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Abstract

Objectives To compare the visibility of intracranial aneurysm wall and thickness quantification between 7 and 3 T vessel
wall imaging and evaluate the association between aneurysm size and wall thickness.

Methods Twenty-nine patients with 29 unruptured intracranial aneurysms were prospectively recruited for 3D T1-weighted
vessel wall MRI at both 3 T and 7 T with 0.53 mm (3 T) and 0.4 mm (7 T) isotropic resolution, respectively. Two neurora-
diologists independently evaluated wall visibility (0-5 Likert scale), quantified the apparent wall thickness (AWT) using
a semi-automated full-width-half-maximum method, calculated wall sharpness, and measured the wall-to-lumen contrast
ratio (CRy11umen)-

Results Twenty-four patients with 24 aneurysms were included in this study. 7 T achieved significantly better aneurysm
wall visibility than 3 T (3.6 + 1.1 vs 2.7+0.8, p=0.003). AWT measured on 3 T and 7 T had a good correlation (averaged
r=0.63+0.19). However, AWT on 3 T was 15% thicker than that on 7 T (0.52+0.07 mm vs 0.45 +0.05 mm, p <0.001).
Wall sharpness on 7 T was 57% higher than that on 3 T (1.95+0.32 mm™" vs 1.24+0.15 mm™", p <0.001). CR,,1umen
on 3 T and 7 T was comparable (p =0.424). AWT on 7 T was positively correlated with aneurysm size (saccular: r=0.58,
q =0.046; fusiform: r=0.67, g=0.049).

Conclusions 7 T provides better visualization of intracranial aneurysm wall with higher sharpness than 3 T. 3 T overesti-
mates the wall thickness relative to 7 T. Aneurysm wall thickness is positively correlated with aneurysm size. 7 T MRI is a
promising tool to evaluate aneurysm wall in vivo.

Key Points

e 7 T provides better visualization of intracranial aneurysm wall with higher sharpness than 3 T.

e 3 T overestimates the wall thickness comparing with 7 T.

o Aneurysm wall thickness is positively correlated with aneurysm size.
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Abbreviations

AWT Apparent wall thickness
CR,./lumen  Wall-to-lumen contrast ratio
FWHM Half-width at half maximum

IA Intracranial aneurysm

MIP Maximum Intensity Projection
VWI High-resolution vessel wall imaging
Introduction

Intracranial aneurysms (IAs) are abnormal bulging of the
intracranial artery wall. It occurs in approximately 3.2% [1]
of the general population, and it is the most common cause
of non-traumatic subarachnoid hemorrhage (SAH) [2]. The
management of [As is still controversial, and a considerable
amount of small aneurysms, which are not treated endo-
vascularly but rather monitored, rupture [3]. The develop-
ment or rupture of intracranial aneurysms is characterized by
pathological remodeling of the artery wall with inflamma-
tory cell infiltration, internal elastic lamina disruption, and
migration of smooth muscle cells [4]. Traditional imaging
modalities such as digital subtraction angiography (DSA),
computed tomography angiography (CTA), and magnetic
resonance angiography (MRA) cannot provide key patho-
physiological information about aneurysm vulnerability and
the associated wall characteristics.

High-resolution vessel wall imaging (VWI) is playing an
increasing role in the direct evaluation of the artery wall
(10-12). The vast majority of studies on aneurysm VWI
have used 3 T MR [5-10]. In comparison to 3 T, 7 T has
higher signal-to-noise (SNR) and imaging resolution, which
may provide an improved evaluation of the aneurysm wall
[11-15]. However, direct comparison between 7 and 3 T
field strengths for IA evaluation in the same patient cohort
still lacks, except for a few case series (2 <6) (Zhu et al [11]
n=06, Roaet al [15] n=3). In addition, aneurysm wall thick-
ness is a potential marker of aneurysm instability [16, 17];
however, the accuracy of 3 T and 7 T MRI for the IA wall
thickness quantification has never been compared.

Our study aims to compare 3 T and 7 T for the visualiza-
tion of IA wall and the quantification of wall thickness in
the same cohort of patients and investigate the association
between aneurysm size and wall thickness.

