with 65 aneurysms during a median period of
27 months (interquartile range 20-31 months) and recorded an-
eurysm growth or rupture [25]. Two aneurysms enlarged and two

aneurysms ruptured during follow-up. The second study followed
a total of 129 patients with 145 aneurysms during a median period
of 24 months (interquartile range 12-35 months) and recorded an-
eurysm growth [24]. Twelve aneurysms enlarged during follow-up.
Pooling of the data resulted in an RR estimate of 8.00 (95% CI 2.14-
29.88), without signs of heterogeneity (1> = 0%, p = 0.45), as depicted
in Figure 3c. The discriminative performance is depicted in Table 3.

Publication bias

With fewer than 10 identified studies per category, it was not possi-
ble to adequately assess possible publication bias. Therefore funnel
plots and Egger's test were not used.

DISCUSSION

In this systematic review and meta-analysis, the aim was to evaluate
the association between AWE and MRl and aneurysm instability. Our
study resulted in three main findings. First, a positive association be-
tween the presence of AWE and aneurysm instability was identified.
The association was stronger for rupture than it was for growth or
symptomatic presentation in cross-sectional studies, although both
were significant. A possible explanation could be that aneurysm rup-
ture may lead to increased inflammatory changes within or even out-
side the aneurysm wall, leading to more frequent detection of AWE.
Secondly, its discriminative performance currently favors the use of
AWE absence as a marker of stability, rather than the presence of
AWE as a marker of instability. AWE relatively frequently occurs in
stable aneurysms leading to generally low positive predictive values.
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FIGURE 3 Meta-analysis of the association between AWE and aneurysm instability. (a) Cross-sectional studies with aneurysm rupture as
the outcome. (b) Cross-sectional studies with aneurysm growth or symptomatic presentation as the outcome. (c) Longitudinal studies with
aneurysm growth or rupture as the outcome. The size of the squares is proportional to the weight of each study, with the horizontal lines
representing the 95% Cl of the RR or PR estimate. The diamonds represent the pooled estimate with 95% CI. Studies are arranged based on

effect size

In contrast, the absence of AWE rarely occurs in growing, sympto-
matic or ruptured aneurysms. In particular, only two cohorts report
negative predictive values below 90%, indicating that AWE absence
is associated with an unlikely risk of aneurysm instability. Thirdly,
preliminary results from longitudinal studies suggest that AWE may
improve the current risk assessment of unruptured intracranial an-
eurysms. In particular, it seems that the absence of AWE is associ-
ated with a low risk of aneurysm progression in the first 2 years of
follow-up. The absence of AWE may thereby potentially be a highly

clinically relevant finding, not only because it may lead to the need
for less frequent follow-up imaging and elective treatment, but it
may thereby also reduce healthcare spending and enhance practi-
tioners' ability to relieve patients' psychological burden associated
with the presence of an unruptured aneurysm.

Earlier systematic reviews also identified a positive association
between AWE and aneurysm instability [37-39]. However, there are
important differences based on which this study adds to the current
literature. Recently published data from additional cohort studies
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lead to the inclusion of more than three times as many aneurysms.
Also, contrary to early reviews, both cross-sectional and longitudinal
studies were included, and separate analyses were performed based
on outcome. Overall, a broad and contemporary overview of the
current evidence for the association between AWE and aneurysm
instability was thereby provided.

An important question regarding the use of AWE remains the
underlying mechanism behind AWE. It is known that inflammatory
changes in the aneurysm vessel wall play a significant role in the
formation and progression of intracranial aneurysms [40,41]. The
hypothesis is that AWE occurs in these regions of inflammation.
Studies comparing AWE with histopathological findings after elec-
tive clipping demonstrated an association between AWE and inflam-
matory cell infiltration, vasa vasorum and neovascularization, as well
as atherosclerotic changes in the aneurysm vessel wall [12-16]. Rates
of AWE were lower amongst patients taking the anti-inflammatory
drug acetylsalicylic acid [42]. Whether acetylsalicylic acid also truly
reduces the risk of aneurysm growth or rupture is currently being
investigated, together with intensive blood pressure treatment, in
a randomized controlled trial (PROTECT-U trial) [43]. Additionally,
a recent study also found an association between atherosclerotic
proteins (lipoprotein(a)) and AWE [44]. Here, blood samples were
collected from the lumen and parent artery of 19 unruptured an-
eurysms. The difference in lipoprotein(a) concentration between
the aneurysm sac and parent artery was significantly higher in an-
eurysms with AWE compared to those without AWE. However, it
is currently unclear if lipoprotein(a) causally influences the risk of
subarachnoid hemorrhage [45]. Hemodynamic studies have shown
an association between AWE and regions of low wall shear stress,
which in turn has been associated with proinflammatory changes
and instability [46-49]. A potential pitfall of vessel wall imaging is
the possibility of misinterpreting incomplete signal suppression due
to recirculating or slow flow within the aneurysm dome for true wall
enhancement [10,50]. Thus, AWE seems to reflect underlying aneu-
rysm wall changes associated with aneurysm instability. However,
this comes from studies with small sample sizes, warranting more

extensive replication studies.

