Risk factors for the rupture of mirror middle cerebral artery
aneurysm using computer-assisted semiautomated
measurement and hemodynamic analysis
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Objectives: To identify the morphologic and hemodynamic risk factor of mirror middle cerebral artery (MCA) aneurysms. Methods: We conducted a retrospective analysis of 40 paired mirror MCA aneurysms. Aneurysms were divided into ruptured
and unruptured groups. Seventeen morphological and nine hemodynamic parameters were measured using computer-assisted semiautomated measurement
(CASAM) and computer ﬂow dynamic (CFD) simulation. We performed a paired
t-test (for normally distributed data) or a paired Wilcoxon rank-sum (for non-normally distributed data) to analyze all parameters between the groups. Multivariate
conditional logistic regression analysis identiﬁed independent risk factors. The
receiver operating characteristic curve was analyzed to acquire the area under the
curve (AUC) and the cutoff values of the independent risk factors. Results: There
were signiﬁcant differences in morphological and hemodynamic parameters
between the ruptured and unruptured mirror aneurysms. The multivariate logistic
analysis showed that the greater size (odds ratio [OR] = 9.807, p = 0.003), smaller
neck diameter (OR = 0.285, p = 0.018) and maximum oscillatory shear index (OSI)
(OR = 0.000001, p = 0.046) were independently correlated with aneurysm rupture.
AUCs for size, N. and maximum OSI were 0.794, 0.695, and 0.701, respectively. The
cutoff values of the size, neck diameter, and maximum OSI were 6.30, 5.07, and
0.356437, respectively. Conclusions: Morphology and hemodynamics can help predict aneurysm rupture risks. The more signiﬁcant size, smaller neck diameter and
maximum OSI were independent risk factors for the rupture of MCA aneurysms.
The variables could aid practical risk evaluation.
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Introduction
Intracranial aneurysms (IAs) are associated with high
rates of death and disability.1,2 Their rupture is accompanied by subarachnoid hemorrhage (SAH) and other
severe complications.1,3 Predicting the aneurysms that are
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prone to rupture is crucial. A study showed that IAs are
generated by morphologic changes secondary to blood
ﬂow-induced vessel remodeling.4 Hemodynamic and
morphological numerically quantiﬁed rupture risk.5-7
However, the risks of rupture are also inﬂuenced by
patient-related factors such as race, gender, hypertension,
and smoking. Mirror aneurysms could avoid patientrelated issues by exploiting pair analysis.8 Studies focusing on mirror aneurysms returned inconsistent results. Xu
et al. demonstrated that width, aspect ratio (AR), and size
ratio (SR) were independently correlated with the rupture.3 However, Maslehaty et al. identiﬁed only the size of
the dome as an independent risk factor.9
Hemodynamics simulated using computational ﬂuid
dynamics (CFD) can be used to analyze ﬂow-induced
changes in aneurysms.10 The role of hemodynamics
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remains unclear and needs to be further explored.11 Aneurysm rupture risk is location-dependent, and the inclusion
of mirror aneurysms in different sites returns confusing
results.12,13 Therefore, we measured the morphology and
hemodynamics in mirror middle cerebral artery (MCA)
aneurysms to identify relevant parameters for rupture
risk.

Methods
Patients and data
Our hospital’s institutional ethics committee approved
the study, and we collected the data following the consent
of the patients or their close relatives We retrospectively
reviewed the digital subtraction angiograms (DSAs) of
IAs from October 2012 to December 2021, including 432
MCA aneurysms. Of these, 412 MCA aneurysms could be
reconstructed using computer-assisted semiautomated
measurement (CASAM); 39 aneurysms were excluded for
the following reasons: (a) fusiform or dissecting aneurysm
(n = 11); (b) presence of arteriovenous malformations or
moyamoya disease (MMD) (n = 9); (c) extensive hemorrhage imaging in which it was challenging to identify the
ruptured side (n = 9); (d) history of aneurysm treatment
(n = 10). In 373 saccular MCA aneurysms, 40 paired mirror MCA aneurysms were included for the following reasons: (a) saccular shape; (b) bilateral MCA bifurcation
aneurysms; (c) evident SAH on imaging; (d) one MCA
aneurysm ruptured. These 40 paired mirror MCA aneurysms were divided into a ruptured group (n = 40) and an
unruptured group (n = 40). We excluded 293 saccular
MCA aneurysms: (a) unruptured mirror MCA aneurysms
(n = 7) and (b) single MCA aneurysms (n = 279).
Patients with SAH underwent emergent CT on admission and DSA within 72 h after hemorrhage. Of the 40
paired mirror MCA aneurysms, all ruptured aneurysms
were treated by endovascular therapy or surgery. Fourteen unruptured aneurysms underwent endovascular
therapy, and sixteen underwent surgery. Eight patients
were followed up yearly for unruptured aneurysms. Two
patients were lost to follow-up.

