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Intracranial aneurysm rupture score may correlate to the risk
of rebleeding before treatment of ruptured intracranial aneurysms
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Abstract
Background and objective Aneurysm rebleeding after rupture can result in a catastrophic outcome with high mortality and
morbidity. In this study, we evaluated the correlation of IARS (intracranial aneurysm rupture score) and aneurysm rebleeding.
The aim of this study was to explore the clinical utility of IARS for better clinical decision-making.
Method The patients with ruptured intracranial aneurysms between January 2017 and September 2018 were reviewed.
Propensity scoring match was performed to construct a cohort. The morphological and hemodynamic parameters were obtained.
The difference between stable aneurysms and rebleeding aneurysms was compared. Subsequently, the correlation of IARS and
aneurysm rebleeding was studied.
Results The matching process constructed a cohort, including 5 rebleeding aneurysms and 15 stable aneurysms. By comparing
the difference between stable aneurysms and rebleeding aneurysms, the statistical significance was found in diameter of neck
(p = 0.036), aspect ratio (p = 0.004) and size ratio (p = 0.029), normalized wall shear stress average (p = 0.026), low shear area
ratio (p = 0.028), oscillatory shear index (OSI) (p = 0.031), and deviated angle (p = 0.025). The IARS here had a strong corre-
lation with the aneurysm rebleeding, and the interval from the first bleeding to the rebleeding tended to shorten with the increase
of IARS (R = 0.715, p = 0.027). IARS had a good predicting value for the aneurysm rebleeding (area under the curve = 0.756,
p < 0.001).
Conclusion Based on this preliminary study, intracranial aneurysm rupture score may correlate to the rebleeding in ruptured
aneurysms. For ruptured aneurysms with high IARS scores, surgery should be given priority, and medical treatment is not
recommended.

Keywords Intracranial aneurysms .Morphology . Hemodynamics . Computational fluid dynamics . Treatment priority

Aneurysmal subarachnoid hemorrhage (aSAH) is a dev-
astating event with high mortality (45%) and high mor-
bidity (40–50%)1–3. After aneurysm rupture, except for
hemorrhage and ischemia events, rebleeding may also
contribute to the poor prognosis4–6. Though timely

treatment can effective improve the prognosis of aSAH
patients2, 7–9, for some reasons, part of patients cannot
receive surgical treatment as soon as patients were sent
to hospital. Considering some aneurysm under the risk of
rebleeding within the first 24 h5, 6, 10, it is important to
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determine which aneurysm can receive medical treat-
ment, and which aneurysm needs prioritized surgery.

Two main aspects are involved in the mechanism of aneu-
rysm rupture, known as the structure of the aneurysm wall11

and the internal hemodynamic features12–14. After aneurysm
rupture, the morphological and hemodynamic features of an
aneurysm would change, which may tend to reach a stable
status. However, rebleeding after admission still occurred in
6%–22% of patients underlying aSAH5, 6, 10, 15, 16.
Accordingly, it was hypothesized here that the hemodynamic
condition of rebleeding aneurysms may not reach a stable
status. Though the comorbidity is well controlled, this unsta-
ble status still can cause aneurysm rebleeding.

Our previous study built up a scoring stratification system,
called as intracranial aneurysm rupture score (IARS), based on
morphological and hemodynamic features of ruptured
aneurysm17. This four-point system can discriminate the an-
eurysms with high rupture risk, which could also identify the
unstable condition of an aneurysm.

The aim of this study was to investigate the morphological-
hemodynamic features of aneurysms undergoing rebleeding.
The relationship of the IARS to aneurysm rebleeding was
further studied. The morphological and hemodynamic fea-
tures from a group of matched patients were analyzed here.
We believe that the present study can not only enhance the
understanding of the rupture mechanism of the aneurysm but
also assist doctors in making better medical decision.

Methods and material

Patient selected and inclusion/exclusion standards,
study definition

The patients with intracranial aneurysms (IA) in our institution
between January 2017 and September 2018 were reviewed.
Patients were selected according to the following standards:

Inclusion criteria
(1) The aneurysm was identified by angiogram (CT/MR

angiogram)
(2) An angiogram was performed after aneurysm rupture
(3) The patients were sent to our institution within 48 h as

soon as aSAH were identified
(4) Clinical records were complete, or clinical history can be

traced.

