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Geometric Parameter Analysis of Ruptured and Unruptured
Aneurysms in Patients with Symmetric Bilateral Intracranial
Aneurysms: A Multicenter CT Angiography Study

Z.-Q. Huang, *¥Z.-H. Meng, ““'Z.-). Hou, *¥'S.-Q. Huang, ““J.-N. Chen, ““H. Yu, *“L-J. Feng, ““Q.-J. Wang, ““P.-A. Li, and "“'Z.-B. Wen

ABSTRACT

BACKGROUND AND PURPOSE: Previous studies of geometric and morphologic parameters of intracranial aneurysms have been con-
ducted to determine rupture risk, which remains incompletely defined due to patient-specific risk factors, such as sex, hypertension, and
age. To this end, we compared characteristics of ruptured and unruptured aneurysms in the same patients with symmetric bilateral
intracranial aneurysms.

MATERIALS AND METHODS: Between January 2008 and March 2014, 2361 patients with 2674 aneurysms were diagnosed by CT angiog-
raphy or surgical findings at 4 medical centers. Geometric and morphologic parameters examined for symmetric bilateral intracranial
aneurysms comprised aneurysm wall regularity, size, neck width, aspect ratio, size ratio, neck-to-parent artery ratio, and area ratio.
Univariate and multivariate statistical analyses were performed to determine independent risk factors for rupture.

RESULTS: Sixty-three patients (48 women, 15 men; mean age, 62.5 * 9.8 years) with symmetric bilateral aneurysms were eligible for the
study and were included. The most frequent aneurysm location was the posterior communicating artery. Univariate analysis disclosed that
aneurysm size, aspect ratio, size ratio, area ratio, and irregular wall differed between patients with ruptured and unruptured aneurysms.
Multivariate analysis indicated that aspect ratio of =1.6 (adjusted OR, 9.521;95% Cl, 2.182—41.535), area ratio of =1.5 (adjusted OR, 4.089; 95%
Cl,1.247-13.406), and irregular shape (adjusted OR,10.443; 95% Cl 3.394 —32.135) were significant predictive factors for aneurysm rupture after
adjustment for aneurysm size.

CONCLUSIONS: An aspect ratio of =1.6, area ratio of =15, and irregular wall are associated with aneurysm rupture independent of
aneurysm size and patient characteristics. These characteristics alone can help in distinguishing ruptured bilateral intracranial aneurysms

from unruptured ones.

ABBREVIATIONS: A, = area of parent artery within the neck; A, = aneurysm area; AR = aspect ratio; SR = size ratio

nruptured intracranial aneurysms are common lesions with
U a prevalence of 3%-7%."> Aneurysm rupture is the primary
cause of subarachnoid hemorrhage, leading to high morbidity
and mortality. Meanwhile, prophylactic treatment of unruptured
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intracranial aneurysms is also associated with risks.”* Therefore,
identification of the risk factors for aneurysm rupture is essential
for both risk assessment and treatment.

Previous research on geometric parameters, including aspect
ratio (AR), size ratio (SR), and aneurysm flow angles, has shown
their association with aneurysm rupture.””’ However, conclu-
sions are confounded by patient-specific characteristics, such as
hypertension, age, and history of subarachnoid hemorrhage from
another aneurysm which, along with geographic region, have
been identified as risk factors for aneurysm rup'[ure.g’10 Hence,
aneurysm-related factors need to be analyzed by comparing the
aneurysm characteristics of ruptured and unruptured aneurysms
in the same individual to identify risk factors in a case-control design.
We conducted a multicenter, retrospective cohort study of intracra-
nial aneurysms in the Chinese population. The objectives of the arti-
cle were to elucidate the morphologic and geometric parameters that
discriminate intracranial aneurysm rupture status in the same pa-
tient with symmetric bilateral intracranial aneurysms.
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FIG 1. Methodology of morphologic and geometric parameter measurements. A, CT angiography shows maximum intensity projection with a
10-mm section thickness, under X4 magnification and a standardized window setting, of symmetric bilateral intracranial aneurysms at the
internal carotid artery. B, The angle maximum aneurysm height (Hmax) and neck width measurements are schematically shown. C, Area ratio
measurements. The area ratio was defined as the area of the aneurysm to the parent artery in the neck plane. The area of the aneurysm (area with
blue) is m X Hp X W, and the area of the parent artery within the neck (area with red) is 7= X Dv X N. The red arrow indicates blood flow

direction.

