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Background—This study was performed to quantify intracranial aneurysm wall thickness
(AWT) and enhancement using 7T MRI, and their relationship with aneurysm size and type.

Methods—27 patients with 29 intracranial aneurysms were included. Three-dimensional T1
weighted pre- and post-contrast fast spin echo with 0.4 mm isotropic resolution was used. AWT
was defined as the full width at half maximum on profiles of signal intensity across the aneurysm
wall on pre-contrast images. Enhancement ratio (ER) was defined as the signal intensity of the
aneurysm wall over that of the brain parenchyma. The relationships between AWT, ER, and
aneurysm size and type were investigated.

Results—7T MRI revealed large variations in AWT (range 0.11-1.24 mm). Large aneurysms (>7
mm) had thicker walls than small aneurysms (<7 mm) (0.49+0.05 vs 0.41£0.05 mm, p<0.001).
AWT was similar between saccular and fusiform aneurysms (p=0.546). Within each aneurysm,

a thicker aneurysm wall was associated with increased enhancement in 28 of 29 aneurysms
(average r=0.65, p<0.05). Thicker walls were observed in enhanced segments (ER >1) than in
non-enhanced segments (0.53+0.09 vs 0.38+0.07 mm, p<0.001).

Conclusion—Improved image quality at 7T allowed quantification of intracranial AWT and
enhancement. A thicker aneurysm wall was observed in larger aneurysms and was associated with
stronger enhancement.

INTRODUCTION

Intracranial aneurysms reportedly occur in 3.2% (95% CI 1.9% to 5.2%) of the world
population.! Intracranial aneurysms are characterized by low rupture rates,? high morbidity
and mortality rates following rupture, and non-negligible treatment related complications.3
Therefore, rupture risk stratification is an important topic in intracranial aneurysm research.
Compared with traditional imaging approaches that only provide information on aneurysmal
lumen morphology, recent advances in MRI enable us to directly visualize the aneurysm
wall. Aneurysm wall enhancement (AWE) has been noted following the administration of
gadolinium based contrast agents, and AWE has been studied as a potential indicator of
aneurysm instability.#~6 However, the underlying mechanism and clinical relevance of AWE
remain controversial.” 8 Aneurysm wall thickness (AWT) has also been studied as a potential
risk factor for aneurysm rupture, and previous histological studies have shown that AWT
varies within the aneurysm and differs between ruptured and unruptured aneurysms.%-11
Some studies have shown that aneurysm rupture can occur at locations of wall thinning,
whereas other studies have shown that a thickened wall is associated with atherosclerosis.
However, studying AWT in vivo is challenging,? 13 mostly because of insufficient spatial
resolution, and hence 7T MRI, which allows higher resolution and better image quality,
may improve the ability to quantify AWT. The link between AWE and AWT is also

poorly understood. A recent histological study revealed that a thickened aneurysm wall
accompanied by inflammatory cell infiltration and vasa vasorum development might be
correlated with AWE.14

This study was performed to (i) quantify intracranial AWT and AWE using 7T high
resolution black blood MRI (0.4 mm isotropic resolution) and histologically validate AWT
measurements when available and (ii) study the relationship between the AWT and AWE
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and investigate the associations of AWT with aneurysm size and type. We hypothesized that
7T MRI can differentiate the thick and thin regions of the aneurysm wall with reasonable
accuracy to quantify AWT, and that AWT and AWE are correlated with each other and with
aneurysm size and type.

MATERIALS AND METHODS

Patients

Patients with unruptured intracranial aneurysms were recruited through our endovascular
treatment clinic from November 2015 to July 2017. Inclusion criteria were age 18-80 years,
diagnosis of an intracranial aneurysm, and ability to cooperate during the MRI examination.
Patients with contraindications to 7.0 T MRI (including claustrophobia, metal objects such
as prostheses in or on the body, or clips or coils used for previous aneurysm treatment)
were excluded, as were patients with arterial dissection. The study was approved by the
institutional review board, and informed consent was obtained from each patient.