Exclusion criteria
(1) Patients related to other intracranial tumors,

angiostenosis and angio-malformation (e.g., arteriove-
nous malformation, cavernous malformation, etc.)

(2) Angiogram was unsuitable for hemodynamic analysis

(3) Patients had family history of intracranial aneurysm or
connective tissue disease

(4) Multiple aneurysms, dissecting aneurysms or aneurysms
with thrombus

(5) Patients received special treatment in other medical insti-
tutions before admitting to our institution.

(6) Time from the first bleeding to rebleeding was more than
1 months.

In this study, rebleeding was diagnosed when the magni-
tude of subarachnoid, intracerebral, or intraventricular blood
significantly increased on CT after admission, and the magni-
tude of bleeding did not increase and keeps stable at/before
admission. The aneurysm underwent rebleeding before surgi-
cal intervention was identified as the rebleeding aneurysm,
whereas the aneurysm without rebleeding before surgical in-
tervention was identified as the stable aneurysm.

The study was approved by the institutional review board
of Tiantan hospital. Written informed consents were obtained
from all participants or their legally authorized representatives
and privacy of patients was effectively protected.

Perioperative management and surgical intervention

In our institution, all surgeries were performed by two expe-
rienced vascular neurosurgeons (S.W. and Y.C., both worked
as neurosurgeons for more than 20 years). All patients would
receive antihypertensive treatment after admission. Acute
lowering of systolic pressure to 120–140 mmHg was the
target18, 19.

All patients with Hunt-Hess I–II received surgical interven-
tion within 72 h after admission. However, once patients’
condition progressively deteriorated, an emergency surgical
intervention would be performed.

For patients with Hunt-Hess grade III–Vat admission, im-
mediate surgical intervention was not recommended19. For
those patients, conservative treatment was usually recom-
mended until the Hunt-Hess Bdegraded.^ The patients who
did not receive immediate surgical intervention would have
a standard care following the guideline19. After admission, a
CT would perform per 24 h, or when patients’ condition de-
teriorated. Only surgical intervention was considered when
patient’s condition continued to deteriorate, or radiological
examination found a significant rebleeding or a sign of cere-
bral hernia.

Image data and clinical information collection,
vascular modeling, rebleeding event confirmation,
and radiological morphology

The Digital Imaging and Communications in Medicine
(DICOM) data of angiogram performed after admission were
collected and converted into reordered slices (about 0.5 mm
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per slice). The DICOMdata were introduced intoMimics 17.0
(Mimics Research 17.0, Materialize, Belgium) and recon-
structed for further studies.

Clinical information was collected from electronical med-
ical records regarding to age, gender, history of hypertension,
history of smoking, Hunt-Hess grade at admission, time from
the first bleeding to the rebleeding, blood pressure at admis-
sion, and blood pressure before rebleeding/surgery (24 h be-
fore rebleeding/surgery).Modified Fisher grade and aneurysm
site was collected from radiological data. Patients’ functional
outcomewas assessed by usingmodified Rankin scale accord-
ing to the status on discharge.

Rebleeding events were confirmed by two experienced
neurosurgeons (P.J and J.W, who were blind to patients’ in-
formation) according to the bleeding presentation on CT after
admission.

Measurement of morphological parameters was performed
by the same neurosurgeons (P.J and J.W) based on the vascu-
lar model. Length (L), diameter of body (D), diameter of neck
(d), perpendicular height (H), diameter of parent artery (P),
and aneurysm volume were measured here17. The mentioned
parameters were measured twice, and the average was taken.
Aspect ratio (AR), size ratio (SR), undulation index (UI), el-
lipticity index (EI), and nonsphericity index (NSI) were
calculated20.