Materials and methods
Subjects
This study was approved by the local institutional review

board (IRB). Twenty-nine consecutive patients with unrup-
tured intracranial aneurysms were prospectively recruited

from March 2016 through January 2020 to have both 3 T and
7 T vessel wall imaging on the same day. Patients with renal
dysfunction, mental impairment, metal implants, and claus-
trophobia were excluded. If the patient only had an MRI
scan in one field strength, the patient was excluded from the
analysis. Written informed consent was obtained from all
patients before enrollment.

Imaging protocol

All the MR examinations were performed using a 7 T mag-
netic resonance system (Siemens Healthineers) with Nova
32 channel head coil and a 3 T MAGNETOM Prisma MR
scanner (Siemens Healthineers) equipped with a 64-chan-
nel neurovascular coil. The imaging resolution of 7 T and
3 T vessel wall MRI was 0.4 mm isotropic and 0.53 mm
isotropic, respectively. Details of imaging protocols were
provided in the supplemental file.

Image analysis

Image visualization and evaluation were performed on a 3D
slicer (version 4.10.2, https://www.slicer.org). All images
were anonymized before evaluation. MR images were inde-
pendently reviewed by two experienced neuroradiologists
(with 5 and 7 years of experience in neurovascular imaging,
respectively) blind to patient information and magnetic field
strength. The inter-reader agreement was evaluated. Aneu-
rysms were divided into saccular and fusiform types based
on morphological features. The size of the aneurysm was
measured on 7 T TOF using Maximum Intensity Projection
(MIP). Saccular aneurysm size was defined as maximum
aneurysm height, which was measured from the midpoint of
the aneurysm neck to the dome of the aneurysm. Fusiform
aneurysm size was defined as the maximal luminal diameter.

The wall visibility of each aneurysm on SPACE images
was graded on a qualitative scale of 0-5 as adopted from a
previous publication [18]. Details of the scale and exam-
ple figures were shown in the supplemental file. The rat-
ings of image quality were based on raw data by the two
neuroradiologists.

Vessel wall images of 3 T were co-registered to 7 T for
each patient using the build-in rigid image registration func-
tion of the 3D slicer software. Manual adjustment was then
performed when misalignment occurred. The images were
interpolated to 0.1 mm for post-processing without any addi-
tional changes in image reconstruction or filtering, thus the
signal intensities were unchanged. The quantitative meas-
urements of wall thickness and sharpness were performed
using in-house developed software based on Matlab (version
2017a).

Three consecutive slices through the region of the aneu-
rysm with the largest cross-sectional area were selected
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Fig.1 The calculation algorithm diagram for apparent wall thick-
ness (AWT). Top, from left to right: Three consecutive slices through
the region of the aneurysm with the largest cross-sectional area; 16
defined circumferential segments divided by 16 radial lines from the

(Fig. 1). The aneurysm outer wall boundary was manually
drawn on vessel wall images by the two neuroradiologists.
Radial lines were then automatically generated from the
center of the aneurysm to the outer wall, and 16 circum-
ferential segments were defined (Fig. 1). Profiles of signal

@ Springer

center; one representative line for the wall thickness calculation. Bot-
tom: Signal intensity profile (the distance between two half peaks
points d was defined as the thickness of this segment)

intensity were determined across the aneurysm wall for
each radial line. For each segment, apparent wall thick-
ness (AWT) was defined as the half-width at half maxi-
mum (FWHM) of the aneurysmal wall on the signal profile
(Fig. 1), which is a commonly used method for thickness
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measurement and can measure the sub-voxel thickness with
acceptable accuracy [19, 20]. For the locations where aneu-
rysm wall adhesive to the brain tissue, if the FWHM method
couldn’t detect the outer wall edge, these locations were
excluded from the analysis. The sharpness of the inner wall
boundary was calculated using a previously defined method
[21]. The distance, d,q g, between 20 and 80% positions of
the difference between the maximum and minimum intensity
values across the profile was measured. The sharpness was
defined as 1/dy g4 [21].