Morphologic variable measurement
Pretreatment DSA images and three-dimensional (3D)
reconstructions for each patient were obtained using the
Innova Workplace (GE Medical). CASAM was used to
measure the morphologic parameters. The mechanism of
CASAM has been described in detail.14 CASAM procedures are shown in Fig. 1: (a) importing of original DSA
DICOM data (Fig. 1A); (b) 3D vessel reconstruction
(Fig. 1B); (c) manual selection of the region of interest,
including aneurysm and parent artery (Fig. 1C); (d) automated extraction of the aneurysm (Figure 1D); (e) automated measurement and exportation. Morphologic
parameter deﬁnitions are presented in Fig. 1 E-F. Results

were accurate to two decimal places. The deﬁnitions of
morphologic variables are as follows:
Diameter (D): The maximum distance from the center of
the neck to the top.
Width (WD): The maximum distance perpendicular to
the aneurysm diameter (D).
Height (H): The maximum distance of the dome from
the center of the neck plane.
Aneurysm width (WH): The maximum diameter perpendicular to the height.
Size: The maximum diameter of the aneurysm.
Neck diameter (N): The maximum diameter in the neck
plane.
Volume (V): Aneurysm lumen volume calculated in 3D
space.
Neck space (S): The area of the projection plane of the
neck surface.
Incident angle (IA): The angle between the aneurysm
diameter and the centerline of the parent artery.
Aneurysm angle (AA): The angle between the aneurysm diameter and the projection plane of the neck surface.
D/WD ratio: The ratio of diameter to width.
H/WH ratio: The ratio of height to aneurysm width.
Bottleneck factor (BNF): width/neck width.
Undulation index (UI): UI ¼ 1  VVCH where VCH is the
convex hull volume of the aneurysm.
2
1
Non-sphericity index (NSI): NSI ¼ 1  ð18pÞ3  VS3
SR: the ratio of diameter to the parent artery diameter
AR: the ratio of height to neck width

Hemodynamic variable calculation
CFD simulations are presented in Fig. 1 (AB). The
open-source CFD software package OpenFoam was used
for grid generation and CFD calculation. Then threedimensional DSA data were imported into the system.
Mesh Generation: We OpenFoam to generation volume
mesh. We used a mesh size of 0.1 mm for the inlet, outlet
and sac parts; We used a mesh size of 0.3 mm for the parent artery and other parts. Three layers of prism elements
for wall were used for the CFD simulations. The number
of ﬁnite-volume grid elements used in this study was
approximately 1 million. After mesh generation, the vascular model and blood ﬂow state were generated using
the following assumptions: the vascular wall was rigid,
and the blood ﬂow was isothermal and laminar (an
incompressible Newtonian ﬂuid).15 The blood ﬂow was
approximated using the unsteady Navier-Stokes equations. Blood density was set to 1060 kg/m3, and blood viscosity was set to 0.004 N s/m2. Because the individualspeciﬁc blood ﬂow conditions cannot be obtained in realtime, the standard data of the normal population obtained
from the literature were used as the input boundary conditions, and the outlet was set at 0 pressure state.16
Finally, the calculation duration was set to last for three
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Fig. 1. Procedures of Computer-assisted semiautomated measurement (CASAM). (A) Importing original DSA DICOM; (B) 3D vessel reconstruction; (C) manual selection of the region of interest (ROI), including aneurysm and parent artery; (D) automated extraction of the aneurysm (blue part); (E-F) Deﬁnition of relevant morphological parameters. D, diameter; WD, width; H, height; WH, aneurysm width; N, neck diameter; IA, incidence angle; AA, aneurysm angle. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