Imaging protocol

Images were acquired on a 7T MRI research system (Siemens Medical Systems, Erlangen,
Germany) equipped with a Nova 32 channel head coil. Patients were asked to lie on

a supporting device that helped them maintain the same head position throughout the

scan. The sequences used were three-dimensional (3D) time-of-flight magnetic resonance
angiography (TOF-MRA) and pre- and post-contrast black blood SPACE (fast spin echo
with variable flip angle trains).1® Three-dimensional TOF-MRA was used to locate the
aneurysm and assess the geometry with a repetition time of 18 ms, echo time of 4.96

ms, flip angle of 24°, field of view of 210x164 mm2, voxel size of 0.33x0.33 x 0.40

mm3, six slabs, and acquisition time of 9.16 min. This was followed by an optimized
prototype pre-contrast SPACE sequence that was used to acquire black blood images.# 15
The following parameters were used in SPACE at 7T: repetition time of 1200 ms, echo
time of 16 ms, field of view of 181x181 mm?2, GRAPPA of 3, voxel size of 0.40x0.40 x
0.40 mm3, echo train length of 50, and acquisition time of 10.29 min. A low flip angle

train design was used to achieve narrower point spread function and improved sharpness, as
adopted from a previous publication.1® After the pre-contrast SPACE sequence acquisition,
a gadolinium based contrast agent (GE Healthcare, Chicago, Illinois, USA) was injected
through the antecubital vein as a bolus at 5 mL/s and a dose of 0.1 mmaol/kg of body weight;
this was immediately followed by a 10 mL saline flush. A post-contrast SPACE scan was
performed 15 min after contrast injection. Total study time was approximately 30 min.

Image post-processing

All image post-processing was performed using a graphical user interface program
developed using MATLAB (MathWorks, Natick, Massachusetts, USA). Image data were
reformatted in planes parallel to the inlet vessels. The pre- and post-contrast images were
co-registered by two neuroradiologists based on the image features. Three consecutive axial,
sagittal, and coronal slices (total of nine slices for each aneurysm), through the region

of the aneurysm with the largest cross sectional area and where >75% of the outer wall
boundary could be differentiated from the brain parenchyma, were selected. The outer
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contour of the aneurysm was manually drawn on both the pre- and post-contrast images by
two neuroradiologists. Radial lines were then automatically generated from the center of the
aneurysm to the outer wall, and 16 circumferential segments were defined. The dimensions
of each segment were thus comparable with the size of a single voxel. Profiles of signal
intensity were determined across the aneurysm wall for each radial line. Measurements were
independently completed by two experienced radiologists to study the reproducibility of the
methodology.

On pre-contrast images, the location of half peak intensity was determined on both the inner
and outer walls of the aneurysm, and AWT was defined as the full width at half maximum
point (figure 1).15 Specific segment measurement data were dropped off when the outer wall
of the aneurysm could not be differentiated from the adjacent brain tissue.

On post-contrast images, the enhancement ratio (ER) was determined by first identifying
Slyail, defined as the maximum signal intensity along the radial lines and within the

outer wall on the post-contrast images. This was then compared with Slpy,in, defined

as the mean signal intensity in a 10 pixel diameter circle of nearby brain parenchyma
(white matter). Two experienced radiology reviewers (with 10 and 20 years of experience
in neuroradiology and neurovascular image analysis, respectively, and co-authors of this
manuscript) confirmed the selection of the reference structure. Online supplemental figure
1 shows the location and region of interest drawn on the white matter to calculate Slyin
in two cases. The surrounding adjacent white matter had relatively homogenous signal
intensities, and locations with small vessels or white matter abnormalities were avoided
(such as infarctions or white matter hyperintensities) (online supplemental figure 1). ER
was then defined as Slyai/Slprain ON post-contrast images.16-18 Segments with an ER value
of >1 were regarded as enhancing, and those with an ER value of <1 were regarded as
non-enhancing.

Aneurysm type classification and maximal diameter measurement were performed by two
neuroradiologists, as previously described.? Intracranial aneurysms were further divided into
a fusiform group and a saccular group according to shape, and into a >7 mm group and <7
mm group according to size.

Histological analysis

Statistics

Aneurysm wall specimens were collected at surgery (clipping) for histological study

when available. Routine histological analysis was performed. Formalin fixed and paraffin
embedded specimens were cut into 2.5 um thick tissue sections. Slides were stained with
hematoxylin—eosin. Immunohistochemical staining was performed. The following primary
antibodies were used: CD68 (M0814; Dako, Glostrup, Denmark) as an inflammatory marker
and CD31 (M0823; Dako) to assess neoangiogenesis.