MATERIALS AND METHODS
Patient Selection and Data Collection
A retrospective analysis was performed in patients diagnosed with
intracranial aneurysms from January 2008 to March 2014 who
underwent CT angiography with at least 64 sections at 1 of our 4
affiliated hospitals. At each participating center, the institutional
review board approved this cohort study. The requirement for
informed consent was waived because no diagnostic tests other
than routine clinical imaging were used in this study. Addition-
ally, we did not conduct research outside our country of residence.
Patient exclusion criteria were the following: 1) fusiform, trau-
matic, or mycotic aneurysms; 2) insufficient image quality to eval-
uate aneurysm geometry and morphology and poorly defined
wide-neck aneurysms; 3) inability to identify the location of the
ruptured aneurysm on the basis of the pattern of hemorrhage on
CT or neurosurgical findings; and 4) an intracranial aneurysm
related to arteriovenous malformation.

Definition and Measurement of Morphologic and
Geometric Parameters

For each patient with SAH, noncontrast CT and CTA images were
evaluated on the workstation that came with the CT scanner for
morphologic and geometric variables of aneurysms. Patients were
routinely checked at each hospital every day for treatment plan-
ning of both ruptured and unruptured aneurysms. CTA was per-
formed with an FOV of 160 mm and a section thickness of 0.5 or
0.625 mm reconstructed at 0.5 or 0.625 mm, resulting in a voxel
size of 0.3 X 0.3 X 0.5 (or 0.625) mm. Noncontrast head CT
images and neurosurgical findings were reviewed by a neuroradi-
ologist (Z.-B.W., with 25 years of working experience in central
nervous system vascular imaging), who was blinded to aneurysm
geometry and morphology, to identify the location of the rup-
tured aneurysm in each patient.

Two neuroradiologists (Z.-Q.H and Z.-H.M, with 5 and 23
years of working experience in central nervous system vascular
imaging, respectively) independently obtained measurements, and
the average value was used for subsequent statistical analyses.'"'* If
an aneurysm was detected, the 2 neuroradiologists evaluated sev-
eral morphologic characteristics: 1) maximum aneurysm height
(Fig 1), defined as the maximum distance from the neck center to
the dome of the aneurysm; 2) maximal perpendicular height
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(Hp), defined as the largest perpendicular distance from the neck
plane to the dome of the aneurysm; 3) aneurysm width (W) and
neck width (N), defined as the longest diameter of the aneurysm
and its neck perpendicular to the Hp; 4) vessel diameter (Dv),
already defined in the literature; and 5) flow angle and parent-
daughter angle, as previously defined by Lin et al.>"?

We calculated the following secondary geometric indices: 1)
aspect ratio (the ratio of maximum aneurysm height to N); 2) size
ratio (the ratio of maximum aneurysm height to the Dv); 3) neck-
to-parent-artery ratio (the ratio of N to Dv); and 4) area ratio (the
ratio of the area of the aneurysm to the parent artery in the neck
plane). Therefore, the area of the aneurysm (A,) is 7 X Hp X W,
and the area of parent artery within neck (A,) is 7 X Dv X N.

All measurements were performed on a workstation with an
electronic caliper under X4 magnification, and maximum-inten-
sity-projection images with 10-mm section thickness and a stan-
dardized window setting (window level and window width equal
to the Hounsfield unit within the aneurysm) were used. Measure-
ments of morphologic and geometric parameters were performed
on a 0.1-mm or 0.1° scale; secondary geometric indices were cal-
culated on a 0.001-point scale. The maximum measurement of W
or maximum aneurysm height was defined as the aneurysm size.
Aneurysm shape was categorized into “spheric” (defined as an
aneurysm ratio of Hp to W or W to Hp of =80%), or “non-
spheric”; the aneurysm wall was categorized as smooth (regular
pouch without protrusions) or irregular (when blebs, lobes, or
protrusions were present). Flow into the aneurysm was consid-
ered straight flow when the inflow angle was greater than the main
branching angle; otherwise, it was considered as curved flow. If
the inflow angle and the main branching angle showed <10°
difference, flow was considered equivalent.