Limitations and future perspectives

The main limitation of this study comes from the various method-
ological differences between studies. For example, multiple MRI
scanners and field strengths were used, in addition to some differ-
ences in scan protocols. Although the precise implications are cur-
rently not known, it is a realistic possibility that the differences in
field strengths and scan protocols influence the capacity to detect
AWE. For example, the frequent lack of advanced blood suppression
techniques (e.g., MSDE or DANTE) may lead to more frequent false-
positive detections of AWE due to blood flow mimicking AWE [51].
However, false-positive AWE due to an imaging artifact should be
independent of aneurysm stability. Therefore, considering that posi-
tive AWE infrequently occurs amongst stable aneurysms, the extent

of this particular issue may be limited. Also, only a few articles men-
tion the time between gadolinium injection and the post-contrast
vessel wallimaging. These are pitfalls of current AWE research, which
should be addressed in future studies. Another limitation of current
AWE research and studies concerning aneurysm growth is the vari-
ous definitions used for growth. Although it is known that inter-rater
agreement is generally high for 2D aneurysm size measurements on
an individual time of flight MRA, the reliability drops significantly for
the detection of growth and the smallest detectable change in size
is at least 1 mm [52]. Also, the interval between follow-up imaging
for detecting growth is often neglected, assuming a stable growth
rate and perhaps missing relevant information regarding the growth
pattern. Now that more advanced imaging assessment methods are
becoming available, the debate should be whether conventional 2D
aneurysm measurements, such as maximum diameter, are still suf-
ficient. Instead, volumetric measurements, with the support of au-
tomatic and semi-automatic segmentation software, may provide a
more reliable standardized approach, richer information and higher
sensitivity [52,53]. Concerning the field strength of 1.5 T versus 3 T,
preference should go to 3 T due to its higher signal-to-noise ratio,
which is advantageous for intracranial vessel wall imaging [10].

Several studies further classify AWE into different categories,
such as circumferential AWE, partial AWE or different thicknesses
of enhancement. To facilitate data synthesis for this meta-analysis,
these different categories were not incorporated. Instead, differ-
ences between absence and any enhancement was looked at, pos-
sibly underestimating the discriminative performance. Also, some
studies used quantitative cutoff values for AWE. Since these cut-
off values are calculated based on data of their own cohorts, this
may lead to an overestimation of the relationship between AWE and
instability. Selection bias may also influence the study results. For
example, only aneurysms with a conservative treatment recommen-
dation, which are generally low-risk aneurysms, were included in
longitudinal studies. In cross-sectional studies, vessel wall imaging
was performed at the time of instability, leaving it unknown whether
enhancement was present before the occurrence of instability. It
should also be mentioned that, whilst it is frequently accepted to
describe symptomatic aneurysms as unstable, most studies did not
investigate different symptoms. This may therefore represent a fu-
ture direction of research. Finally, adequate assessment of publica-
tion bias was not possible due to the identification of fewer than 10
studies per category. Therefore, it is recommended that overall risk
estimates are interpreted with some caution.

Regarding future studies, evaluating the predictive ability of
AWE for aneurysm growth or rupture is to be encouraged. Ideally,
vessel wall imaging could be used to identify aneurysms at high risk
of future instability since this would enable improved selection for
elective treatment. However, this would require better positive pre-
dictive values than currently demonstrated by longitudinal studies.
A large prospective multicenter study is currently ongoing, which
may provide more clarity regarding this topic [54]. Furthermore,
the use of advanced imaging modalities, such as positron emission
tomography scanning, specifically focused on visualizing aneurysm
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wall inflammation may lead to identifying unstable aneurysms with
a higher degree of certainty. In addition, standardized quantitative
evaluation of AWE may improve discriminative performance after
the identification of an optimal cutoff value. Also, it may facilitate
accurate detection of AWE changes during follow-up, which may
precede aneurysm growth [24]. Indeed, a reliable method should
be available. A recent study assessed different approaches for
quantitively evaluating AWE and showed that the pituitary-stalk to
aneurysm contrast ratio (CR_,,) provided the most reliable mea-
surements [55]. The CR,,,
no significant differences between different MRI scanner manufac-

« brovided good inter-rater reliability, with

turers and field strengths. Further analyses by Fu et al. [34] showed
that addition of a quantitative method (Wall Enhancement Index) to
a qualitative method (AWE patterns) may enhance the discriminative
performance of AWE. Specifically, combining both methods resulted
in an even better discriminative performance of AWE, compared to
the two methods by themselves. They also demonstrated a higher
inter-rater agreement of the quantitative approach compared to the
qualitative approach, although both were excellent.

Priority should be given to further standardization of the AWE
definition and reporting standards, since current reporting differ-
ences limit data synthesis and may thereby significantly slow down
future development and potential translation to clinical practice. A
reporting guideline with specific recommendations for AWE stud-
ies may help facilitate this and improve the overall quality of AWE
studies.

CONCLUSION

This meta-analysis demonstrates that AWE is positively associated
with aneurysm instability. However, its discriminative performance
mainly advocates the use of AWE absence as a marker of aneurysm
stability. This is also supported by preliminary results from longitu-
dinal studies, suggesting that AWE absence may function as a pre-
dictor of aneurysm stability during follow-up. Extensive prospective

studies are warranted to determine the predictive potential of AWE.
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