CFD simulating and hemodynamic parameters

All models were meshed under STAR-CCM (STAR-CCM+
12, Siemens, German), creating 4 to 5 million unites of finite
tetrahedral and prism elements. The simulations were per-
formed in STAR-CCM fluid workstation (STAR-CCM+ 12,
Siemens, German). The Navier-Stokers equation served as the
solver in pulsatile blood. By using transcranial Doppler ultra-
sound, the pulsatile waveform was obtained with its magni-
tude scaled to the desired mean flow rate. The pulsatile wave-
forms of the internal carotid artery from a representative pa-
tient were applied for further analyses. Blood was assumed as
the incompressible Newtonian fluid with density ρ = 1056 kg/
m3 and viscosity μ = 0.0035 Poise. Pulsatile curve acted as the
velocity inlet boundary condition, and free-traction boundary
condition was achieved at the outlet. When the residuals are
less than 10−5, the results will be considered converged21. A
time step of 0.0001 s was used, giving 800 steps per cardiac
cycle (total 0.8 s per cycle). Four pulsatile cycles were simu-
lated. The last cycle was yielded for further studies.

The instantaneous WSS and pressure were time-averaged
over a cycle. The oscillatory shear index (OSI) and relative
resident time (RRT) were calculated. Also, the spatially aver-
age WSS, pressure, RRT and OSI over the aneurysm surface
were calculated. For each model, pressure maximum (PM),
pressure average (PA), WSS maximum (WSSM), WSS aver-
age (WSSA), and WSS gradient (WSSG) were obtained from

the IA region, and parent pressure average (pPA), parent WSS
average (pWSSA) were acquired from the parent artery re-
gion. Low WSS was defined to be less than 10% of WSS of
parent artery22. The normalization of pressure and WSS was
based on hemodynamic status of parent artery. The normal-
ized pressure average (NPA), normalized WSS average
(NWSSA), normalized pressure maximum (NPM) and nor-
malized WSS maximum (NWSSM) were calculated by the
following equations (Eqs. (1), (2), (3), (4)), respectively. The
measurement of deviated angle (DA) was referenced in our
previous study17.

NPA ¼ PA
pPA

ð1Þ

NWSSA ¼ WSSA
pWSSA

ð2Þ

NPM ¼ PM
pPM

ð3Þ

NWSSM ¼ WSSM
pWSSM

ð4Þ

After collecting above parameters, the intracranial aneu-
rysm rupture score (IARS) was then calculated according to
our previous work. In this study, IARS ≥ 2 was thought as
high-risk group.

Propensity score match and study groups

To balance the comparability of rebleeding aneurysms and
stable aneurysms, a propensity score matching was performed
to match patients using STATA (12SE, STATA Corporation,
American). The propensity scores were calculated using a
logistic regression model consisting of the input variables:
age, gender, history of hypertension, history of smoking, and
aneurysm site. The matching rate was 1:3 for rebleeding an-
eurysms to stable aneurysms. The final matched group was
proven to be properly matching using χ2 testing to validate
the equivalence of individual variables between all groups.

Statistical analysis

Measurement variables were compared by chi-square test or
Fisher’s exact test. Continuous variables were first assessed
visually by P–P plots and the Shapiro-Wilk test and then com-
pared by the independent samples’ t test. The receiver operat-
ing characteristic curve (ROC) analysis was performed to ex-
amine the predicting value of IARS to rebleeding. The area
under the curve (AUC) was calculated. An AUC > 0.7 was
thought as a statistical significance. The results were
expressed in 95% confidence intervals. A p value of < 0.05
was assumed to be statistically significant. Statistical analysis
was performed using SPSS 22.0 (IBM, American).
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Results

Demographic and clinical information

A total of 97 appropriate patients with aSAH were reviewed in
this study. Five patients were identified as undergoing
rebleeding ranged in age from 49 to 68 years (mean, 58.4 ±
6.0 years). The rebleeding rate is 5.2%. The clinical information
of patients underwent rebleeding are listed in Table 1. The clin-
ical difference between patients with rebleeding aneurysms and
stable aneurysmswas summarized in Table 2. The CTat the first
bleeding and rebleeding was shown in Fig. 1, separately. The
rate of female to male was 3:2. Almost all (4/5, 80.0%) had a
history of hypertension. The average time from the first bleeding
to the rebleeding was 43.4 ± 37.4 h. After standardly caring, the
blood pressure of 80% patients was controlled within a reason-
able range. Eighty percent of patients with stable aneurysm,
whereas only 40% of patients underwent rebleeding, had a good
outcome with mRS < 3.

