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OBJECTIVE In the last several decades, various factors have been studied for a better evaluation of the risk of rupture
in incidentally discovered intracranial aneurysms (IAs). With advanced MRI, attempts were made to delineate the wall
of IAs to identify weak areas prone to rupture. However, the field strength of the MRI investigations was insufficient for
reasonable image resolution in many of these studies. Therefore, the aim of this study was to analyze findings of IAs in
ultra–high field MRI at 7 Tesla (7 T).
METHODS Patients with incidentally found IAs of at least 5 mm in diameter were included in this study and underwent
MRI investigations at 7 T. At this field strength a hyperintense intravascular signal can be observed on nonenhanced
images with a brighter “rim effect” along the vessel wall. Properties of this rim effect were evaluated and compared with
computational fluid dynamics (CFD) analyses.
RESULTS Overall, 23 aneurysms showed sufficient image quality for further evaluation. In 22 aneurysms focal irregularities were identified within this rim effect. Areas of such irregularities showed significantly higher values in wall shear
stress and vorticity compared to areas with a clearly visible rim effect (p = 0.043 in both).
CONCLUSIONS A hyperintense rim effect along the vessel wall was observed in most cases. Focal irregularities within
this rim effect showed higher values of the mean wall shear stress and vorticity when compared by CFD analyses.
Therefore, these findings indicate alterations in blood flow in IAs within these areas.
https://thejns.org/doi/abs/10.3171/2019.9.FOCUS19489
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I

aneurysms (IAs) show a prevalence of
approximately 3% in the general population, and due
to the increased availability of neuroradiological imaging, an increasing number of IAs are discovered incidentally.7,35 Previous studies analyzing the natural course
of IAs have identified several factors such as larger aneurysm size and location to be important for the annual
risk of aneurysm rupture.9,10,36,37 Therefore, indications for
treatment of incidentally found IAs are still mainly based
on the maximum diameter.28 However, because smaller aneurysms constitute up to half of all aneurysms presenting
with subarachnoid hemorrhage (SAH), further attempts
have been made to better estimate the risk of aneurysm
ntracranial

rupture.12,28 Because IAs mainly occur at or close to vessel
bifurcations with presumed intraaneurysmal alterations
in blood flow, studies have focused on intraluminal flow
parameters.2,20 In this sense, based on computational fluid
dynamics (CFD) analyses, distinct intraaneurysmal flow
patterns and changes in blood flow parameters such as
wall shear stress were found at sites associated with aneurysm initiation, growth, rupture, or bleb formation along
the aneurysm dome.2,3,5,19,25
Additionally, in the last decade, attempts were made to
study the intracranial vessel wall and associated pathologies by noninvasive neuroradiological imaging at different values of the magnetic field strength.1,23,29,30 In a small
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number of studies the characteristics of ultra–high field
MRI at 7 T have also been investigated in first attempts
at identification of IAs or their vessel wall.11,14,32–34,38,39,41 In
these studies, a hyperintense intraluminal signal in nonenhanced images was described.14,32,41 However, a dedicated
investigation of this finding and comparison with alterations in blood flow parameters has not been performed
thus far. Hence, the aim of our study was to evaluate this
hyperintense signal on nonenhanced ultra–high field MRI
in a prospective patient series with unruptured IAs in
combination with CFD analyses.

