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BACKGROUND: High-resolution vessel wall imaging plays an increasingly important role
in assessing the risk of aneurysm rupture.
OBJECTIVE: To introduce an approach toward the validation of the wall enhancement as
a direct surrogate parameter for aneurysm stability.
METHODS: A total of 19 patients harboring 22 incidental intracranial aneurysms were
enrolled in this study. The aneurysms were dichotomized according to their aneurysm-
to-pituitary stalk contrast ratio using a cutoff value of 0.5 (nonenhancing < 0.5;
enhancing ≥ 0.5). We evaluated the association of aneurysm wall enhancement with
morphological characteristics, hemodynamic features, and inflammatory chemokines
directly measured inside the aneurysm.
RESULTS: Differences in plasma concentration of chemokines and inflammatory
molecules, morphological, and hemodynamic parameters were analyzed using the
Welch test or Mann-Whitney U test. The concentration �IL-10 in the lumen of intracranial
aneurysms with low wall enhancement was significantly increased compared to
aneurysms with strong aneurysm wall enhancement (P = .014). The analysis of morpho-
logical and hemodynamic parameters showed significantly increased values for aneurysm
volume (P= .03), aneurysmarea (P= .044),maximal diameter (P= .049), and nonsphericity
index (P= .021) for intracranial aneurysms with strong aneurysmwall enhancement. None
of the hemodynamic parameters reached statistical significance; however, the total
viscous shear force computed over the region of low wall shear stress showed a strong
tendency toward significance (P = .053).
CONCLUSION: Aneurysmal wall enhancement shows strong associations with decreased
intrasaccular IL-10 and established morphological indicators of aneurysm instability.

KEYWORDS: Hemodynamics, Inflammation, Intracranial aneurysm, Magnetic resonance imaging, Morphology,
Wall enhancement
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U nruptured intracranial aneurysms
(UIAs) are often diagnosed incidentally

ABBREVIATIONS: AWE, aneurysm wall
enhancement; CE-MRA, contrast-enhanced
magnetic resonance angiography; FSE, fast-
spin-echo; HR-VWI, high-resolution vessel wall
imaging; IA, intracranial aneurysm; IM, inflam-
matory mediator; MCP-1, monocyte chemoat-
tractant protein-1; NSI, nonsphericity index; OSI,
oscillatory shear index; SI, signal intensity; WSS,
wall shear stress

Supplemental digital content is available for this article at
www.neurosurgery-online.com.

in the context of noninvasive neuroimaging, and
occur in 3% to 5% of the adult population
worldwide.1,2 Early identification of UIAs with
high rupture risk is necessary for best patient care
in neurosurgical daily practice.
An increasing number of centers focus

on investigating the role of high-resolution
vessel wall imaging (HR-VWI) on the rupture
risk of intracranial aneurysms (IAs), but no
standardized method is established so far. Never-
theless, aneurysm wall enhancement (AWE)
is known to be associated with inflammation,
aneurysm growth, and rupture3,4; strong AWE
is therefore interpreted as a biomarker of
aneurysminstability. To date, no study has

664 | VOLUME 89 | NUMBER 4 | OCTOBER 2021 www.neurosurgery-online.com

mailto:david-hasan@uiowa.edu
mailto:journals.permissions@oup.com
https://doi.org/10.1093/neuros/nyab249
https://academic.oup.com/neurosurgery/article-lookup/doi/10.1093/neuros/nyab249#supplementary-data


CEREBRAL ANEURYSMWALL ENHANCEMENT AND INSTABILITY

TABLE 1. Patient’s Characteristics

Patient Nr. Age Sex CRstalk Aneurysm size (in mm) Localization Embolization procedure

1 63 M 0.58 6 R. MCA WEB device
2 65 M 1.07 7 R. ICA WEB device
3 55 F 0.52 3 R. ACA Coiling
4 77 F 0.72 8 Basilar tip WEB device
5 36 F 0.58 6 R. ICA Pipeline