Aneurysm lumen boundary was also manually drawn to
calculate the mean signal intensity of the aneurysm lumen.
The wall-to-lumen contrast ratio (CR ) was defined
as [11]:

CRWall/lumen = SIWall/ SIlumen

wall/lumen

where SI,,;is the average signal of the aneurysm wall, and
the SI, ..y 1S the average signal of the aneurysm lumen in
the three slices.

Histological analysis was performed when the specimen
was available and the protocol is shown in the supplemental
file.

Statistical analysis

All data were analyzed using IBM SPSS Statistics 23.
Normal-distributed data and non-normal-distributed data
were expressed as mean + standard deviation, and median
[interquartile range], respectively. Categorical data were
expressed as a percentile. T-test and Wilcoxon’s rank-sum
test were used to compare continuous variables that were
normally or not normally distributed. Pearson’s correlation
was used for correlation analysis of AWT between 7 and
3 T and correlation analysis of aneurysm size and AWT.
For multiple comparisons, a false discovery rate (Benjamini
and Hochberg) was used to calculate the corrected p value,
which was represented as the g value. The inter-observer
agreement was evaluated with the intraclass correlation coef-
ficient (ICC). q < 0.05 and p <0.05 were considered statisti-
cally significant for multiple comparisons and non-multiple
comparisons respectively.

Results
Patient and aneurysm characteristics

Twenty-nine individuals diagnosed with unruptured intrac-
ranial aneurysms (male=13) were recruited. Five patients
were excluded (2 for severe flow artifacts in the aneurysm
lumen, 3 for signal loss due to susceptibility artifact from
the sphenoid sinus). The final sample included 24 patients
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Table 1 Baseline characteristics of patients and aneurysms
Patient demographics
Age, median [IQR] 55 [46, 63]
F/M, n 12/12
Aneurysm characteristics

Size (mm), mean + SD 7.5+1.9
Location

ICA, n

ACA, n 8

MCA, n

VBA, n 10
Type

Saccular, n 15

Fusiform, n 9

F female, M male; ICA internal carotid artery, ACA anterior cerebral
artery, MCA middle cerebral artery, VBA vertebral basilar artery

(12 male; age median, IQR 55 [46, 63]) with 24 aneurysms
(15 saccular and 9 fusiform; size 7.5 + 1.9 mm). Patient and
aneurysm characteristics are presented in Table 1.

Qualitative and quantitative analysis

The comparison of 3 T and 7 T for the aneurysm wall vis-
ibility grade, sharpness, CR and AWT is shown in
Fig. 2.

The wall visibility grade of 7 T was greater than
that of 3 T (3.6+1.1 vs. 2.7+0.8, p=0.003) (Fig. 2a).
The sharpness of 7 T was significantly higher than 3 T
(1.95+0.32 mm™" vs 1.24+0.15 mm™", p<0.001) (Fig. 2b),
and the CR,,j/jumen Measurement was comparable between
7and 3 T (2.37[2.17,3.31] vs. 2.74 [2.35, 3.56], p=0.424)
(Fig. 2c¢).

Mean AWT on 7 T was significantly smaller than that
on 3 T on aneurysm-based analysis (0.45+0.05 mm vs
0.52+0.07 mm, p<0.001) (Fig. 2d). When performing
segment-based analysis in each aneurysm (Supplementary
Fig. 2), the AWT on 7 T was significantly smaller than 3 T
in 21 of 24 aneurysms. Min AWT on 7 T was also signifi-
cantly smaller than that on 3 T on aneurysm-based analysis
(0.30+0.05 mm vs 0.34 +0.08 mm, p =0.028).

The AWT range of each segment was 0.22 to 1.04 mm
on7 T and 0.18 to 1.14 mm on 3 T, respectively. AWT
measurements showed good agreement between 7 and 3 T
(averaged Pearson’s r in all the patients 0.63 +0.19) (Fig. 3).