Methods

In this study, patients harboring incidentally discovered IAs between 2009 and 2016 were included. Patients
needed to have at least 1 unruptured IA with a diameter
of at least 5 mm. The cutoff of 5 mm was chosen to test
the findings on 7-T ultra–high field MRI in larger aneurysms in a first step for investigation of the feasibility of
this protocol. Fusiform aneurysms and patients who presented with ruptured aneurysms, underwent prior treatment for another IA, or had contraindications to ultra–
high field MRI were excluded from this study. The study
was approved by the ethics committee of the Medical
University of Vienna and all patients provided informed
consent.
Routine Neuroimaging
Each patient underwent routine preoperative imaging.
This imaging consisted of CT (including CT angiography), MRI (including MR angiography), and invasive digital subtraction angiography (DSA) for further treatment
planning. In each IA, the exact location, maximum diameter, and its position on the parent artery (bifurcation or
sidewall) were noted.
Ultra–High Field MRI
In addition to routine neuroimaging, all patients underwent ultra–high field MRI that was performed in a wholebody 7-T MRI unit (Siemens Healthcare) with a gradient
strength of 40 mT/m using a 32-channel transmit/receive
coil. The MRI sequence performed for this study was a
nonenhanced magnetization-prepared rapid acquisition
gradient echo (MPRAGE) sequence (TR/TE 3850/3.84
msec, isotropic voxel size 0.5 mm3).
On nonenhanced MPRAGE images, besides the hyperintense intraluminal signal of the intracranial vasculature,
the presence of a rim enhancement adjacent to the inner
wall of IAs was noted.14,32,41 In this study, we termed this
bright signal the “rim effect” and analyzed this characteristic for its existence in all scanned aneurysms, and if
present, for its signal quality. Furthermore, if this rim effect was noted, it was evaluated for its completeness or
potential focal interruptions. The primary orientation for
image analyses was axial slices, however, to reduce the
misinterpretation of potential artifacts such as a focal interruption, the existence of such a finding was always evaluated in multiple slices together with coronal and sagittal
orientation. Additionally, a relationship between such a
potential interruption of the rim effect and possible small
2

TABLE 1. Imaging parameters
Sequences & Protocol Used for 7-T MRI
Parameter
Voxel dimensions (mm )
Matrix size
No. of slices
FOV (mm2)
Slice thickness (mm)
TE (msec)
TI (msec)
TR (msec)
TA (mins:sec)
GRAPPA factor
Bandwidth (Hz/pixel)
Flip angle (°)
3

T1 MPRAGE

T2 TSE 2D

0.5 × 0.5
448 × 403
256
230 × 172
0.5
3.5
1700
3850
12:17
2
180
9

0.4 × 0.4
528 × 528
34
230 × 172
3
69
7000
03:39
2
287
146

FOV = field of view; GRAPPA = generalized autocalibrating partially parallel
acquisitions.

blood vessels leaving the aneurysms or the parent vessels
was also evaluated.
In addition to the study MRI sequence, standard T2
turbo-spin echo (TSE) images for morphological reference images were acquired. The complete scanning protocol lasted approximately 30 minutes. For details of the
protocol, see Table 1.
CFD Analyses
Nonenhanced T1-weighted MPRAGE images acquired
by the 7-T MRI scanner were processed for CFD calculations.13 Surface 3D models were created with open-source
software ITK-SNAP, together with MeshLab for smoothing of surface models.6,40 In a next step, all models were
further processed using NetGen for creation of triangular
elements covering the complete aneurysm surface together with inflow and outflow blood vessels.26
After formation of these 3D models, all data were
transferred to COMSOL Multiphysics (COMSOL Inc.)
and the governing 3D incompressible Navier-Stokes equations were solved in the whole model area for CFD analyses. Blood was assumed as an incompressible Newtonian
fluid with a density of 1055 kg/m3 and a blood viscosity
of 0.0049 Pa-sec.22 The vessel walls were modeled rigid
with no-slip boundary conditions. At the inlets a laminar,
steady blood flow was assumed based on existing data on
various intracranial vessels from the literature; at the outlets no pressure resistance was assumed.21
The evaluation of the calculated absolute value of wall
shear stress vector (Pa), vorticity (1/sec), and wall-directed
force (Pa) was performed and displayed in color maps at
the slice where the rim effect showed the strongest signal. The wall-directed force is the component of the total
stress that is perpendicular to the vessel wall, whereas the
wall shear stress is equal to the tangential components.
These calculated values of wall-directed force, vorticity,
and wall shear stress were then compared between segments with a missing rim and the next segments with a
clearly visible rim effect in the same aneurysms.
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TABLE 2. Patient characteristics