0.46 4 R. ICA Pipeline
0.69 3 L. ICA Coiling

6 38 F 0.52 3 R. ICA Coiling
7 86 F 0.39 5 Acom WEB device
8 47 F 0.83 10 L. Pcom Coiling
9 79 F 0.63 7 L. ICA WEB device
10 74 F 0.47 5 Acom WEB device
11 88 M 0.97 9 Acom Coiling
12 59 F 0.32 3 Basilar tip Coiling
13 64 M 0.61 3 Acom Coiling
14 55 F 0.78 5 R. ICA Pipeline
15 59 F 0.59 3 L. ICA Pipeline
16 69 F 0.37 4 L. ICA Pipeline
17 69 F 0.66 10 L. ICA WEB device

0.48 5 L. MCA WEB device
18 75 F 0.42 4 L. VA Coiling
19 66 F 0.33 5 R. MCA WEB device

M, male; F, female; CRstalk, aneurysm-to-pituitary stalk contrast ratio; R, right; L, left; ICA, internal carotid artery; ACA, anterior cerebral artery; Acom, anterior communicating artery;
MCA, middle cerebral artery; Pcom, posterior communicating artery; VA, vertebral artery; WEB, Woven EndoBridge.

investigated the direct relationship between AWE, inflammatory
mediators (IMs), and established morphological and hemody-
namic risk factors for aneurysm rupture within the same patient.
The most accurate way to establish AWE as a tool in the
daily clinical assessment of aneurysm rupture risk would be a
prospective study; on the other hand, prospective studies in
patients with UIA remain subject to high ethical standards and,
therefore, exclude a large number of patients. Therefore, we
evaluated the association of AWE on HR-VWI with morphology,
hemodynamics, and IMs directly measured inside the IA to
introduce a first approach toward the validation of the AWE as
a direct surrogate parameter for aneurysm stability.

METHODS

Patient Selection
This study protocol adheres to the strengthening the reporting of

observational studies in epidemiology guidelines. A total of 19 patients
harboring 22 intracranial saccular aneurysms were enrolled (Table 1). All
patients presented to the Department of Neurosurgery at the University
of Iowa Hospitals and Clinics and had their IA diagnosed incidentally.
Our inclusion criteria were the following: presence of saccular UIA, feasi-
bility of intrasaccular and internal carotid artery sampling via an endovas-
cular approach, and no contraindications to undergo HR-VWI in a
3T magnetic resonance imaging (MRI) scanner. All patients underwent
endovascular treatment via coiling or the use of a Woven EndoBridge
device. The study protocol was conducted in compliance with the

Declaration of Helsinki and approved by the University of Iowa Insti-
tutional Review Board. In addition, patient consent for participation
and publication was obtained. The investigators of this study were not
blinded to the rupture status of the IA.

HR-VWI Assessment
In this study, we used our previously published HR-VWI protocol,5

which was acquired using a 3T Siemens MRI scanner (MAGNETOM
Skyra, Siemens). The HR-VWI protocol included a 3D T1-weighted
SPACE fast-spin-echo (FSE) sequence, a 3D T2-weighted sequence,
as well as a postcontrast 3D T1-weighted SPACE FSE sequence and
a contrast-enhanced magnetic resonance angiography (CE-MRA). The
postcontrast 3D T1-weighted SPACE FSE sequence and CE-MRA were
obtained 5 min after intravenous injection of 0.1 mmol/kg gadolinium-
based contrast agent (Gadavist, Bayer Pharmaceuticals).

The protocol used in this study for assessment of AWE on HR-
VWI has been previously described in the literature.6,7 Briefly, the
extracted pre- and postcontrast T1 sequences weremanually co-registered
in all 3 planes. The aneurysmal wall was delineated by drawing a
2D region of interest at the level of maximal aneurysm diameter.
Contrast enhancement was quantified using the aneurysm-to-pituitary
stalk contrast ratio (CRstalk).8 For the determination of the CRstalk, the
postcontrast T1-weighted images were analyzed according to Roa et al,6
and the maximal signal intensity (SI) of the aneurysm wall was divided
by the maximal SI of all sampled points over the pituitary stalk. The
measurement of the AWE was performed by 2 independent experts. The
agreement rate was 88% when dichotomizing the IAs into 2 groups
according to a CRstalk cutoff of 0.5.
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Blood Sampling
All patients received 325 mg aspirin and 75 mg clopidogrel daily for