Due to the higher quality and resolution of 7 T MRI,
the AWT measurements on 7 T were used to evaluate the
correlation of aneurysm size and wall thickness and the dif-
ference between saccular and fusiform aneurysms. Because
in principle, a higher resolution helps more accurate quanti-
fication of wall thickness because of reduced partial volume

wall/lumen>

@ Springer



2388 European Radiology (2022) 32:2384-2392

Q
o

]
(o3
T

p=0.003 p<0.001
© 1 =
° = 3 _
S 4- S £
54 £
b (]
Ke] c
B 2 E‘
S 8 17
- - w
0 T T 0 T T
7T(n = 24) 3T(n = 24) 7T(n = 24) 3T(n = 24)
C 10- _
10 p=0.424 d o p<0.001

E _ 1T
- 5 s

=
. % 0.4- L S

1 1
7T(n = 24) 3T(n =24)

CRwall/lumen

T (rll =24) 3T(:’I =24)

Fig.2 Box-plot of wall visibility grade (a), sharpness (b), CR, (¢), and AWT (d) of 24 aneurysmson 7 Tand 3 T

wall/lumen

«» 1.2 0.7
2 - 3T
£ . 7T & 0.6
i.; e E 0.5 z
H ) E ] : r=0.73
§oafmmw Tt e g q <0.001
g 0.3
2
X T T r [X —————— 1
0 5 10 15 0.2 0.4 0.6 0.8 1.0 12
Segment AWT from 3T
@ 077 - 3T 0.6+
2 = 7T
£ %5 K 054 "
= £
o5 g
2o O P - E“' L r=os7
5 LR N N z 7 q <0.001
8 0.3 (WA v 0.3 . &
3
0. T T T [X T T T ,
0 5 10 15 0.3 04 0.5 0.6 0.7
Segment AWT from 3T
2 0.79
2
3 K 064
& € . .
T £ 054
z - r=0.56
5 S .
s < g4 . q <0.001
g .
<
r 0. T T 1
0 5 10 15 0.4 0.5 0.6 0.7
Segment AWT from 3T
Fig.3 Correlation analysis of AWT between 7 and 3 T in three cases. segments), AWT measurement results on 3 T (numbers represent 16

From top to bottom: a basilar tip aneurysm, (b) middle cerebral defined circumferential segments), line plot of AWT of 16 segments
artery aneurysm, (c¢) anterior communicating artery aneurysm. From from 7 T (dotted line) and 3 T (solid line), and AWT correlation plot
left to right: original 7 T images, original 3 T images, AWT meas- between 7 and 3 T

urement results on 7 T (numbers represent 16 defined circumferential
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effect [22]. Mean AWT of both saccular and fusiform
aneurysms was positively correlated with aneurysm size
(saccular r=0.58, ¢ =0.046; fusiform r=0.67, g=0.049)
(Supplementary Fig. 3). AWT of saccular aneurysms was
similar to that of fusiform aneurysms (0.44 +0.05 mm vs
0.47 +0.06 mm p=0.110). However, there was no correla-
tion between the min AWT and the aneurysm size (r=0.32,
p=0.127).

Histological analysis

One aneurysm specimen was harvested from an adult patient
with a 7-mm anterior communicating artery aneurysm for
histological analysis (Supplementary Fig. 4). The specimen
was collected 1 week after the MRI scan. Immunohisto-
chemistry demonstrated the proliferation of smooth muscle
cells in the medial layer at the thickened site and infiltration
of inflammatory cells. Electron microscopic analysis showed
that an abundant vasa vasorum had developed at the tunica
adventitia at the thickened site, some smooth muscle cells
apoptosis at the thin site, and the absence of endothelial
cells. MRI showed a variable AWT (0.32-0.71 mm for 7 T,
0.39-0.75 mm for 3 T). Histological analysis showed that the
wall thickness was heterogeneous, and the thickness ranged
from 0.27 to 0.63 mm, which was closer to the AWT meas-
urement of 7 T than 3 T.

Measurement reproducibility

Two neuroradiologists had a good to excellent inter-observer
agreement with ICCs from 0.80 to 0.93 (supplemental file).

Post hoc sample size analysis was provided in the sup-
plemental file.