TABLE 3. Evaluation of the rim effect

Characteristic

Value

Variable

No. (%)

No. of patients
No. of IAs
Female/male ratio
Mean age (range), yrs
Mean diameter (range), mm
Aneurysm location, n (%)
MCA
ICA
ACoA
BA
ACA
PCA
Aneurysm position, n (%)
Bifurcation
Sidewall

18
24
5:1
55 (42–74)
14.4 (5.0–94.2)

Included IAs for evaluation
Rim effect visible
Rim effect not visible
Signal intensity
Thin
Medium
Completeness of rim effect
Incomplete
Complete
Association to small branches
No side branches
Exiting side branches

24
23 (96)
1 (4)
23
17 (74)
6 (26)
23
22 (96)
1 (4)
22
18 (82)
4 (18)

8 (33)
8 (33)
4 (17)
2 (8)
1 (4)
1 (4)
20 (83)
4 (17)

ACA = anterior cerebral artery; ACoA = anterior communicating artery; BA =
basilar artery; PCA = posterior cerebral artery.

Statistical Analysis
For statistical analysis, we used SPSS statistical software (version 25.0, IBM Corp.). Categorical variables are
shown as values and percentages, and continuous variables as means ± standard deviations. Continuous variables of velocity, wall-directed force, vorticity, and wall
shear stress were tested for normalcy using a KolmogorovSmirnov test. In case of normalcy, these values were compared using a Student t-test grouped together if the rim
effect was visible or interrupted. A 2-sided p value < 0.05
was considered statistically significant.

Results

Overall, 30 patients with a total number of 45 unruptured intracranial saccular aneurysms were enrolled in the
study. Of all patients, 21 harbored a single IA. More than
1 IA was present in 9 patients (2 aneurysms were present
in 6 patients, and 3, 4, or 5 aneurysms were present in 1
patient each). Of these 45 IAs, 36 (80%) showed a diameter of at least 5 mm and underwent 7-T MRI in addition
to routine preoperative neuroimaging.
The mean patient age was 55 years (range 42–74 years)
and the female to male ratio was 5:1. The most common
symptoms that led to the diagnosis of an IA were headache without any signs of SAH in 7 patients (24%) and
incidental finding in patients with ischemic strokes in 5
patients (17%), followed by vertigo in 5 patients (17%).
Ultra–High Field MRI at 7 T
The acquisition of 7-T MR images (T1-weighted
MPRAGE images as well as T2-weighted TSE images)
was feasible in all patients. Regarding the study sequence
(nonenhanced MPRAGE T1-weighted sequences), image
quality for further analysis was sufficient in 27 aneurysms
(74%) whereas distortion and insufficient quality were not-

