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ORIGINAL RESEARCH
NEUROINTERVENTION

Wall Enhancement of Coiled Intracranial Aneurysms is
Associated with Aneurysm Recanalization: A Cross-Sectional

Study
Stefan L. Leber, Eva M. Hassler, Manuela Michenthaler, Wilfried Renner, Hannes Deutschmann, and Gernot Reishofer

ABSTRACT

BACKGROUND AND PURPOSE: Wall enhancement of untreated intracranial aneurysms on MR imaging is thought to predict aneu-
rysm instability. Wall enhancement or enhancement of the aneurysm cavity in coiled intracranial aneurysms is discussed controver-
sially in the literature regarding potential healing mechanisms or adverse inflammatory reactions. Our aim was to compare the
occurrence of aneurysm wall enhancement and cavity enhancement between completely occluded intracranial aneurysms and
recanalized aneurysms after initially complete coil embolization.

MATERIALS AND METHODS: In this single-center cross-sectional study, we evaluated intracranial aneurysms after successful coil
embolization for aneurysm recanalization, wall enhancement, and cavity enhancement with 3T MR imaging. We then compared the
incidence of wall enhancement and cavity enhancement of completely occluded aneurysms with aneurysms with recanalization
using the x 2 test and performed a multivariate linear regression analysis with recanalization size as an independent variable.

RESULTS: We evaluated 59 patients (mean age, 54.7 [SD, 12.4] years; 48 women) with 60 intracranial aneurysms and found a signifi-
cantly higher incidence of wall enhancement in coiled aneurysms with recanalization (n¼38) compared with completely occluded
aneurysms (n ¼ 22, P ¼ .036). In addition, there was a significantly higher incidence of wall enhancement in aneurysms with recana-
lization of .3 mm (P ¼ .003). In a multivariate linear regression analysis, wall enhancement (P ¼ .010) and an increase of overall an-
eurysm size after embolization (P , .001) were significant predictors of recanalization size (corrected R2¼ 0.430, CI 95%).

CONCLUSIONS: The incidence of aneurysm wall enhancement is increased in coiled intracranial aneurysms with recanalization and
is associated with recanalization size.

ABBREVIATIONS: ACE ¼ aneurysm cavity enhancement; AWE ¼ aneurysm wall enhancement

Endovascular treatment is a first-line treatment for unruptured
and ruptured intracranial aneurysms, but recurrence after coil

embolization due to recanalization remains a challenge in the post-
interventional management of intracranial aneurysms.1 Therefore,
identification and monitoring of factors potentially promoting the
recurrence of treated intracranial aneurysms is of interest.

Healing or remodeling of intracranial aneurysms after emboli-
zation has been described as a progressive thrombus formation

together with a foreign body inflammatory reaction due to intra-
luminal coils. This process takes several months or even years,
with initial formation of an unorganized thrombus and finally
the formation of mature fibrocellular granulation tissue.2-4

Notably, unorganized fibrous tissue may persist for several years
and might, therefore, be unstable.2

On MR imaging, enhancement of the aneurysm wall of
untreated aneurysms has been the subject of intensive research
during past years and might be associated with inflammation of
the aneurysm wall and aneurysm disease progression.5,6 Recently,
there is growing interest in the enhancement of the aneurysm
wall (AWE) or of the aneurysm cavity (ACE) after coil emboliza-
tion on MR imaging. However, data on these imaging features
are conflicting, and their clinical significance remains unknown.
Preliminary interpretations of AWE or ACE range from normal
postinterventional phenomena4,7,8 to potential indicators of an-
eurysm healing9-11 or indicators of an adverse course regarding
aneurysm recurrence after treatment.10,12 In addition, recent data
suggest that AWE of intracranial aneurysms before treatment
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might be an indicator of aneurysm recurrence after endovascular
treatment.13

The aim of our study was to compare the incidence of AWE
and ACE between groups of coiled intracranial aneurysms with
and without recanalization, after initial complete occlusion.