All statistical analyses were performed with MATLAB 2017a (MathWorks). Pearson’s
coefficient was adopted to detect the correlation between AWT and ER in each aneurysm
and in the pooled dataset of 32 aneurysms. The t test was performed to detect the difference
between segments with an ER of <1 and those with an ER of >1 in a single aneurysm
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and in the pooled dataset. The Q value was calculated using multiple testing correction
(Benjamini—Hochberg method) to correct the p value of these multiple comparisons
(multiple slices in one aneurysm). AWT in the saccular and fusiform groups and in the

>7 mm and <7 mm groups were compared using the t test. A p value or Q value of 0.05 was
used as the threshold of statistical significance.

Thirty-four patients underwent both pre- and post-contrast vessel wall imaging (VWI) by 7T
MRI. The following patients and aneurysms were excluded: three patients with cavernous
sinus aneurysms that had significant signal loss due to 7T MRI susceptibility artifacts, one
patient with small aneurysms (<5 mm and difficult to define in three contiguous slices), and
three aneurysms with severe intraluminal noise. In total, 27 patients (mean age 50+17 years)
with 29 intracranial aneurysms (11 fusiform and 18 saccular) were included. Baseline data
for the patients, and AWT and ER measurement results are presented in table 1. Agreement
between the two observers who drew the out-contour was excellent, with an intraclass
correlation coefficient (ICC) of 0.941 (95% CI 0.936 to 0.946) for the AWT measurement
and 0.942 (95% CI 0.936 to 0.946) for the ER measurement (online supplemental figure 2B,
C).

Quantification of AWT

Measured AWT for each aneurysm is shown in table 1. We found that 7T MRI provided
good image quality in differentiating thick and thin regions of the vessel wall within an
aneurysm and among different aneurysms. AWT ranged widely from 0.11 to 1.24 mm.
Within each aneurysm, the maximal AWT was 3.6 times the minimal AWT (0.90+0.18

vs 0.25+0.09 mm, p<0.01). AWT in the >7 mm group (0.49+0.05 mm) was significantly
larger than that in the <7 mm group (0.41+0.05 mm) (p<0.001). AWT was not significantly
different between the fusiform group (0.45+£0.07 mm) and saccular group (0.44+0.06 mm)
(p=0.546).

Correlation of AWT and AWE

The correlation of AWT and ER for every individual aneurysm is presented in table 1.
Almost all aneurysms (28 of 29) showed a significant positive correlation between AWT and
ER, with average r value of 0.65 (range 0.25-0.87) (p<0.05) (figure 2). After pooling all
segments from all patients, the r value was 0.51 (p<0.001) (online supplemental figure 2A).
One aneurysm showed no significant correlation between AWT and ER, and one aneurysm
had no segments with an ER of >1.

For all aneurysms, average AWT for the ER <1 and ER >1 groups are listed in table 1. Of
28 aneurysms, 25 showed a significant difference in AWT between sections with an ER of
<1 and >1. Three aneurysms showed no significant difference because few segments had an
ER of <1. A pooled analysis of 28 aneurysms showed that the mean AWT of segments with
an ER of >1 was significantly larger than that of segments with an ER of <1 (0.53+0.09 vs
0.38+£0.07 mm, p<0.001).

J Neurointerv Surg. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 6

Histological analysis

One aneurysm specimen was harvested from an adult patient with a 7 mm anterior
communicating artery aneurysm for histological analysis (figure 3). The specimen was
collected 1 week after the MRI scan. MRI showed focal AWE at the thick part of the vessel
wall and a variable AWT (0.33-0.87 mm). Histological analysis showed that AWT was
heterogeneous, and the thickness ranged from 0.22 to 0.84 mm, which was comparable
with the measurement from the in vivo 7T MRI examination. Immunohistochemistry
demonstrated that an abundant vasa vasorum had developed at the tunica adventitia at the
thickened site; little inflammatory cell infiltration was observed.