7 d prior to surgery; 3000 international units of intravenous heparin
were applied intraoperatively. This medication regimen was used equally
in every patient. The technique applied for intra-aneurysmal blood
sampling has been previously described.9-11 A 7-French sheath was
inserted, and a guiding catheter was navigated into the target vessel. First,
a 3-mL blood sample was collected from the ipsilateral parent artery
as a control; a microcatheter was advanced over a micro guidewire and
positioned inside the aneurysmal sac in close proximity to the inner wall
of the dome. In this position, a second 3-mL blood sample was carefully
drawn before endovascular treatment.

Blood samples were centrifuged at 1000 rpm for 15 min at 4◦C,
the plasma was aliquoted into small volumes (∼200 μL), and immedi-
ately stored at –80◦C until analysis. The plasma concentration of 27
different cytokines, chemokines, and growth factors was quantified
with the Luminex-based immunoassay by using Bio-Plex Pro Human
Cytokine 27-plex Assay (Cat #M500KCAF0Y, Bio-Rad Laboratories Inc,
Hercules, California). This analysis included the followingmolecules: IL-
1β, IL-1 receptor antagonist, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-
10, IL-12, IL-13, IL-15, IL-17, eotaxin, basic fibroblast growth factor,
granulocyte colony-stimulating factor, granulocyte monocyte colony-
stimulating factor, IFN-γ , interferon-γ -induced protein-10 (IP-10),
monocyte chemoattractant protein-1 (MCP-1), macrophage inflam-
matory protein-1-α, macrophage inflammatory protein-1-β, platelet-
derived growth factor subunit B, normal T-cell-expressed and -secreted
(RANTES), TNF-α, and vascular endothelial growth factor.

Morphology and Hemodynamics
We extracted a 3D surface model in accordance with Saalfeld

et al12,13 using 3D rotational-angiography and magnetic resonance
angiography datasets. For morphological analysis, we applied a semiau-
tomatic approach, which allows the automatic determination of 21
parameters based on the reconstruction of the neck curve14 (Table 2).
Additionally, we performed highly resolved, time-dependent blood flow
simulations based on the patient’s individual 3D surface model using
computational fluid dynamics.15 The results were assessed by 4 different
examiners (2 neurosurgeons and 2 computer scientists) with extensive
experience in this field.

Because no patient-specific boundary conditions were available,
reasonable assumptions were made. Blood was treated as an incom-
pressible fluid (1055 kg/m3) with constant Newtonian viscosity
(4 mPa∗s); the blood flow was presumed to be laminar. Flow rates from
a healthy volunteer were acquired using 7T phase-contrast MRI and
applied at the inlet openings according to the individual cross-section.16
Furthermore, an advanced outflow splittingmodel was used to determine
the flow rates at the outlet openings,17 whereas the vessel walls were
assumed to be rigid. For each case, the simulation of 3 cardiac cycles was
performed. Based on the last cardiac cycle simulation, 24 hemodynamic
parameters were calculated18 (Table 2).

HR-VWI, cerebral angiography, and morphological and hemody-
namic assessment of an illustrational case are presented in Figure 1.

Statistics
The UIAs were dichotomized according to their CRstalk using a cutoff

value of 0.5 (nonenhancing < 0.5; enhancing ≥ 0.5). Using aneurysm
size and location as clinical parameters of rupture risk, a CRstalk cutoff
of 0.6 was previously established by our group.6 However, an internal

validation study using presence of microbleeds in quantitative suscepti-
bility mapping imaging as gold standard showed that the most accurate
CRstalk cutoff to predict aneurysm instability was 0.5. Using this cutoff,
8 IAs were classified as nonenhancing and 14 IAs as enhancing. Intrasac-
cular blood samples and control samples from the internal carotid artery
were available for 17 out of 22 enrolled IAs; morphological and hemody-
namic analysis was performed successfully for 21 out of 22 enrolled
IAs. In order to analyze the differences in plasma concentration of IM
between the IA and the control sample withdraw from the internal
carotid artery, the concentrations of the control sample were subtracted
from the intrasaccular concentration (Caneurysm – Ccontrol = �C). The
morphological and hemodynamic parameters were analyzed using the
extracted absolute values. All variables were tested for normality of the
distribution using the Kolmogorov-Smirnov test and analyzed using
the parametric Welch test or the nonparametric Mann-Whitney U test.
The results were considered statistically significant if they reached a P-
value of ≤.05.