MATERIALS AND METHODS
Patient Recruitment
We conducted this retrospective study according to the guide-
lines of the Declaration of Helsinki with approval of the local
ethics committee of the Medical University of Graz (34–029 ex
21/22). We obtained written informed consent from all patients.
During 16 months, we consecutively collected data from patients
assigned to our department for routine follow-up of treated intra-
cranial aneurysms. We excluded patients treated with alternative
or additional treatment methods to coiling such as microsurgical
clipping or flow diverters and those with insufficient image qual-
ity or known allergy to MR imaging contrast agents.

Imaging
We performed all imaging on a 3T Magnetom Prisma whole-
body MR imaging system (Siemens). Patients underwent a
standard protocol for aneurysm follow-up with fixed time
points for contrast administration and postcontrast imaging
(0.2 mmol/kg body weight of Dotarem; Guerbet). To assess any
enhancement of aneurysms, we used a 2D T1WI black-blood
TSE sequence (flip angle ¼ 180°, TE/TR ¼ 12/800 ms, FOV ¼
170 mm, voxel size ¼ 0.5 � 0.5 � 2.5 mm) pre- and postcon-
trast. For assessment of aneurysm recanalization size, we used
TOF angiography postcontrast.

Image Analysis
Two experienced neuroradiologists blinded to patient history or
aneurysm status performed image analyses (S.L.L. and E.M.H.).
A third experienced neuroradiologist resolved disagreements
between the 2 raters (H.D.).

We defined recanalization as a recurrence of an initially com-
pletely coiled, occluded aneurysm (Raymond Roy I). We defined
AWE as enhancement of the aneurysm wall compared with non-
contrast T1WI and ACE as enhancement of the intraluminal
parts of the aneurysm compared with noncontrast T1WI. AWE
and ACE represent binary metrics (present or not present). We
considered any signal increase on noncontrast T1WI compared
with surroundings without further signal increase after contrast
administration as rim artifacts.

The presence of SAH was confirmed on a CT scan followed by
a CTA to confirm the presence of an intracranial aneurysm.
Findings of unruptured intracranial aneurysms were incidental on
CTA or MRA. The initial diameters of an aneurysm were deter-
mined on diagnostic DSA before coiling. To assess an increase of
total aneurysm size after embolization, we compared the initial
maximum aneurysm diameter before coiling with the current max-
imum aneurysm diameter on follow-up MR imaging to evaluate a
potential difference in total aneurysm size. For recanalization size,
we used the largest recanalization diameter on follow-up MRA.

For comparison of the incidence of AWE or ACE after coil
embolization with regard to follow-up time after treatment, we

categorized coiled aneurysms into our standard follow-up inter-
vals: up to 6 months, 7–12 months, 13–24 months, 25–48
months, 49–72 months, 73–96 months, and .96 months. For
comparison of the incidence of AWE or ACE after coil emboliza-
tion regarding aneurysm recanalization size, we compared those
with aneurysms without recanalization with groups with aneu-
rysm recanalization of 1–3 mm, 4–5 mm, and$6 mm.

Statistical Analysis
We performed all statistical analyses in SPSS Statistics, Version
27.0.1.0 (IBM) and presented continuous variables as mean (SD)
and categoric variables as absolute numbers (percentage). For
comparison of categoric variables, we used the Fisher exact test
or x 2 test if applicable. We tested continuous variables for nor-
mal distribution using the Shapiro-Wilk test and used the Mann-
Whitney U test for non-normally distributed variables or the
Student t test for normally distributed variables to assess group
differences at a significance level of .05.

To assess interrater agreement for aneurysm enhancement
patterns, we used the Cohen k with k values of 0 for no agree-
ment, 0.10–0.20 for slight agreement, 0.21–0.40 for fair agree-
ment, 0.41–0.60 for moderate agreement, 0.61–0.80 for
substantial agreement, 0.81–0.99 for near-perfect agreement,
and 1 for perfect agreement.