DISCUSSION

In this study, we used 7T MRI, with 0.4 mm isotropic high resolution, to quantify AWT

and AWE, and found that 7T MRI differentiated variable AWT values; a thicker wall

was correlated with higher enhancement, and larger aneurysms had thicker walls than
smaller aneurysms. Furthermore, our histological analysis showed that AWT had good
agreement with the 7T MRI findings, indicating that 7T MRI has the potential to accurately
quantify AWT. The histological analysis also showed that the vasa vasorum developed in the
thickened part, which appeared as AWE in 7T MRI.

Aneurysm wall composition or thickness might provide critical information regarding
aneurysm development or rupture, but little investigation of AWT has been performed
because of the difficulty in imaging. Sherif er A2 attempted to measure AWT on
experimental aneurysms. Their manual measurement showed unacceptable inaccuracies
because AWT was below the image resolution threshold. In another study, Blankena et

a3 used 7T MRI with an isotropic resolution of 0.8 mm to measure AWT. They used the
normalized maximal signal intensity on the aneurysm wall to depict AWT and found that in
vivo imaging of AWT variation was possible on 7T MRI. However, the maximal intensity
that they used to measure AWT might have been severely impacted by image noise, motion
artifacts, and field inhomogeneity at 7T. In our study, the signal intensity profile of every
point on the aneurysm wall was plotted. To reduce the partial volume effect and nearby
noise interference, AWT was defined as the distance between the two points when the signal
intensity of the inner and outer walls reached half of the peak value. The current resolution
(0.4 mm) is the highest resolution used in research to date. However, it is still insufficient
for accurate measurement of thickness because the scale of AWT and voxel size are very
close and because spatial blurring is inherent to SPACE because of the use of a long echo
train.15 Despite this, the variation in AWT for different aneurysms showed good agreement
with what we observed. Finally, we used an automatic thickness measurement method in this
study.

There are different assumptions about the mechanism of AWE,19-21 and different
hypotheses might lead to different interpretations of the clinical significance, such as

an unstable state or higher rupture risk. 7 22 23 Samaniego et aP* recently analyzed
enhancement of the aneurysm wall and its parent artery and found that an inflammatory
process in the wall of the parent artery may lead to aneurysm formation and growth. In the
present study, we found that stronger AWE corresponded to a greater AWT. However, our

J Neurointerv Surg. Author manuscript; available in PMC 2022 September 01.
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result is inconsistent with that of a previous study showing that wall thickening accompanied
by atherosclerosis and neovascularization corresponded to visualization of AWE.2® Limited
knowledge is available regarding whether the thinner or thicker portion of the wall is

a potential rupture site.10 Therefore, we are inclined to conclude that AWE more likely
represents the active remodeling process of the aneurysm wall than a higher rupture risk.

We also found that the mean AWT in large aneurysms (>7 mm) was significantly greater
than that in small aneurysms (<7 mm). Our results are similar to those of another study
showing that smaller aneurysms (<7 mm) had a higher proportion of super thin tissue

and a lower thick tissue content.!1 Because a thickened wall is usually accompanied

by atherosclerotic change and neovascularization, this size-thickness relationship might
indicate the advanced stage of the aneurysm remodeling process. A difference in the AWT
was also observed between fusiform and saccular aneurysms. However, the difference did
not reach statistical significance, possibly because of the small sample size.

Although AWE has been widely reported, most enhancement analyses were based on
subjective assessment.> 22 26 27 Several studies have been performed in an attempt to
quantify the aneurysm wall ER.# 17 28 To evaluate AWE, previous studies have used
different reference structures that either enhance or do not enhance after contrast injection.
Unfortunately, a standard for which reference structure to use is still lacking. However, the
adjacent white matter (which does not enhance)6-18 and the low infundibulum (which does
enhance)?? are the two most commonly used reference structures in previous publications.
At 7T, because of the inhomogeneous BO field at the skull base, signal loss or imaging
artifacts near the infundibulum are commonly observed.30 Therefore, we used the adjacent
white matter as the reference structure. Using the adjacent white matter as a reference

has good inter-reader reproducibility, as shown in previous studies (ICC values of 0.98,
0.92, 0.74, and 0.975).16-18 |n our study, measurement of ER was also highly reproducible
(inter-reader ICC=0.942). In addition, the Bland—Altman plots in this study showed good
agreement between the two readers.