ed in the remaining 9 aneurysms (26%). Therefore, these
cases were excluded from evaluation of the rim effect. In
further imaging analyses 3 cases were found to be fusiform
aneurysms and therefore were also excluded from this
study. A complete list of all included aneurysms is given
in Table 2.
Aneurysm Locations and Characteristics
Of the 24 aneurysms included in this study, the most
common aneurysm location was along the middle cerebral
artery (MCA; n = 8 aneurysms, 33%) and internal carotid
artery (ICA; n = 8 aneurysms, 33%). The mean diameter of
all aneurysms was 14.4 mm (range 5.0–94.2 mm). Based
on their position along the parent artery, 20 aneurysms
(83%) were located at a vessel bifurcation whereas 4 were
sidewall aneurysms (17%). A complete list of aneurysm
details is given in Table 2.
Rim Effect
In all included aneurysms the occurrence of a rim effect and its properties were evaluated. Such a hyperintense
rim was noted in 23 aneurysms (96%), whereas 1 aneurysm did not show a rim effect (4%). Therefore, this case
was excluded from further evaluation of the rim effect.
In the aneurysms that showed such a rim effect, a thin
rim was observed in 17 cases (74%) whereas a medium
rim could be detected in 6 aneurysms (26%). Regarding
the completeness of this rim effect, a complete ring without any missing segments was observed in 1 case (4%). In
contrast, missing segments in the observed rim effect were
noted in the remaining 22 aneurysms (96%). Small blood
vessels leaving the aneurysms or the parent vessels in close
proximity to the rim effect were observed in 4 cases (18%).
A detailed list of these characteristics is given in Table 3.
According to these imaging parameters, further analyses were performed in the 22 aneurysms with an identifiable rim effect and missing segments within the rim effect. An example of this rim effect is shown in Fig. 1.
CFD Analyses
In these 22 included aneurysms, formation of 3D surNeurosurg Focus Volume 47 • December 2019
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FIG. 1. Nonenhanced T1-weighted 7-T ultra–high field MR image of an
ICA sidewall aneurysm showing a hyperintense intraluminal signal with
an even brighter rim signal along the vessel wall, termed “rim effect.”

face models and consequently CFD analyses were feasible
in all cases. Each model was constructed by an average
number of 7370 trigonal elements and further processed in
COMSOL Multiphysics. For each parameter, values were
calculated for the whole 3D model, however, comparison
of the mean values was performed at the chosen locations.
For an example of the rim effect compared to the performed CFD analyses, see Fig. 2.
In this comparison of all included aneurysms, significant differences were found for the mean wall shear stress
(nonrim area 5.2 ± 7.1 Pa vs rim area 1.9 ± 1.4 Pa, p =
0.043) and the vorticity (nonrim area 1052.4 ± 1432.1/sec
vs rim area 385.8 ± 287.1/sec, p = 0.043). Regarding the
wall-directed force, no significant differences could be detected. Details of these comparisons are shown in Table 4.
Furthermore, the calculated values were also compared
based on the position of the aneurysm in relation to the
parent artery (vessel bifurcation or sidewall). In this sense,
significantly higher values of the mean wall shear stress
(nonrim area 4.3 ± 4.5 Pa vs rim area 1.6 ± 1.2 Pa, p =
0.027) and the vorticity (nonrim area 863.9 ± 911.5/sec vs
rim area 327.7 ± 252.3/sec, p = 0.027) were also observed
in the nonrim areas of aneurysms at vessel bifurcations.
For the wall-directed force, no such significant difference
could be detected. In contrast, in sidewall aneurysms no
significant differences could be detected in any of these
variables. A complete list of these values is provided in
Table 4.

Discussion

IAs occur with a frequency of approximately 3% in
the general population.35 However, because a significantly
4

FIG. 2. A: Nonenhanced T1-weighted image of an anterior communicating artery aneurysm demonstrating focal disruption in the rim effect in
the upper right quadrant. B–D: Addition of CFD analyses of the walldirected force (B), vorticity (C), and wall shear stress (D) to the morphological MR image. E: Three-dimensional surface model with depiction of
the evaluated image slice and the calculated wall shear stress.

lower number of patients suffer from SAH per year, only a
small proportion of all aneurysms tend to rupture.9 Hence,
attempts have been made to investigate factors leading to
a higher risk of aneurysm rupture to select patients for
treatment decisions. In this sense, a larger diameter, a history of hypertension or smoking, the aneurysm morphology, and the exact location of an IA account for the most
reported risk factors.7,9,31,37 Nevertheless, clinical routine
and further studies showed that most discovered aneurysms are small, and also such small aneurysms present
with SAH.12,28 Therefore, there is a strong need to further
identify patient-specific characteristics associated with an
increased risk of aneurysm rupture.
With the advent of computer-based flow simulations,
intraluminal blood flow parameters using CFD analyses
were studied, because most IAs occur at locations prone
to flow alterations such as vessel bifurcations.2,27 In this
sense, changes in a number of different factors were investigated, with alterations in the wall shear stress being the
most commonly mentioned.2,3,5,19,25 However, there is still
an ongoing debate on whether a higher or lower wall shear
stress is responsible for aneurysm development, growth,
or rupture.25,27

Neurosurg Focus Volume 47 • December 2019
Unauthenticated | Downloaded 01/08/23 12:49 PM UTC

Millesi et al.