To analyze the potential effects on the recanalization size, we
considered AWE, ACE, aneurysmal SAH, age, biologic sex,
occurrence of aneurysm regarding the anterior or posterior circu-
lation, and the difference in maximum aneurysm size before and
after coil embolization as independent variables for a linear mul-
tivariate regression analysis. We excluded direct measurements of
aneurysm size because of codependency. We were not able to
determine the preinterventional maximum diameter of 3 aneur-
ysms due to lack of data. In 1 case, we could not determine the
ACE due to pulsation artifacts. We excluded these cases from the
respective analyses. The authors S.L.L. and G.R. functioned as sta-
tistical guarantors.

RESULTS
Study Cohort
We included a total of 59 patients with 60 intracranial aneurysms
in our study. The study cohort comprised 48 (81.4%) female
patients. The mean age of our cohort at time of treatment was
54.7 years (range, 20–80 years). The mean follow-up time of all
patients since their treatment was 43.5 months (range, 5–211
months). Aneurysm recanalization was present in 38 (63.3%)
cases, 14 (23.3%) aneurysms were in the posterior circulation,
and 27 (45.0%) aneurysms initially presented due to rupture
(Table 1 and Fig 1).

Image Analysis
Interrater agreement according to the Cohen k was substantial
for AWE (k ¼ 0.794) and ACE (k ¼ 0.797). Figure 2 shows
examples of coiled intracranial aneurysms with and without
AWE or ACE (Fig 2A–D). Our study cohort comprised coiled
intracranial aneurysms without any increase of signal intensity
pre- and postcontrast (Fig 2A), aneurysms with increased signal
intensity of the vessel wall precontrast without further increase
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of signal intensity postcontrast corresponding to rim artifacts
(Fig 2B), and aneurysms with increased signal intensity of the
vessel wall (AWE, Fig 2C) or the aneurysm cavity (ACE, Fig 2D)
after contrast administration. Figure 2E, -F shows an MRA of
the same aneurysms displayed in Fig 2C, -D, demonstrating that
neither AWE nor ACE are necessarily collocated with aneurysm
recanalization.

AWE and ACE Can Be Found in Short-Term and Long-Term
Follow-Up of Coiled Intracranial Aneurysms
The median follow-up time of all aneurysms was 30 months.
In the follow-up intervals of up to 30 months, AWE was pres-
ent in 53.3% (16/30); and ACE, in 55.2% (16/29) respectively,

while in the follow-up intervals of
.30 months, AWE was present in
36.7% (11/30); and ACE, in 60.0%
(18/30), respectively. The portion of
coiled aneurysms showing AWE
decreased gradually from aneurysms
investigated up to 6 months after treat-
ment to aneurysms investigated
between 25 and 48 months after treat-
ment (Online Supplemental Data).
Beyond 48 months, we did not observe
a further decrease in the portion of
AWE in coiled aneurysms. A detailed
overview of the incidence of AWE and
ACE regarding groups of different

follow-up intervals after coiling is provided in the Online
Supplemental Data.

Increased Incidence of AWE in Coiled Intracranial
Aneurysms with Recanalization
Of all previously coiled aneurysms, 27 (45%) had AWE on fol-
low-up surveillance imaging (Table 1). AWE was significantly
more frequent in coiled aneurysms with recanalization compared
with coiled aneurysms without recanalization (P ¼ .036). ACE
was present in 34 (56.7%) of all evaluated aneurysms but showed
no significant difference in the group comparison between aneur-
ysms with and without recanalization (P¼ .712, Table 1).

Of 27 (45%) aneurysms treated before rupture, 15 had ACE
and only 8 had AWE. In fact, AWE was significantly less frequent
in aneurysms treated before rupture compared with unruptured
treated aneurysms (P¼ .03, Online Supplemental Data).

AWE after Coil Embolization Is Associated with Aneurysm
Recanalization Larger Than 3 mm
Both AWE and ACE appeared more frequently in aneurysms
with recanalization of .3 mm (Online Supplemental Data and
Fig 3). AWE was significantly more frequent in the group of
aneurysms with recanalization of 4 or 5 mm (P ¼ .0033) and the
group of aneurysms with recanalization of $6 mm (P ¼ .0025)
compared with aneurysms without recanalization. We found no
significant differences for ACE in this comparison (Online
Supplemental Data and Fig 2A, -B).