Statistical Analysis

SPSS 17.0 (IBM, Armonk, New York) and Excel 2007 (Microsoft,
Redmond, Washington) were used for all statistical analyses.
Quantitative data of each geometric parameter were presented in
the form of mean = SD (X = s), calculated for the ruptured and
unruptured groups, and were analyzed with a paired ¢ test. For
further analysis, the cutoff value was calculated by the receiver
operating characteristic. The criteria of cut-point selection are



Table 1: Geometric parameters of ruptured and unruptured
aneurysms (X = s)

Unruptured Ruptured

Geometric Parameters (n=63) (n=63) P Value
Neck size (mm) 31*X13 32*12 783
Aneurysm size (mm) 43=*22 53*20 .009
Vessel diameter (mm) 25+06 2406 687
0 121.4° = 32.7°  130.8° & 33.6° 104
0p 107.6° £ 26.6° 100.9° = 27.1° 159
AR 13+0.5 17+ 0.6 <.001
SR 17*+12 21*+09 .029
NPR 14*+07 14 *+0.6 .805
Area ratio 20*x20 29*19 .on

Note:—0; indicates flow angle; 65, parent-daughter angle; NPR, neck-to-parent ar-
tery ratio.

when the value of (sensitivity + specificity-1) reaches its maximum.
Conditional univariable logistic regression analysis was performed to
calculate odds ratios of each geometric and morphologic parameter
between the 2 groups, and adjusted ORs were taken into the calcula-
tion to adjust for aneurysm size, which is an established and strong
predictor of aneurysm rupture.”'*'* A Pvalue = .05 was regarded as
statistically significant, and all tests were 2-sided.

RESULTS

General Demographics

Among 2361 patients with 2674 aneurysms, 269 (11.4%) had
multiple aneurysms and 84 (3.6%) had symmetric bilateral aneu-
rysms. Of the 84 patients in the clinical trial, 21 were excluded for
the following reasons: 1) inability to identify the location of the
ruptured aneurysm based on the pattern of hemorrhage or neu-
rosurgical findings (n = 9); 2) insufficient CT angiography qual-
ity (n = 3); 3) the presence of fusiform, mycotic, or dissecting
aneurysms (n = 5); and 4) aneurysm related to an arteriovenous
malformation (n = 4). Thus, 63 patients with 126 intracranial
aneurysms were enrolled in this cohort. There were 15 (23.8%)
men and 48 (76.2%) women, and their mean age was 62.5 * 9.8
years. The most frequent location for the 126 intracranial aneu-
rysms was at the posterior communicating artery (n = 68), fol-
lowed by the middle cerebral artery (n = 34), the internal carotid
artery (n = 20), the anterior cerebral artery (n = 2), and the
vertebral artery (n = 2).

Aneurysm size, AR, SR, and area ratio in the ruptured group
were significantly different from those of the unruptured group
(P < .05, Table 1), while neck size, vessel diameter, inflow angle,
parent-daughter angle, and neck-to-parent artery ratio were not
(P > .05). For further analysis, the cutoff value was calculated by
the receiver operating characteristic (Fig 2). The areas under the
curve for aneurysm size, AR, SR, and area ratio were 0.667 (95%
CI, 0.571-0.762) sensitivity of 69.8%, specificity of 63.5%; 0.703
(0.612—0.794), sensitivity of 52.4%, specificity of 85.7%; 0.679
(0.585-0.773), sensitivity of 65.1%, specificity of 57.1%; and
0.695 (0.603—0.787), sensitivity of 80.0%, specificity of 48.6%,
respectively. The cutoff values of these geometric indices were 4.6,
1.6, 1.7, and 1.5, respectively.