Discussion

In this study, we performed a comparison between 3 and
7 T vessel wall imaging for the evaluation of the intracra-
nial aneurysm wall. We found 7 T images were sharper than
3 T and provided significantly better visualization of the
wall. The higher resolution and better image quality at 7 T
improved the wall thickness measurement, and traditional
3 T MRI would overestimate the wall thickness compared
to 7 T. We also found the thicker wall was related to larger
aneurysm size, which was the first study to demonstrate such
correlation using in vivo quantitative imaging. To the best of
our knowledge, this was the first study systematically com-
paring the ability of 3 T and 7 T for intracranial aneurysm
wall evaluation using quantitative analysis, while previous
comparison studies were only case series (n<6) [11, 15].
Our results highlighted that 7 T MRI is a promising tool to
evaluate the intracranial aneurysm wall in vivo.

Ultra-high-field 7 T MRI can be particularly beneficial
for intracranial vessel wall imaging due to its high SNR and
resolution [12]. The intracranial vessel wall is a very thin
structure (healthy vessel wall thickness is around 0.5 mm and
aneurysm wall thickness has been reported between 0.03 and
0.2 mm) [23] that required high isotropic resolution imaging
for reliable visualization and quantification. However, only
a few studies directly compared 3 T and 7 T for intracranial
vessel wall imaging [11, 15, 24]. Harteveld et al [24] compared
3 T (1 mm isotropic) and 7 T (0.8 mm isotropic, CSF-
suppressed) MRI for visualizing intracranial atherosclerotic
plaques in 21 elderly asymptomatic volunteers [24]. They
found 7 T detected more intracranial plaques than 3 T, but
in some patients, there was disagreement, possibly due to the
limited resolution in their study. For intracranial aneurysms,
the comparison between 3 and 7 T was still sparse with a few
case series (Zhu et al [11] n=6, Roa et al [15] n=3). Zhu
etal [11] found 7 T provided sharper images and better image
quality than 3 T in 6 aneurysms, and Roa et al [15] found
3 T and 7 T had comparable wall enhancement quantification.
Neither study quantified the wall thickness. Our study agreed
with Zhu et al [11] that 7 T achieved higher sharpness and
better image quality.

We found 7 T had better visibility of the aneurysm wall
than 3 T, and all aneurysm walls at least can be partially visu-
alized at 7 T, and 88% (21/24) can visualize > 50% of the ves-
sel wall. Kleinloog et al [25] evaluated 33 intracranial aneu-
rysms using 7 T MRI with isotropic 0.8-mm resolution and
found aneurysm wall was not visible in 5 aneurysms (15%).
Another 1.5 T study found 29% of the aneurysms’ wall (4/14)
could not be visualized using the 2D imaging method with
3 mm slice thickness [26]. The improved visibility in our 7 T
MRI was possibly due to our higher resolution (0.4 mm?® vs
0.8 mm?, 1/8 of the voxel size of Kleinloog et al [25]). We did
not observe significant differences between the CR,, ,11umen ©F
3T and 7 T, possibly because the wall-to-lumen contrast was
mostly determined by the flow suppression, and we did not
apply advanced blood suppression techniques [27, 28] in this
study atboth 3 T and 7 T.

Aneurysm wall thickness is an important pathological
feature, and previous histological studies found the thick
aneurysm wall was associated with atherosclerotic changes
and the thin wall was associated with the reduction of
smooth muscle cells, and the wall thickness was potentially
related to aneurysm rupture and remolding [4, 29, 30].
Kadasi et al [16] and Jiang et al [17] further identified
aneurysm wall thickness variation using intraoperative
photographs. Quantification of the aneurysm wall thickness
variation in vivo using MRI is promising because it is a non-
invasive way for the evaluation of the pathology. Park et al
[26] measured aneurysm wall thickness on 2D black-blood
images with 3 mm slice thickness and reported the mean
thickness at the dome and neck was 0.46 +0.05 mm and
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0.60 +0.13 mm. However, 2D imaging was limited by the
thick slices and partial volume effect. Blankena et al [13]
measured intracranial aneurysm wall thickness on 7 T MR
VWI with an isotropic resolution of 0.8 mm and corrected
the partial volume effect by considering signal intensity
variations and found AWT ranged from 0.07 to 0.53 mm.
Compared with previous studies, the major advantage of our
study was that we used the highest resolution as reported
in the current literature of intracranial aneurysms (0.4-mm
isotropic resolution), and thus the partial volume effect could
be minimized [22]. In addition, we performed segment-
based analysis and applied an objective FWHM method
for the thickness quantification, which was accurate and
reproducible [19]. We demonstrated that 3 T overestimated
the wall thickness compared to 7 T due to the lower
resolution (0.53 mm?) and highlighted the importance of
high resolution in thickness quantification. However, such
findings need to be confirmed in future histology validation
studies.