In univariate linear regression analyses, AWE (P , .001, R2 ¼
0.2, 95% CI) but not ACE (P¼ .99, R2¼ 0.05, 95% CI) was signifi-
cantly associated with the size of the maximum diameter of aneu-
rysm recanalization. In a multivariate regression analysis with
recanalization size as a dependent variable, the overall regression
model was statistically significant (P , .001) with a corrected R2

of 0.43 (95% CI). The difference in the maximum aneurysm size
before and after coil embolization (P , .001) as well as AWE
(P¼ .01) was a statistically significant independent variable (Table 2).

DISCUSSION
Our analyses demonstrated a significantly higher incidence of
AWE in coiled aneurysms with recanalization compared with
completely occluded aneurysms as well as an association of AWE
with recanalization size. Moreover, we show that aneurysm

FIG 1. Flow chart displaying patient recruitment, exclusion criteria,
and final study cohort.

Table 1: Patient and aneurysm characteristics of our study cohort

Recanalization (n¼ 38) No Recanalization (n¼ 22) P Value
Age (mean) 54.0 (SD, 12.9) yr 55.9 (SD, 11.4) yr .583
Female 31 (81.6%) 17 (77.3%) .688
aSAH 14 (23.7%) 13 (59.1%) .095
Anterior circulation 29 (76.3%) 17 (77.3%) .933
Posterior circulation 9 (13.2%) 5 (22.7%) .933
AWE 21 (55.3%) 6 (27.3%) .036
ACE 22 (59.5%) 12 (54.5%) .712
Mean InitMaxDM 7.65 mm (SD, 2.81) mm 6.76 mm (SD, 2.51) mm .2310
Mean CurrMaxDM 9.55 mm (SD, 3.58) mm 7.19 mm (SD, 2.46) mm .005
Mean DiffMaxDM 1.89 mm (SD, 1.71) mm 0.45 mm (SD, 0.67) mm .00004
Mean RecaMaxDM 3.71 mm (SD, 2.16) mm 0 n.d.

Note:—InitMaxDM indicates initial maximum diameter of aneurysm; CurrMaxDM, current maximum diameter of
aneurysm; DiffMaxDM, difference of initial and current maximum diameters of aneurysm; RecaMaxDM, maximum
diameter of aneurysm recanalization; aSAH, aneurysmal subarrachnoid haemorrhage; n.d., not determined.
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enhancement is not associated with aneurysmal SAH. These find-
ings support the notion of AWE as an indicator of an adverse
course after coiling rather than aneurysm healing alone.

Previous works have reported AWE in coiled intracranial
aneurysms declining with time. Notably, the mean follow-up

intervals in these studies were compara-
bly shorter than ours.4,7-9,11 Our data
are in line with a declining incidence of
AWE in aneurysms up to 48 months af-
ter coiling. Beyond 48 months, AWE
and ACE were still present in some
cases, even in some aneurysms investi-
gated .96 months after treatment.
While previous works suggested aneu-
rysm enhancement after coil emboliza-
tion as a potential indicator of aneurysm
healing,4,7-9 the presence of AWE or
ACE in coiled aneurysms many years af-
ter treatment does not entirely fit this
hypothesis. Indeed, some authors raised
the possibility of an associated risk of
aneurysm enhancement and aneurysm
regrowth.9,10,12,14 Most interesting, all
aneurysms displaying AWE without re-
canalization were investigated in a
follow-up time of ,30 months after
embolization. Beyond the 30-month
follow-up interval, AWE occurred
exclusively together with aneurysm re-
canalization. This finding raises the ques-
tion of whether aneurysm enhancement
reflects beneficial but also detrimental
properties of aneurysm remodeling after
coil embolization, depending on the
time point of observation.