Matching process yielded 15 patients with stable aneurysm
to 5 patients with rebleeding aneurysm. The significant differ-
ence did not find in Hunt-Hess grade at admission (p = 0.605)
and the modified Fisher grade at admission (p = 0.788). It is
noteworthy that blood pressure of almost patients was signif-
icantly increased at admission and was well controlled after
standard care, yet the differences were not statistically signif-
icant (p = 0.605 for blood pressure at admission, and p = 0.788
for blood pressure after standard care).

After rebleeding, three patients (case1, 2, 5) received emer-
gency surgery, and one patient (case 4) received emergency
endovascular intervention after rebleeding. One patient (case
3) died because of acute cerebral hernia.

Hemodynamic and morphological differences

The hemodynamic and morphological features of rebleeding
aneurysms were listed in Table 3. One aneurysm with daugh-
ter sac reached four points of IARS, which implied a severely
unstable status. Eighty percent of rebleeding aneurysms were
identified as high-risk aneurysms.

The hemodynamic and morphological difference was sum-
marized in Table 4. Statistically significant difference was
found in morphological parameters, including d (p = 0.036),
AR (p = 0.004), and SR (p = 0.029). Significant difference
was also found in hemodynamic parameters, such as
NWSSA (p = 0.026), LSAR (p = 0.028), OSI (p = 0.031),
and DA (p = 0.025). The rebleeding aneurysms were found
with a narrow neck (lower d), a more obvious irregular shape
(larger AR and SR) (Fig. 1) and a more significantly unstable
hemodynamic condition (NWSSA was lower, DA, LSAR,
and OSI were higher in rebleeding aneurysms than those in
stable aneurysms) (Fig. 2).

Correlation between IARS and rebleeding and ROC
analysis

Analysis of the relationship of IARS and rebleeding was further
performed. The percentage of rebleeding increased with the in-
crease of IARS (Fig. 3 A). Rebleeding occurred in up to 44.4%
(4/9) of the high-risk aneurysms, but only 9.1% (1/11) of the low-
risk aneurysms (Table 5 A). In addition, we also found that the
interval from the first bleeding to the rebleeding tended to shorten
with the increase of IARS (R = 0.715, p= 0.027) (Fig. 3 B).

Subsequently, the ROC analyses of IARS to rebleeding
were performed. The results summarized in Table 5 B, re-
vealed a good predicting value of IARS to rebleeding with
an AUC as 0.793 (Fig. 3 C).

Discussion

The intracranial hemorrhage caused by IAs rupture can endan-
ger patients’ lives in the acute stage and cause severe cerebral
ischemia in the late stage2, 23. The aneurysm rebleeds are the
vital risk factors related to the poor prognosis4, 6, 10.
Accordingly, the identification of the potential IAs to rebleed
can contribute to the decision of treatment ordering. Based on
our previous studies17, 24, the present study made the first
effort to explore the hemodynamic and morphological fea-
tures of rebleeding aneurysms and find the predicting method
for this disastrous event.

Table 1 Clinical information of patients undergoing rebleeding

No. Gender Age
(years)

History of
hypertension

Previous or current
smoking history

Hunt-Hess
grade at
admission

Time from the first bleeding
to the rebleeding (hours)

Blood pressure at
admission (mmHg)

Blood pressure before
rebleeding (mmHg)

1 Female 57 Yes No II 15 150/86 125/59

2 Female 49 Yes No II 36 175/94 128/69

3 Male 68 No No III 98 153/83 125/59

4 Male 63 Yes Yes III 6 180/90 113/71

5 Female 59 Yes Yes III 23 182/91 146/82
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Clinical factors related to the rebleeding in ruptured
aneurysms