cardiac cycles. The results of the third cycle reached a stable state. Each cycle was set with 100 time steps. The
results from the third simulated cardiac cycle were collected as output for the ﬁnal analyses.
The minimum, maximum, and mean values of eight
hemodynamic variables were obtained as follows: wall
shear stress (WSS), normalized WSS (NWSS), WSS gradient (WSSG), streamwise WSSG, normalized pressure
(NP), oscillatory shear index (OSI), combined hemodynamic parameters (CHP), and relative residence time
(RRT). The low shear area (LSA) ratio was reported separately. These deﬁnitions have been described in other
studies.5-7

Statistical analysis
Statistical analysis was performed using SPSS 20.0 (IBM
Inc, Chicago, IL). Continuous variables were expressed as
means § standard deviation, and categorical variables
were expressed as frequencies (percentages). The Kolmogorov-Smirnov test was performed to determine whether
the parameter dataset was normally distributed. A paired
t-test (for normally distributed data) or paired Wilcoxon
rank-sum test (for non-normally distributed data)
was used for the continuous variables. Signiﬁcant

morphological variables (D, WD, H, WH, Size, N, BNF,
SR, and AR) and hemodynamic variables (minimum
NWSS, mean NWSS, minimum WSSG, maximum OSI,
maximum CHP, mean CHP, maximum RRT, mean RRT,
and LSA ratio) were involved in the conditional multivariate logistic regression using a stepwise conditional
method. Independent risk factors were derived, and
receiver operating characteristic (ROC) curves were used
to acquire the area under the curves (AUCs) to evaluate
the performance of the independent risk factors (Size, N,
and maximum OSI). Cutoff values were acquired to identify the higher risks. Differences where p < 0.05 were statistically signiﬁcant.

Results
Patients and common conditions
We included 40 patients with mirror MCA aneurysms
and divided 80 aneurysms into a ruptured group (n = 40)
and an unruptured group (n = 40); 22 (55.0%) patients
were female. Ages ranged from 41 to 77 years, with a
mean age of 57.8 years; 27 (67.5%) of the patients had
hypertension, and 14 (35.0%) had hyperlipemia. Ten
patients (25.0%) had a smoking history, and nine (22.5 %)
patients had a drinking history. Five patients (12.5%) had
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Table 1. Measurement and analysis of morphological variables.
Variables

Ruptured group
(n = 40)

Unruptured group
(n = 40)

Paired t or Wilcoxon rank-sum
p value

Diameter, D, mm
Width, WD, mm
Height, H
Aneurysm width, WH, mm
H/WH
D/WD
Size, mm
Neck diameter, N, mm
BNF
Volume, V, mm3
Space, S, mm2
Incidence Angle, IA,o
Aneurysm Angle, AA,o
UI
NSI
Size Ratio, SR
Aspect Ratio, AR

6.06 § 2.42
6.57 § 2.29
5.23 § 2.30
6.84 § 2.25
0.77 § 0.25
0.93 § 0.23
8.16 § 2.66
6.05 § 2.00
1.14 § 0.21
136.61 § 156.05
31.78 § 21.38
125.87 § 36.99
44.09 § 23.21
0.17 § 0.06
0.375 § 0.0345
3.16 § 1.52
0.90 § 0.37

3.87 § 2.31
4.71 § 2.55
3.39 § 2.09
4.96§2.63
0.68 § 0.19
0.81 § 0.14
5.51 § 2.61
4.84 § 2.36
1.01 § 0.13
85.59 § 223.30
22.91 § 28.42
121.25 § 26.04
51.23 § 22.98
0.19 § 0.10
0.378 § 0.062
1.93 § 1.45
0.69 § 0.23

< 0.001
0.001
< 0.001
0.001
0.368
0.051
< 0.001
0.007
0.002
0.083
0.054
0.468
0.313
0.535
0.700
< 0.001
0.049

Variables showing statistical significance (p < 0.05) are in bold. H/WH, height aneurysm width ratio; D/WD, diameter width ratio; BNF,
bottle neck factor; UI, undulation index; NSI, non-sphericity index.

a history of heart disease. None had a family history of
SAH or inherited diseases such as Marfan’s syndrome.
On admission, Hunt and Hess grades were I in four
patients (10.0%), II in 23 patients (57.5 %), III in six
patients (15.0%), and IV in seven patients (17.5%); 19 (47.5
%) ruptured aneurysms were on the right side.