Finally, we found AWT was positively correlated
with aneurysm size, which agreed with previous
histopathology studies [4, 31]. Histopathological
analysis of the IAs showed that the wall of IA < 10 mm
was more likely to be thin and hypocellular and lacked
smooth muscle and inflammatory cells [4, 29]. On the
contrary, a proliferation of smooth muscle cells and
inflammatory cells often existed in larger IAs (> 10 mm)
with thick walls [29]. This was the first time that this
“thickness-size” relationship was demonstrated by a
non-invasive imaging examination. There have been
many studies linking wall thickness with aneurysm
stability. Most studies showed thinning of the aneurysm
wall may be an important factor for aneurysm rupture
[5, 32-34]. One study reported that a thin portion of
the aneurysm dome correlated with the point of rupture
[32]. Hartman et al [33] showed that aneurysms with
PHASES score >3 were more likely to demonstrate
wall thinning (9.2% vs 0%, p =0.044). In contrast, Song
et al [34] demonstrated that the translucent aneurysms
were smaller in size, and the aneurysm height <3 mm
was related to wall thinning. A recent large-scale
study (N=333) [5] found thick wall enhancement was
associated with IA rupture, symptoms, and growth. It
needs to be noted that these results were not actually
conflicting with each other, but reflecting the different
concepts of wall thickness. The wall thickness within
a single aneurysm is variable. A focal thinning may
not reflect on the average thickness, and the aneurysm
rupture normally happens on a focal point. We found
minimal AWT was not correlated with aneurysm size
but average AWT was. A larger study with 3D thickness
mapping is required to confirm our findings.
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Limitations

This study had several limitations. First, this was a single-
center study, and the sample size was relatively small. Our
findings need to be validated using a larger cohort. Second,
in our cohort, only one patient underwent open surgery with
histology analysis. Matching the location of in vivo wall
thickness to histology specimen in 3D is extremely hard, and
the wall thickness in vivo (under blood pressure) is different
from ex vivo specimen (without pressure). Still, the evalua-
tion of wall thickness in vivo will enrich our understanding
of the pathology of intracranial aneurysms. Third, all the
measurements were performed in 2D slices. A 3D thickness
map of the entire aneurysm wall will provide more com-
prehensive information. Fourth, aneurysm wall pulsation
through the cardiac cycle may lead to image blurring and
signal loss, and slow flow artifacts can have a residual signal
near the wall, and these factors may result in measurement
error of wall thickness. Fifth, three para-clinoid aneurysms
were excluded due to poor image quality from adjacent sus-
ceptibility. 7 T MR was more sensitive to tissue-air interface
than 3 T, which could result in signal loss. Sixth, in this
study, we did not compare the wall enhancement between 3
and 7 T, which was a surrogate marker of wall inflammation
and related to aneurysm rupture, growth, and symptoms [5,
6, 35]. We are running a prospective study comparing wall
enhancement between 3 and 7 T. All of the above limitations
may generate study bias.

Conclusions

7 T vessel wall MRI provides better visualization of the
intracranial aneurysm wall with higher sharpness compared
to 3 T vessel wall MRI. 3 T also overestimates aneurysm
wall thickness. Aneurysm wall thickness is positively cor-
related with aneurysm size. 7 T MRI is a promising tool to
evaluate aneurysm wall in vivo.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00330-021-08331-9.
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