Conditional logistic regression analysis of morphologic and geo-
metric parameters between the 2 groups is given in Table 2. An an-
eurysm size of =4.6 mm showed strong association with rupture
(OR, 3.625; 95% CI, 1.657-7.929). After adjustment for aneurysm
size,an AR of =1.6 (adjusted OR, 9.521;95% CI, 2.182—41.535), area

ROC Curve
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0.2
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FIG 2. Graph depicting the receiver operating characteristic curves for
aneurysm size, AR, SR, and area ratio in the symmetric bilateral aneurysm.
The areas under the curve for aneurysm size, AR, SR, and area ratio are the
following: 0.667 (95% Cl, 0.571-0.762), 0.703 (95% Cl, 0.612—0.794), 0.679
(95% CI, 0.585-0.773), and 0.695 (95% Cl, 0.603—0.787), respectively. The
receiver operating characteristic area for AR (0.703; 95% Cl, 0.612—-0.794;
P <.001) tends to be larger than the area under the curve of the other
parameters. AR had the highest area under the curve.

ratio of =1.5 (adjusted OR, 4.089; 95% CI, 1.247-13.406), and irreg-
ular wall (adjusted OR, 10.443; 95% CI, 3.394-32.135) were signifi-
cantly associated with aneurysm rupture, but not SR.

DISCUSSION

Unruptured intracranial aneurysms are common lesions, and an-
eurysm rupture can be catastrophic.”>'*'>'* Not all unruptured
intracranial aneurysms will rupture, and the management of un-
ruptured intracranial aneurysms remains controversial in neuro-
surgery. Reliable, simple-to-use predictors of higher rupture risk
to aid in treatment decisions for unruptured intracranial aneu-
rysms are not available. In previous studies, the decision-making
process was based mainly on size, with the risk of rupture consid-
ered significantly increased for aneurysms of =7 mm).'>'*'3
However, various authors have shown that a large proportion of
ruptured aneurysms are, in fact, <7 mm."'®'® Our study indicates
that the mean size of ruptured aneurysms is 5.29 mm (range,
2.0-11.3 mm). More often than not, the ruptured aneurysm is not
the largest aneurysm. Factors beyond size may be more important
in determining the actual rupture risk.

Irregular Wall and AR of Symmetric Bilateral Aneurysms
Predict Rupture

Previous retrospective studies found that aneurysm wall irregu-
larity is associated with increased risk of rupture, but they were
not adjusted for aneurysm size.'”>' Recently, a large-cohort pro-
spective study found that unruptured aneurysms with a daughter
sac (an irregular protrusion of the wall of the aneurysm) are more
likely to rupture than aneurysms with a regular shape.'* Our
study shows that after adjustment for aneurysm size, AR and ir-
regular shape are associated with aneurysm rupture. Previous
studies on AR indicated conflicting results, finding a significant
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Table 2: Conditional logistic regression analysis of geometric and morphologic parameters

between unruptured and ruptured aneurysms

the area of the parent artery in the neck is

Ruptured  Unruptured
(n=63) (n=63)

No. % No. %

OR (95% Cl)

proportional to the aneurysm blood flow
per unit of time provided by the parent
artery via the aneurysm neck. Equal A,

Aneurysm size

=4.6 mm 44 698 23 36.5 3.625(1.657-7.929)
AR

=1.6 33 524 9 143 13.000 (3.086-54.771)
SR

=17 41 651 27 390  2.556(1.183-5523)
Area ratio

=15 51 809 30 47.6 6.250 (2.175-17.958)
Aneurysm wall

Irregular wall 50 794 15 23.8  8.000 (3.157-20.270)
Aneurysm shape

Spheric 31 492 34 53.9 0.833(0.420-1.653)
Flow angles

Equivalentflow 6 9.5 1 17.5
Straight flow 43 683 35 55.6
Curved flow 14 222 17 27.0

Reference

2175 (0.728-6.497)
1457 (0.405-5.243)

LCLUEFed]) values but higher A, values indicate a
greater blood volume contained by the an-

- eurysm per unit of time but slower blood
9.521(2.182—41.535) flow velocity and lower mean wall shear

stress in the aneurysm, making the risk of

0.970(0320-2.945)  apeurysm rupture higher. As for condi-

4,089 (124713 406) tions involving the same A, values but
’ ’ ) lower A, values, the parent artery provides

10.443 (3.394-32.135) a reduced volume of blood to the aneu-

rysm via the aneurysm neck, resulting in a

1078 (0.499-2330)  glower velocity of blood flow and lower

mean wall shear stress in the aneurysm,
Reference

1749 (0.505-6.057)
2.054 (0.491-8.589)

which also cause a higher rupture risk.