Several studies have used histology to explore AWE mechanisms.? 26 Shimonaga er a4
performed both VWI and histological analysis on nine patients with unruptured aneurysms.
They found that wall thickening accompanied by neovascularization and macrophage
infiltration corresponded to AWE. In our study, one aneurysm specimen was harvested

from a partially enhancing aneurysm. We observed similar degenerative changes in the
histological analysis. Because it is difficult to strictly match the specimen with the VWI
findings, quantitative measurement and correlation analysis of AWT and ER with VWI data
provide an improved understanding of the pathophysiological changes in the aneurysm wall.
Whether the aneurysm wall is enhanced through the vasa vasorum pathway requires further
exploration.

Our study has several limitations. First, although the resolution of 7T VWI has been
improved over 3T, it is still challenging to accurately characterize AWT; however, we
proved that 7T imaging can differentiate between thick and thin regions of the aneurysm
wall. Second, the ER calculation was performed only with reference to the post-contrast
image. Because the aneurysm wall is very thin, a small registration error can lead to a

J Neurointerv Surg. Author manuscript; available in PMC 2022 September 01.
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large calculation error. Third, we were able to harvest a surgical specimen for histological
validation in only one aneurysm, and it proved difficult on histology to accurately match

the thickened regions to the enhanced regions, as determined on VWI. A larger scale
histological validation study would be valuable to confirm the findings in this study. This in
vivo evaluation of AWT and AWE using ultra high resolution 7T MRI (0.4 mm isotropic, the
highest resolution in the literature to date) may enrich our understanding of the pathology

of intracranial aneurysms. Fourth, we only performed analysis in nine slices in three planes
of the aneurysm (three axial, three sagittal, and three coronal slices, covering about 30—

50% of the entire wall depending on aneurysm size). Most previous studies of intracranial
AWE used similar approaches (selecting 1-3 slices)16-18 29 and showed good inter-reader
reproducibility; our own data also showed good inter-reader reproducibility. A true 3D
analysis of AWT and AWE is the best option. However, developing a tool to reconstruct

the 3D geometry and using the full width at half maximum method to quantify AWT and
AWE is not easy; it requires extensive work for algorithm development and validation. To
the best of our knowledge, only one paper has three-dimensionally quantified the intracranial
AWT (but only partially),13 and no study has yet performed a 3D quantification of AWE.

A 3D analysis would provide richer information to understand the location specific AWT
and AWE. A future study using 3D analysis is needed to confirm our findings. All of these
factors may limit the conclusions of these studies.

CONCLUSIONS

Improved image quality at 7T allowed for quantification of intracranial AWT and AWE in
vivo. Thicker aneurysm walls were observed in larger aneurysms and were associated with
stronger enhancement. These imaging findings need to be further validated in larger scale

histological studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Algorithm of aneurysm wall thickness calculation. Top left: fusiform basilar aneurysm. Top

right: a line is drawn from the center of the aneurysm to the outside wall on a pre-contrast
image. Bottom: signal intensity profile. The distance between two half peak points dx0.4
mm was defined as the thickness at that point.
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Figure2.
Examples of the correlation between aneurysm wall thickness (AWT) and enhancement ratio

(ER). (A) Volume rendering of time-of-flight magnetic resonance angiography of a middle
cerebral artery aneurysm. (B) Pearson correlation plot shows a strong positive correlation
between AWT and ER. (C) Colorful manually drawn out contour shows the calculation
results of AWT on a pre-contrast image (color bar in mm). (D) Colorful manually drawn out
contour shows the calculation results of the aneurysm wall ER on a post-contrast image.
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Figure 3.
(A) Volume rendering of an anterior communicating artery aneurysm. (B) Sagittal view of

pre-contrast vessel wall imaging (VWI) shows a heterogeneous AWT (0.33-0.87 mm). The
white arrow indicates the thickened part and the yellow arrow indicates the thinner parts.
(C) Sagittal view of post-contrast VWI shows the thickened parts with greater enhancement
(white arrow) and thinner parts with weak enhancement (yellow arrow). (D) Hematoxylin—
eosin staining of the aneurysm wall shows a heterogeneous aneurysm wall (0.22-0.84

mm). (E) Immunohistochemical staining for CD31 shows development of an abundant vasa
vasorum in the tunica adventitia (black arrow). (F) immunchistochemical staining for CD68
shows minimal macrophage cell infiltration. Scale bars indicate 200 um for all histological
images.
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