The absolute values of the measured morphological and hemody-
namic parameters and IMs are available in Table, Supplemental Digital
Content.

RESULTS

Of the 19 included patients, 4 patients were male, and 15
patients were female. The mean age was 64.4 yr (range: 36-88 yr).
Mean aneurysm size was 5.4 (±2.3) mm. Detailed information
on the characteristics of the patients is presented in Table 1.

Inflammation
The analysis of �C of IMs between the IA and the control

sample revealed significantly increased �IL-10 in the lumen
of UIAs with low AWE compared to IAs with strong AWE
(P= .014). There was no difference in�C of the remaining IMs.

Morphology and Hemodynamics
The analysis of morphological and hemodynamic parameters

showed significantly increased values for 4 out of 49 parameters,
namely aneurysm volume (P = .03), aneurysm area (P = .044),
maximal diameter (D max) (P = .049), and nonsphericity index
(NSI) (P = .021) for UIAs with strong AWE. None of the
hemodynamic parameters reached statistical significance, but
the total viscous shear force computed over the region of low
wall shear stress (F low) showed a tendency toward significance
with AWE (P = .053). Regarding the hemodynamically relevant
parameters time-averaged wall shear stress (WSS) and the oscil-
latory shear index (OSI), it was found that lower shear occurred
in the enhancing group compared to the none-enhancing one
(3.638 ± 2.676 Pa vs 6.888 ± 6.697 Pa). Furthermore, increased
spatially averaged OSI (0.024 ± 0.045 vs 0.009 ± 0.007) was
present in IAs with higher CRstalk. Finally, the median values of
the low shear areas—the part of the aneurysms that is subjected
to abnormally low WSS—were considerable larger in enhancing
cases (50.032% vs 21.495%) (Figure 2).
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TABLE 2. Abbreviations and Definitions of 45 Morphological and Hemodynamic Parameters

Parameter Definition

Morphological parameters
H max Maximum height of the aneurysm
Wmax Maximumwidth perpendicular to H max
Dmax Maximum diameter of the aneurysm
H ortho Height of the aneurysm, measured vertically to the aneurysm neck
W ortho Maximumwidth perpendicular to H ortho
Nmax Maximum diameter of the aneurysm neck
N avg Average diameter of the aneurysm neck
Aspect ratio 1 (AR 1) H ortho/N max
Aspect ratio 2 (AR 2) H ortho/N avg
Ellipticity index (EI) 1 – 18(1/3) VCH(2/3)/ACH
Nonsphericity index (NSI) 1 – 18(1/3) volume(2/3)/aneurysm area
Undulation index (UI) 1 – volume/VCH
Aneurysm area Surface area of the aneurysm
Ostium area 1 Area of the aneurysm ostium
Ostium area 2 Area of the aneurysm ostium with the neck curve projected onto a plane
Volume Volume of the aneurysm
VCH Volume of the convex hull of the aneurysm
ACH Surface area of the convex hull of the aneurysm
Alpha Angle at B1 describing angle from base line to the dome point
Beta Angle at B2 describing angle from base line to the dome point
Gamma Angle on the aneurysm dome depending on base points
Mean neck in-flow rate Neck flow rate averaged over one cardiac cycle