Nikoubashman et al,10 reported
ACE to most likely reflect contrast
inflow in the recanalization of intracra-
nial aneurysms after embolization and
no association between ACE and aneu-
rysm recurrence after treatment. Our
data are not in line with this observa-
tion. ACE was not necessarily located
at the same spot as blood inflow at the
recanalization site when comparing pre-
and postcontrast black-blood images
with TOF-MRA. In addition, our work
as well as that of others8,9 reports ACE
in aneurysms without any recanalization
at all. Another group suggested an asso-
ciation of ACE with a stable aneurysm
state.9 In our analyses, ACE occurred
more frequently in aneurysms with re-
canalization. However, this observation
was not statistically significant, and dif-
ferent study designs hinder a direct
comparison of results.

The occurrence of aneurysm recanalization after initially com-
plete embolization is believed to be associated with ruptured status
or the severity of SAH,15 and ruptured untreated intracranial aneur-
ysms were demonstrated to show a high prevalence of AWE.16

Considering the pre- or postcontrast signal increase located at the

FIG 2. Examples of different enhancement patterns (AWE and ACE) of coiled intracranial aneur-
ysms. A–D, MR imaging black-blood TSE images of coiled aneurysms (white arrows) precontrast
with corresponding postcontrast images in the right lower corner. E, MRA of the aneurysm corre-
sponding to C and F shows MRA of the aneurysm corresponding to D (white arrows). A, No
enhancement in a coiled communicating anterior aneurysm. B, Rim artifacts in a treated commu-
nicating anterior aneurysm. C, ACE and AWE in a coiled left ICA aneurysm. D, Rim artifacts and
ACE in a coiled basilar tip aneurysm. E, AWE and ACE are not necessarily at the same location as
aneurysm recanalization. F, Aneurysm recanalization and ACE rather occur next to each other
than at the same location in the aneurysm cavity.
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aneurysm wall or in proximity to the aneurysm wall, it is tempting
to assume that these imaging findings are related to inflammation
or repair mechanisms due to aneurysmal SAH. Indeed, some previ-
ous studies on AWE in treated intracranial aneurysms excluded
ruptured aneurysms from their analyses.4,7 Our data showed no
increased prevalence of AWE or ACE in ruptured intracranial
aneurysms compared with unruptured aneurysms after coiling.

This finding is comparable with data of other groups.8,10 Hence,
aneurysmal SAH seems to have little impact on the presence of
aneurysm enhancement after coil embolization.

Interpretation of our data is limited by a small sample size, a
retrospective study design, and an inherent lack of histologic cor-
relation. Validation of the presented data in independent patient
cohorts and longitudinal study designs is needed.

FIG 3. The incidence of AWE and ACE as percentages compared between groups of different recanalization sizes. A, AWE was significantly more fre-
quent in aneurysms with recanalization of 4–5 mm and.6 mm but not in aneurysms with recanalization of 1–3 mm. B, ACE appeared more frequently
in larger aneurysm recanalization without statistical significance (1–3 mm; 4–5 mm;$ 6 mm). Double asterisks indicate a P-value of .01 or lower.
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CONCLUSIONS
Our data show that AWE and ACE may occur for several months
or even years after coiling. The timepoint of observation regard-
ing the follow-up interval after treatment but also recanalization
size are relevant when observing enhancement of coiled intracra-
nial aneurysms. Previous works contemplated a potential vulner-
able phase during thrombus formation or delayed healing after
coil embolization.9,10 An association of AWE with aneurysm re-
canalization size suggests implications for persisting AWE as a
marker of aneurysm instability after initial complete coil occlu-
sion due to persisting active remodeling or hemodynamic phe-
nomena.14 Despite this evidence, it remains elusive whether
AWE results from aneurysm recanalization or indicates a preced-
ing trigger. In the future, longitudinal studies on the topic of
enhancement of coiled intracranial aneurysms are of interest for
a better understanding of the natural course of aneurysms with
AWE or ACE. These studies should also address retreatment
rates or the utility of diagnostic catheter angiograms in coiled in-
tracranial aneurysms displaying AWE.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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