Limitations

Note:—AOR indicates adjusted odds ratios.

difference between the ruptured and unruptured groups, proving
that AR is a relevant predictor in estimating the aneurysm rupture
risk.>'?*2~! The conflicting results can be explained by the lack of
adjustment for patient-specific risk factors for aneurysm rupture
and by the use of different imaging techniques and measurement
methodology.”>?” Regarding AR, only 3 previous studies aimed
to minimize the confounding factors by studying patients with
multiple intracranial aneurysms. Two studies found that the AR of
intracranial aneurysms correlates with aneurysm rupture, but the
authors did not adjust for aneurysm size in the multivariable analy-
sis.”>?" Our study is similar to a prior one that found that AR is
associated with aneurysm rupture after adjusting for aneurysm size
and location.”* Additionally, the critical AR for rupture has varied
among previous studies, with AR cutoff values ranging from 1.3 to
1.8, and remains controversial.>'*****?° In our study, an AR of
=1.6 was significantly associated with aneurysm rupture.

Previous studies on flow angle, parent-daughter angle, aneu-
rysm width, and neck width have shown conflicting results, with
insignificant or marginally significant P values for aneurysm rup-

212:16:31°33 The conflicting results may be ascribed to limited

ture.
follow-up data and differences in imaging techniques and mea-
surement methodology. The area ratio takes into account the aneu-
rysm itself (maximal perpendicular height and aneurysm width) and
the local vessel (Dv and neck width). Our study shows that the area
ratio is associated with aneurysm rupture after adjusting for aneu-
rysm size. More than 80% of all ruptured aneurysms had an area ratio
of >1.5 (the optimal threshold distinguishing the ruptured from un-
ruptured intracranial aneurysms), whereas 52.38% of all unruptured
intracranial aneurysms had an area ratio less than the cutoff value.
More important, the area ratio in the ruptured group (2.9 * 1.9) is
larger than that of the unruptured group (2.0 = 2.0) (P = .011).

It has previously been shown that as the intracranial aneurysm
enlarges, the blood flow velocity becomes slower within the intra-
cranial aneurysm, reducing the wall shear stress and making the
intracranial aneurysm prone to rupture.”>****® From the per-
spective of hemodynamics, aneurysm area is proportional to the
volume of blood contained by the aneurysm per unit of time, and
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One should consider some limitations

inherent to this study: This is a retro-
spective analysis, which could cause biased selection of pa-
tients who underwent CT angiography. We used CT angiogra-
phy data in the research and did not compare results with
catheter digital subtraction angiography, which traditionally
has been considered the criterion standard for aneurysm de-
tection. However, CT angiography has high sensitivity and
specificity for the detection of intracranial aneurysms and
good consistency.'"'*?*? Hence, we believe that the chances
of misdiagnosis of intracranial aneurysms by CT angiography
should be acceptably small. Another limitation of is that the
area ratio is a weak predictor with marginally significant odds
ratios for aneurysm rupture, even after adjustment for aneu-
rysm size, so a correlation analysis between the area ratio and
hemodynamics is needed. Finally, aneurysm size, irregular
shape, and area ratio might be a consequence rather than the
cause of aneurysm rupture; therefore, a prospective study, in-
volving a geometric model comparison of aneurysms before
and after rupture, is necessary.

CONCLUSIONS

We compared the aneurysm characteristics of ruptured and
unruptured aneurysms in the same patient, by using CT an-
giography images according to a standard measurement pro-
tocol. AR, irregular shape, and area ratio are independent risk
factors for aneurysm rupture. Those aneurysm characteristics
alone in the current study can be helpful in distinguishing the
ruptured symmetric bilateral intracranial aneurysms from un-
ruptured ones.
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