Hemodynamic parameters
Q vessel Flow rate within the parent vessel
Q vessel mean Mean flow rate within the parent vessel
F aneurysm Shear stress of the aneurysm area
F high Shear stress of the aneurysm area under high wall shear stress
F low Shear stress of the aneurysm area under low wall shear stress
Aneurysm AWSS mean Mean average wall shear stress of the aneurysm
Aneurysm AWSS max Maximal average wall shear stress of the aneurysm
A high Area of the aneurysm under high wall shear stress
A low Area of the aneurysm under low wall shear stress
Mean AWSS vessel Mean average wall shear stress of the parent vessel
Variance AWSS vessel Variance of the wall shear stress of the parent vessel
sdAWSS vessel Standard deviation of average wall shear stress occurring on the parent vessel
AWSS vessel high Abnormally high average wall shear stress on the parent vessel
AWSS vessel low Abnormally low average wall shear stress on the parent vessel
Aneurysm OSI mean Mean oscillatory shear index of the aneurysm
Aneurysm OSI max Maximal oscillatory shear index of the aneurysm
Aneurysm RRT mean Mean relative residence time of the aneurysm
Aneurysm RRT max Maximal relative residence time of the aneurysm
ICI mean Mean inflow concentration index
SCI Shear concentration index
HSI High shear index
LSI Low shear index
LSA Low shear stress area percentage

DISCUSSION
Key Results
We found a significantly increased difference in plasma concen-

tration of IL-10 in IA with low AWE. Enhancing IAs were larger
and showed significantly higher values for aneurysm volume,
aneurysm area, and D max. In addition, nonenhancing UIAs
more often showed irregular shape.

Interpretation
To date, no study has evaluated the direct association

between AWE and in Vivo aneurysmal inflammation. Inflam-
mation and immune system responses within aneurysm walls
present a significant research field in researching the natural
course of IA. Many studies reported increased occurrence
of complement, immunoglobulins, and inflammatory cells in
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FIGURE 1. HR-VWI, cerebral angiography, and morphological and hemodynamic assessment of an illustrational case (case 4). HR-VWI of a basilar tip
aneurysm showing the methodology to quantify enhancement in the aneurysm wall. The workflow for the semiautomatic morphological and the hemody-
namic analysis includes the extraction of a 3D model of the posterior circulation and the basilar tip aneurysm based on individuals neuroimaging. Both
morphological and hemodynamic analyses can be visualized afterwards. Here, we show an exemplary screenshot from the semiautomatic neck reconstruction
and an illustration of the AWSS (red color indicates high AWSS; blue color indicates low AWSS) as a result of computational fluid dynamics. HR-VWI,
high-resolution vessel wall imaging; AWSS, average wall shear stress of the aneurysm.

FIGURE 2. Illustration of the mean values and the standard deviations for aneurysm area, aneurysm volume, D max, NSI, F low, and �IL-10. D max, maximum
diameter of the aneurysm; NSI, nonsphericity index; F low, shear stress of the aneurysm area under low wall shear stress; �IL-10, differences in plasma concentration
of IL-10.
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aneurysm walls19-22; infiltration of the aneurysm wall by cells
of the immune system is associated with degeneration of
the wall structure and aneurysm rupture.19,23-25 Investigating
the recruitment of inflammatory cells by chemokines and the
mediation of inflammation via cytokines and other IMs in more
detail could provide information about the pathogenesis of IA
on the one hand and offer a possible therapeutic target on the
other.9,26-29 A previously published study of our group was the
first study to address the concentration of IMs within the lumen
of IA. It showed increased absolute plasma concentrations of
RANTES, MIG, IL-10, eotaxin, IL-8, and IL-17 in the lumen
of IA compared to peripherally collected blood samples from
the femoral artery, whereas the plasma concentration of IL-6
was lower. When ruptured IAs were excluded from the analysis,
increased absolute plasma concentrations were detected forMCP-
1, RANTES, monokine induced by γ -interferon, IP-10, eotaxin,
IL-8, and IL-17.9 All these molecules have inflammatory effects
and play an important role in the chemotaxis of macrophages, T
cells, eosinophils, basophils, and neutrophils.26,30 In this study,
we focused on the association of AWE and associated differ-
ences in plasma concentrations of inflammatory molecules and
chemokines between enhancing and nonenhancing IA.We found
a significantly increased difference in plasma concentration of IL-
10 in IA with low AWE. IL-10 is an anti-inflammatory cytokine.
IL-10 inhibits the production of proinflammatory molecules like
IFN-γ , IL-2, IL-4, IL-5, IL-1β, IL-6, IL-8, IL-12, and TNF-α
by different cells of the immune system.30 Therefore, a deficiency
of IL-10 is associated with prolonged immune response, excessive
inflammation, and tissue damage; an increased secretion of IL-
10 seems to suppress inflammatory processes. In the context of
arteriosclerosis, regulatory T cells and their secretion of anti-
inflammatory cytokines such as IL-10 has already been studied
in detail and was identified as an important biomarker and
possible therapeutic target.31 Some studies have demonstrated
the vasoprotective effect of an increased secretion of IL-10 in
the pathogenesis of arteriosclerosis.32,33 Therefore, our results
suggest that the inflammation in aneurysm walls might be T cell
modulated. Overall, these findings support our hypothesis that
an increased concentration of IL-10 in IAs with low AWE may
represent stability.
Previous studies already described an association between