In our present cohort, three patients, including a dead, had a bad
outcome in rebleeding group. The rate of poor outcome was as
high as 60%, which is consistent with previous studies4–6, 10, 25.
In our present cohort, rebleeding occurred in only 25% of pa-
tients with safe blood pressure, which implied that intensive
lowering of blood pressure can significantly decrease the rate
of rebleeding15, 16. Interestingly, blood pressure of almost pa-
tients with rebleeding (except one patient) was controlled within
a reasonable range after admission. So, though elevated blood
pressure is a risk factor for aneurysm rebleeding, rebleeding still

occurred in some aneurysms with safe blood pressure.
Therefore, clinical features are insufficient to predict the risk of
rebleeding, features of aneurysms are also risk factors for
rebleeding. Early identification of these aneurysms is important
for clinical decision-making and treatment ordering.

The morphological factors related to the aneurysm
rebleeding

By analyzing the radiological features from the IAs before
rebleeding, the relationship between morphological features
and the risk of rebleeding was investigated. The d, AR, and

Table 2 Demographic and
clinical differences between
rebleeding group and stable group

Characteristics Total, n = 20 Rebleeding group Stable group p value
n = 5 n = 15

Gender N/A

Male 7 2 5

Female 13 3 10

Age (years) 57.7 ± 6.4 58.4 ± 6.0 57.5 ± 6.7 N/A

Hypertension N/A

Yes 10 3 7

No 10 2 8

Ever-or-now smoker N/A

Yes 10 2 8

No 10 3 7

Hunt-Hess grade at admission 0.605

Grade I–II 11 2 9

Grade III–V 9 3 6

Modified Fisher grade at admission 0.788

Grade I–II 7 2 5

Grade III–IV 13 3 10

Blood pressure at admission 0.580

< 160/90 mmHg 6 2 4

> 160/90 mmHg 14 3 11

Blood pressure before bleeding/surgery 0.766

< 140/80 mmHg 16 4 12

> 140/80 mmHg 4 1 3

Aneurysm site N/A

Internal carotid artery 3 1 2

Middle cerebral artery 9 2 7

Anterior communicating artery 8 2 6

Treatment after admission or outcome N/A

Surgery 11 3 8

Endovascular intervention 8 1 7

Dead 1 1 0

Modified Rankin scale on discharge N/A

1–2 14 2 12

3–5 6 3 (one dead) 3

N/A is not further evaluated
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SRwere significantly different between rebleeding aneurysms
and stable aneurysms.

The AR reflecting the irregular shape of IA can serve as a
reliable predictor for aneurysm rupture26, and includes the
effect from narrow aneurysm neck (small d) to aneurysm

rupture. However, the threshold of this parameter is various
from 1.18 to 2.3 though the predicting value is reliable22, 26, 27.
In our current cohort, the mean AR of stable aneurysms was
1.4, whereas, the mean AR of rebleeding aneurysms was 2.0,
which suggested that these aneurysms may have a more sig-
nificantly irregular shape with higher risk of rupture.
Therefore, once accidents occurred, such as a sudden increase
in blood pressure, these aneurysms are more likely to rebleed.

The SR can reflect the relative size of aneurysm and parent
artery28. The predicting value of this parameter to aneurysm
rupture has been evaluated in our previous study and other
relative studies17, 22, 26, 28, 29. In addition, a meta-analysis
found that aneurysm size was a predictor for aneurysm
rebleeding30, which implied that SR may reflect the risk of
rebleeding. SR > 2.3 is a risk factor related to aneurysm rup-
ture. Though the morphological features would change after
aneurysm rupture31, the SR of rebleeding aneurysm was still
over 2.3. Therefore, we thought that rebleeding aneurysms
may not reach a stable status after bleeding stopping. It is
not difficult to understand that an accident can trigger the
occurrence of rebleeding.

The hemodynamic factors related to the aneurysm
rebleeding

In addition to morphological features, we also found that sev-
eral hemodynamic parameters, including NWSSA, LSAR,
OSI, and DA, were significantly different between rebleeding
aneurysms and stable aneurysms.