TABLE 4. Comparison of CFD parameters
CFD
Parameter

Nonrim
Area

Rim
Area

Overall
Wall shear stress, Pa
5.2 (7.1)
1.9 (1.4)
Vorticity, 1/sec
1052.4 (1432.1) 385.8 (287.1)
Wall-directed force, Pa 1101.5 (1035.6) 1111.1 (1028.4)
Aneurysm position
Vessel bifurcation
   Wall shear stress, Pa
4.3 (4.5)
1.6 (1.2)
  Vorticity, 1/sec
863.9 (911.5)
327.7 (252.3)
  Wall-directed force, 1088.7 (1012.0) 1084.8 (996.2)
   Pa
Sidewall
   Wall shear stress, Pa
9.4 (14.3)
3.2 (1.6)
  Vorticity, 1/sec
1900.8 (2911.1) 647.2 (324.1)
  Wall-directed force,
1179.0 (1301.7) 1229.4 (1325.5)
   Pa

p
Value
0.043
0.043
0.985

0.027
0.027
0.991

0.454
0.454
0.959

Data given as mean (SD) unless otherwise indicated. Boldface type indicates
statistical significance.

Otherwise, investigations were performed on the importance of the aneurysm wall for the risk of rupture and
subsequent hemorrhage.3,8 Again, several changes within
the vessel wall could be observed in both experimental
studies and histological studies of clipped and resected
aneurysm domes.8,15,17,18 However, both of these approaches require computer-based algorithms or resection of the
dome to investigate the vessel wall after treatment.
In the last decade, attempts were made to study the
intracranial vessel wall and associated pathologies by
noninvasive neuroradiological imaging because changes
within the vessel wall were observed in larger vessels in
other parts of the human body using improved MRI.1,23,29,30
The first investigations on intracranial vessels evaluated
a variety of intracranial vessel wall pathologies including
atherosclerosis, inflammatory changes, and vessel wall
dissection using both nonenhanced and contrast-enhanced
MRI sequences.16,30 Some of these studies also tried to delineate the vessel wall in IAs.16,23,24 However, due to the
low magnetic field strength used and the voxel size similar
to the reported vessel wall thickness, these studies were
critically reviewed.29
To overcome this limitation, a small number of studies showed the value of 7-T MRI for depiction of IAs
and delineation of the intracranial vessel wall in healthy
volunteers and in a number of patients with different intracranial vascular pathologies, including IAs.11,33,34,39 Besides delineation of the vessel wall directly, an interesting
observation was made on 7-T MRI in intracranial vessels.
In addition to this hyperintense intraluminal signal of the
intracranial vasculature, the presence of a “rim enhancement” adjacent to the inner wall of IAs was noted on nonenhanced T1-weighted images.14,32,41 The impact of this
finding, however, was not analyzed to date. Thus, the aim
of this study was to compare this brighter hyperintense