well-established morphological predictors of aneurysm rupture
(larger aneurysm size3,34,35 and irregular aneurysm shape3,36)
with increased AWE. Size-related parameters and irregularity
indices of UIAs have been extensively researched and are strongly
associated with their rupture.37-41 In our study, enhancing IAs
were larger and showed significantly higher values for some size-
related morphological parameters: aneurysm volume, aneurysm
area, and D max. In addition, nonenhancing UIAs more often
showed irregular shape and increased deviation of the surface
geometry from that of a perfect hemisphere, which is described by
the NSI.41 Aneurysm morphology and flow conditions interact
with each other and are closely related.42,43 Among all the

measurements obtained by computational fluid dynamics, the
most promising parameter seems to be WSS. Although it is
unclear whether high WSS, low WSS, or both induce aneurysm
growth and rupture,44 it can be assumed that WSS has an impact
on proinflammatory pathways, extracellular matrix degradation,
and remodeling processes.45-48 Our results suggest that lowWSS,
increased OSI, and larger low shear areas might be associated with
AWE, in accordance to a recently published study.49 However,
none of the investigated hemodynamic parameters reached signif-
icance, which could have been caused by the small sample size.
Nevertheless, there was a tendency of F low toward significance,
which may indicate that there is an overall association between
AWE and low WSS.

Limitations and Generalizability
This study is limited by its small sample size. We included only

patients with UIAs; the additional comparison of the ruptured vs
unruptured IAs with regard to the parameters investigated here
might increase the understanding of the role of inflammation in
the natural course of IAs. The investigation of a defined number
of IMs in this study represents a selection bias. We acknowledge
that the focal AWE at the inner face of the aneurysm wall could
be an artificial reflection of changes in the blood flow (slow flow
and low WSS); however, these flow conditions are well known to
induce inflammation.50 In addition, the design of this study did
not focus on the longitudinal collection of patient data, which is
why no conclusion can be drawn about the influence of aneurysm
growth on the results presented here. With regard to the statistics,
it must be noted that there is a risk for type I errors because of
the small sample size and comparatively large number of inves-
tigated parameters. The application of multivariate analysis in
future studies with a larger patient cohort is therefore needed.
However, adequate data were obtained to demonstrate the

associations between AWE, morphological and hemodynamic
characteristics, and intrasaccular plasma concentrations of IMs.
We performed an extensive analysis, which is a promising
approach toward the establishment of AWE as a reliable
surrogate of aneurysm stability. Future studies should consider
the additional performance of histological examinations and the
implementation of multicenter cooperation.

CONCLUSION

Enhancing aneurysms have large diameters and show irregular
shapes. UIAs with low AWE have small diameters and are more
regularly shaped. Low shear force occurring on the aneurysm area
under low AWE could indicate aneurysm instability. The high
plasma concentration of the anti-inflammatory cytokine IL-10 in
the lumen of UIA might be associated with the prevention of cell
damage and reduction of the occurrence of arteriosclerosis, which
supports the hypothesis that nonenhancing UIA should rather
be considered as stable rather than unstable. In addition, these
results suggest that inflammation in aneurysm walls might be T
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cell modulated. Therefore, AWE shows associations with estab-
lished indicators of aneurysm instability.
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