Morphologic and hemodynamic analyses
The values of morphological parameters are displayed
in Table 1. Signiﬁcant differences in morphological
parameters are shown in Fig. 2 A-B. In the paired t- or
Wilcoxon rank-sum tests, the ruptured group had signiﬁcantly larger D, WD, H, WH, Size, N, BNF, SR, and AR.
On average, H/WH (p = 0.368), D/WD (p = 0.051), V
(p = 0.083), S (p = 0.054) and IA (p = 0.468) were larger in
the ruptured group, and AA (p = 0.313, UI (p = 0.535), and
NSI (p = 0.700) were smaller in the ruptured group; however, none of these differences were signiﬁcant.
The values of hemodynamic parameters are displayed
in Table 2. Signiﬁcant differences in hemodynamic parameters are shown in Fig. 2 C-D. The CFD simulation of signiﬁcant parameters is shown in Fig. 3. In the paired t- or
Wilcoxon rank-sum tests, minimum NWSS (p = 0.041),
mean NWSS (p = 0.022), and minimum WSSG (p = 0.006)
were signiﬁcantly smaller in the ruptured group. Maximum OSI (p = 0.004), maximum CHP (p = 0.010), mean
CHP (p = 0.014), maximum RRT (p = 0.047), mean RRT
(p = 0.006), and LSA ratio (p = 0.007) were signiﬁcantly
larger in the ruptured group.
Signiﬁcant variables were included in the multivariate
conditional forward method to identify relevant parameters in paired t or Wilcoxon rank-sum tests. As shown in

Table 3, the size (OR = 9.807, p = 0.003), neck diameter
(OR = 0.285, p = 0.018) and maximum OSI
(OR = 0.000001, p = 0.046) were independent risk factors
for MCA aneurysm rupture. ROC were applied to 40 pairs
of mirror aneurysms, shown in Fig. 4. The AUC values of
the size, N, and maximum OSI were 0.794, 0.695, and
0.701 respectively. The cutoff values of the size, N, and
maximum OSI were 6.30, 5.07, and 0.356437, respectively.

Discussion
The advantage of using mirror aneurysm is that it does
not require consideration of underlying diseases such as
blood pressure or lifestyle-related diseases.2,3 However,
studies that ignored site-speciﬁc mirror multiple aneurysms showed inconsistent results.12,17 MCA aneurysms
were highlighted for their incidence rate and severe outcomes. The CASAM of morphological parameters is more
precise and reliable than manual measurement to avoid
bias.14 We used CASAM to calculate the mirror MCA
aneurysms precisely. We found that ruptured aneurysms
had signiﬁcantly greater D, WD, H, WH, BNF, SR, and
AR. Hemodynamic analysis showed that minimum
NWSS, mean NWSS and minimum WSSG were signiﬁcantly smaller in the ruptured group. Ruptured aneurysms had larger maximum OSI, maximum CHP, mean
CHP, maximum RRT, mean RRT, and LSA ratio. Size, N,
and maximum OSI were independent factors. The AUC
values of Size, N, and OSI were 0.794, 0.695, and 0.701,
respectively.
The results of our study involved more variables and
were partially consistent with other studies.18-20 The mirror aneurysm study of Xu et al. demonstrated that size, H,
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Fig. 2. Nested box plots showing the comparison of signiﬁcant parameters between the ruptured and unruptured groups. (A) Distribution of the morphological
parameters. (B) Distribution of the ratio of morphological parameters; (C-D) Distribution of signiﬁcant hemodynamic parameters. D, diameter; WD, width; H,
height; WH, aneurysm width; N, neck diameter; H/WH, height aneurysm width ratio; D/WD, diameter width ratio; BNF, bottle neck factor; SR, size ratio; AR,
aspect ratio; NWSS, normalized wall shear stress; WSSG, wall shear stress gradient; RRT, relative residence time; OSI, oscillatory shear index; CHP, combined
hemodynamic parameters; LSA ratio, low shear area ratio.