NWSSA can reflect the whole status of WSS in an aneu-
rysm, and the LSAR is the area of low WSS. The WSS, im-
portant for normal proliferation, is the friction between blood
and endothelial cell14, 22, 32, 33. The low WSS can cause in-
flammatory infiltration and cell apoptosis11, 34–39. Thus, the
large LSAR means a large area of severe damage of the vas-
cular wall. The area of an aneurysm wall exposed to a WSS
below 10% of the mean arterial WSS was applied in some
previous studies22, 40. Both of Jou et al. and Skodvin et al.
demonstrated this parameter as an independent risk factor for
IA rupture31, 40. In our previous work and current work, the
result revealed that an aneurysm with LSAR > 0.3 has a high

Fig. 1 The CT at the first bleeding and rebleeding of all patients with
rebleeding aneurysm, and the reconstructed models of all rebleeding
aneurysms

Table 3 Morphological and hemodynamic features of rebleeding aneurysms

No. Daughter sac Aneurysm site L (mm) D (mm) AR SR DA (°) WSSA (Pa) NWSSA LSAR OSI IARS

1 No MCA 12.0 8.2 1.9 3.5 26.9 1.1 0.14 0.55 0.012 3

2 No AcomA 8.5 7.6 2.2 2.8 23.6 1.2 0.19 0.43 0.004 2

3 No MCA 9.3 7.8 2.1 3.3 34.4 2.3 0.21 0.67 0.006 2

4 Yes AcomA 8.3 9.7 2.0 2.9 36.5 2.5 0.23 0.41 0.009 4

5 No ICA 6.2 5.9 1.7 0.5 22.6 3.3 0.27 0.34 0.007 1

MCA is the middle cerebral artery; AcomA is the anterior communicating artery
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risk of rupture17. However, after aneurysm rupture, though
WSS increased and LSAR decreased to reach a stable status,
rebleeding aneurysms still had a low NWSSA and a LSAR >
0.3. Thus, though aneurysm rupture can stabilize the hemody-
namic status, for rebleeding aneurysms, bleeding stopped be-
fore aneurysm reaching a stable status.

OSI can reflect the stability of internal blood flow in aneu-
rysm. High OSI can change the endothelial surface adhesion
molecules and aggravate the damage in the vascular wall41.
Meng et al. reported that this parameter can be used to predict
the risk of aneurysm rupture22. In our stratification study, the
OSI was demonstrated as a good predictor for IA rupture17. In
our current study, increased OSI with more than 0.008 was
found in rebleeding aneurysms, which did also reflect the
unstable status.

DA is the deviation of the real bloodstream to the direction
of normal vessel. The magnitude of DA can reflect the impact
effect. We studied this parameter in a previous work and con-
firmed the relationship of DA and aneurysm rupture. An an-
eurysm with DA > 35° has a high risk of natural rupture be-
cause the direct impact effect from blood flow. However,
though increasingDAwas also found in rebleeding aneurysms
comparing to stable aneurysms, the mean DA of those aneu-
rysms was under 35°, and a DA > 35° was found in only two

rebleeding aneurysms. For this phenomenon, we thought an-
eurysm rupture can change morphological features, which can
obviously influence the direction of flow and makes an aneu-
rysm tend to be stable. Thus, an aneurysm with DA < 35°may
have a high risk of rebleeding.

IARS and treatment ordering

Our IARS system can predict the risk of rebleeding. Although
the bleeding stopped in some rupture IAs, they did not reach
the stable condition and may rebleed once a Btrigger^ oc-
curred (it may be transiently increasing blood pressure and
so on). The rebleeding occurred in 44.4% of high-risk aneu-
rysms (4/9) and 9% of low-risk aneurysms (1/11). Therefore,
the medical treatment is suitable for the aneurysms with IARS
< 2, but not a reasonable choice for the aneurysms with
IARS ≥ 2 regardless of the Hess-Hunt grade. To avoid
rebleeding, we recommended an immediate surgical interven-
tion for the high-risk aneurysms, and a priority should give to
aneurysms with higher IARS scores. However, given large
population of patients with high-risk aneurysms would occur,
for the aneurysms with IARS score as 2 points, we believe that
a short-time observation is acceptable (within 72 h19). Even if