signal along the intracranial vessel wall in patients with
unruptured IAs, with changes in intraluminal blood flow
parameters.
Present Study
A total of 30 patients with 36 unruptured IAs were included, however, due to image distortion (especially close
to the skull base) only 27 unruptured IAs showed appropriate image quality for further investigations. Of these 27
aneurysms, 3 were found to be fusiform aneurysms and
thus were also excluded.
In addition to the hyperintense intraluminal signal on
nonenhanced T1-weighted images described in the literature, an even brighter signal along the vessel wall was
observed in 23 of 24 included aneurysms (96%).14,32,38,41
This brighter signal was termed the “rim effect” and was
further analyzed. Interestingly, focal irregularities could
be depicted in 22 of these cases (96%) with such a rim effect. CFD analyses were then performed, and the resulting
values compared between specific locations, depending on
the finding of a bright, clearly visible rim effect or if such
focal irregularities could be depicted within this rim.
All CFD analyses were performed on 3D surface models of each aneurysm and the investigated parameters included wall shear stress, vorticity, and wall-directed force.
In this evaluation, differences were observed for wall shear
stress and vorticity with statistically significant higher values in the area with a missing rim effect (5.2 ± 7.1 vs 1.9
± 1.4 Pa, p = 0.043, and 1052.4 ± 1432.1/sec vs 385.8 ±
287.1/sec, p = 0.043, respectively). In a further subdivision
of the different aneurysms, this effect remained statistically significant for bifurcation aneurysms (4.3 ± 4.5 vs
1.6 ± 1.2 Pa, p = 0.027, and 863.9 ± 911.5/sec vs 327.7 ±
252.3/sec, p = 0.027, respectively) but not for sidewall aneurysms. However, because only 4 aneurysms were located
as sidewall aneurysms, this aspect needs further investigation with a larger number of patients. To the best of our
knowledge, this study is the first to report and analyze this
even brighter rim effect along the suspected vessel wall.
Additionally, this is also the first description of such focal
irregularities and interruptions in this rim effect.
In the current literature, there is an ongoing discussion
about which alterations of blood flow are related to aneurysm growth and potential rupture.19 In this sense, aneurysms tend to occur in regions of typically high wall
shear stress such as bifurcations as flow impinges on the
aneurysm wall within the dome.19,27 Also, vascular changes within the wall and bleb formation occurred in areas of
high wall shear stress and a high wall shear stress gradient.5,27 In another analysis, higher wall shear stress values
were found in ruptured aneurysms compared to unruptured IAs as well.4 However, growth of IAs has also been
reported in both instances, at lower and higher wall shear
stress values.27 Furthermore, various authors also reported
morphological changes within the aneurysm wall, together with aneurysm rupture in cases with both lower and
higher wall shear stress values.25,27
Therefore, if these results are associated with aneurysm development, growth or rupture needs evaluation in
further studies. However, these findings indicate that the
described focal irregularities represent areas of alterations
Neurosurg Focus Volume 47 • December 2019
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in blood flow within an IA as measured by CFD analyses
from MPRAGE MRI at 7 T.
Limitations of the Study
One limitation of this study is the evaluation of an indirect parameter of irregularities in the vessel wall of IAs
instead of delineation of the vessel wall itself. However,
depiction of the vessel wall itself with appropriate resolution requires long examination times not feasible in clinical
routine MRI in patients harboring IAs.11 Additionally, the
evaluation of wall irregularities by noninvasive neuroimaging and correlation to CFD analyses represents a computer-based evaluation, and a correlation with histological
specimens from the aneurysm dome was planned. However, resection of the aneurysm dome was possible only in 1
patient and therefore a statistical analysis was not possible.
Furthermore, only aneurysms with a diameter of at least
5 mm were included in this study, and a large proportion of
aneurysms display a diameter of less than 5 mm and still
can present with rupture. However, this cutoff was chosen
to analyze this finding in larger aneurysms in a first step.
Therefore, the importance of this rim effect in smaller aneurysms needs to be evaluated in further studies.

Conclusions

The results of this study showed a bright hyperintense rim effect along the vessel wall on nonenhanced
T1-weighted 7-T ultra–high field MR images. Within this
rim effect, focal irregularities were noted in most cases.
A comparison of these irregularities with CFD analyses
showed higher values of the mean wall shear stress and
vorticity in areas in which such a rim effect was missing.
Therefore, these findings indicate alterations of the blood
flow in these areas within an IA.
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