BNF, irregular shape, maximum WSS, and NWSS were
associated with ruptured MCA aneurysm.8 N, BNF, SR,
and AR were also relevant factors in Xu et al.3 Jiang et al.
demonstrated the association of NWSS, LSA, WSSG, and
OSI with rupture.21 A national-wide case-control study
also showed the signiﬁcance of the LSA ratio.22 In our
study, maximum OSI value was the independent factor.

Size
Studies on mirror aneurysms were consistent regarding
size and irregularity.7,9 Kamp et al. found that risk factors
for aneurysm rupture during follow-up were size (>
7 mm) and site. The site in MCA had the highest hazard
ratio in their study.18 Elsharkawy et al. identiﬁed
714 mm as a risk factor.19 The ruptured mean size in our
study was 8.16 mm, partially in line with their results.
Even the irregular shape was related to the size. Qi et al.
found that morphological irregularity was more closely
correlated with size than cerebrovascular atherosclerosis
in unruptured aneurysms.20 lower total volume ratio
(TVR), then the blood in the aneurysm was not fully

circulating, causing disturbed blood ﬂow.23 We assume
that the saccular aneurysm is a sphere. Size becomes a signiﬁcant quantity in its calculation of volume. When size
increases, TVR tends to decrease, causing hemodynamic
changes in the lumen of IAs. The cutoff value of the Size
was 6.30 mm, which help discriminate the rupture risk.
Size determination is essential for treatment.

Neck diameter
The neck diameter (N) poses challenges for neurosurgeons.24 The relationship between N and rupture risk is
debated.25,26 Smaller N independently correlated with the
rupture. A smaller N brought causes a more signiﬁcant
obstruction to the blood inside the aneurysm. Hypothetically, in mirror MCA aneurysms, each pair of the blood
velocities and localized pressures would be equal, and a
smaller N would cause complicated hemodynamics. Xu et
al. found that smaller N increased shear stress.3 Using
CFD simulation, a higher velocity and more substantial
impact were observed in the narrow-necked IAs.12 Widenecked aneurysms have been a challenge; Gory et al.
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Table 2. Measurement and analysis of hemodynamic variables.
Variables
WSS
Minimum
Maximum
Mean
NWSS
Minimum
Maximum
Mean
WSSG
Minimum
Maximum
Mean
Streamwise WSSG
Minimum
Maximum
Mean
NP
Minimum
Maximum
Mean
OSI
Minimum
Maximum
Mean
CHP
Minimum
Maximum
Mean
RRT
Minimum
Maximum
Mean
LSA Ratio

Ruptured group
(n = 40)

Unruptured group
(n = 40)

Paired t or Wilcoxon rank-sum
p value

0.24 § 0.40
51.20 § 55.46
8.29 § 8.79

0.89 § 3.16
49.41 § 37.88
11.90 § 12.10

0.202
0.882
0.104

0.019 § 0.027
4.38 § 1.90
0.69 § 0.32

0.061 § 0.12
4.57 § 2.09
0.95 § 0.52

0.041
0.698
0.022

9.53 § 14.83
11735.40 § 13394.71
1077.14 § 1227.58

25.97 § 35.48
10939.49 § 9424.89
1502.78 § 1434.39

0.006
0.714
0.139

-10345.71 § 122992.10
6500.43 § 7163.35
-178.45 § 233.88

-9201.61 § 8280.18
6026.63 § 2067.43
-230.23 § 440.25

0.594
0.684
0.526

0.69 § 0.34
1.74 § 0.52
1.10 § 0.29

0.71 § 0.35
1.83 § 0.63
1.22 § 0.34

0.979
0.809
0.143

0.00049 § 0.00079
0.41 § 0.075
0.046 § 0.12

0.00039 § 0.00024
0.34 § 0.12
0.018 § 0.013

0.457
0.004
0.124

0.002 § 0.0017
0.89 § 0.095
0.15 § 0.062

0.0017 § 0.0014
0.81 § 0.14
0.12 § 0.049

0.374
0.010
0.014

0.0046 § 0.0059
67.97 § 134.10
0.20 § 0.30
0.13 § 0.19

0.0049 § 0.011
18.82 § 63.53
0.071 § 0.078
0.054 § 0.071

0.827
0.047
0.006
0.007

Variables showing statistical significance (p < 0.05) are in bold; WSS, wall shear stress; NWSS, normalized wall shear stress; WSSG, wall
shear stress gradient; NP, normalized pressure; OSI, oscillatory stress index; CHP, combined hemodynamic parameters; RRT, relative residence time; LSA ratio, low shear area ratio.

showed that, after a 1-year follow-up, only 67.7 % (21/31)
of wide-necked aneurysms were occluded entirely after
treatment.27 A wide neck increased the complexity of
treatment and (to some extent) decreased the risk of rupture. In the same-sized mirror aneurysm cases, N was a
critical variable. Future studies should assess ruptured
aneurysms with different Ns and even unruptured aneurysms with different Ns.

elevated OSI was more related to the vascular remodeling.29 Previous studies also emphasized that the association between the focal change of aneurysm with the mean
OSI.30,31 In our study, mean OSI was insigniﬁcant, and
maximum OSI as a protective role was independently correlated with the aneurysm rupture. Maximum OSI represented the highest oscillatory change in the aneurysm. It
might enhance the focal wall, and could apply a protective basis for aneurysm rupture.

Maximum OSI
Oscillatory shear index (OSI) is a time concept, which
more comprehensively reﬂect the dynamic change.28 Kim
et al. deemed that high OSI causes endothelial cell dysfunction which can affect the formation and the growth of
the intracranial aneurysm.28 Although ruptured aneurysm had the unregular endothelial environment,4 an

Limitations
This study has some limitations. First, retrospective
studies are limited in ascertaining causality between features and outcomes. Inconsistent views have stayed on
the change of the morphology after the rupture.32,33 Second, because of the rarity of mirror MCA aneurysms in a
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Fig. 3. The CFD simulation of signiﬁcant hemodynamic parameters (p < 0.05) in paired t or Wilcoxon rank-sum analysis. NWSS, normalized wall shear stress;
WSSG, wall shear stress gradient; RRT, relative residence time; OSI, oscillatory shear index; CHP, combined hemodynamic parameters; LSA ratio, low shear
area ratio.

Table 3. Independent risk factors using multivariable logistic regression analysis.
Variables

b

SE

Wald

p value

OR (95% CI)

Size, mm
Neck diameter, mm
OSI max

2.283
1.255
14.038

0.776
0.533
7.027

8.656
5.554
3.991

0.003
0.018
0.046

9.807 (2.143  44.878)
0.285 (0.100  0.809)
0.000001 (0.001  0.766)

OSI, oscillatory shear index; OR, odds ratio; CI, confidence interval.
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Fig. 4. ROC curve showing the AUCs of independent risk factors in 40 paired mirror MCA aneurysms.

single institution, the limited sample size inﬂuenced the
robustness of our ﬁndings. Even though we performed
conditional logistic regression with the stepwise method,
relative mall sample limited the results of the multivariate
analysis. Third, even if studies showed CASAM had better reliability and precision, this measurement is not yet
widely used. It may be challenging to achieve total agreement with studies of manual measurements. Fourth, there
are no uniform hemodynamic parameter settings across
institutions. We applied our hemodynamic thresholds
and grid drawing methods to generate colorful images.
This approach may cause signiﬁcant parameters to appear
less noticeable. Fifth, AI analysis may be better to evaluate
the performance of risk factors.34 Finally, the study of mirror aneurysms can neutralize the inﬂuence of aneurysm
location. We only included mirror MCA aneurysms,
which might not be generalizable to aneurysms in other
locations. Further prospective studies are needed in several institutions.

Conclusions
Morphology and hemodynamics can help predict aneurysm rupture risks. The more signiﬁcant size, smaller
neck diameter and maximum OSI were independent risk
factors for the rupture of MCA aneurysms. These variables could aid practical risk evaluation.
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