Table 4 Morphological and
hemodynamic differences
between rebleeding group and
stable group

Parameters Total, n = 20 Rebleeding group Stable group p value
n = 5 n = 15

D (mm) 7.9 ± 1.7 7.8 ± 1.4 7.9 ± 1.8 0.953

d (mm) * 5.1 ± 1.3 4.0 ± 1.4 5.4 ± 1.2 0.036

L (mm) 8.3 ± 3.0 9.1 ± 1.8 8.1 ± 3.3 0.614

H (mm) 6.9 ± 2.3 6.7 ± 1.7 7.0 ± 2.5 0.795

AR * 1.6 ± 0.4 2.0 ± 0.2 1.4 ± 0.4 0.004

SR * 2.1 ± 0.7 2.6 ± 1.2 1.8 ± 0.5 0.029

UI 0.08 ± 0.06 0.09 ± 0.10 0.08 ± 0.04 0.924

EI 0.11 ± 0.03 0.10 ± 0.06 0.11 ± 0.03 0.710

NSI 0.15 ± 0.06 0.15 ± 0.13 0.14 ± 0.03 0.906

PM (Pa) 4103.5 ± 1918.6 3233.8 ± 1303.4 4393.4 ± 2037.2 0.252

PA (Pa) 1879.8 ± 464.6 1845.0 ± 462.4 1891.3 ± 480.9 0.853

WSSM (Pa) 5.3 ± 3.8 6.0 ± 3.3 5.0 ± 4.0 0.628

WSSA (Pa) 2.2 ± 1.0 2.1 ± 0.9 2.3 ± 1.1 0.698

NPM 1.05 ± 0.37 0.93 ± 0.28 1.09 ± 0.40 0.417

NPA 0.52 ± 0.20 0.55 ± 0.10 0.52 ± 0.22 0.759

NWSSM 0.57 ± 0.22 0.61 ± 0.31 0.56 ± 0.19 0.686

NWSSA* 0.30 ± 0.17 0.21 ± 0.05 0.33 ± 0.18 0.026

WSSG (Pa/m) 9.9 ± 5.9 7.5 ± 2.3 10.8 ± 6.5 0.298

LSAR * 0.35 ± 0.15 0.48 ± 0.13 0.31 ± 0.14 0.028

OSI * 0.0048 ± 0.0034 0.0076 ± 0.0030 0.0039 ± 0.0031 0.031

RRT 7.3 ± 1.1 7.5 ± 1.0 7.2 ± 1.1 0.576

DA (°) * 23.7 ± 6.0 28.8 ± 6.3 22.1 ± 5.1 0.025

*is the parameter with statistically significant difference
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a surgery is considered, it can be done following the aneu-
rysms with IARS score as 3–4 points.

In the developing countries, e.g., China, treatment or-
dering is important for the intervention of IAs. This is
primarily because of a large patient population but the lim-
itation of medical resources42. This phenomenon means
that a patient may have to wait for a long time for appro-
priate treatment before aneurysm rupture, or immediately
gets medical intervention after aneurysm rupture. In this
condition, the prognosis is not guaranteed. Therefore, the
treatment ordering is important to assist doctors in clinical
decision-making. Our IARS system can evaluate the

rebleeding potential of IAs, which can identify the targeted
aneurysms from the ruptured aneurysms and give priority
to intervention.

Limitations

There were several limitations in the present study. First and
foremost, the inlet boundary condition was from a representa-
tive patient, which could affect the result of CFD since this
method is sensitive to velocity and waveform43. However, in
the IARS system, we used normalized parameters, which can

Fig. 2 The hemodynamic features of all rebleeding aneurysms
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reduce the effects exerted by this problem43. Second, the mor-
phology can significantly influence the hemodynamics. For
the change of morphology and hemodynamics after indiscov-
erable aneurysm rupture44, our conclusion may be limited.
Third, the small sample size (only five rebleeding aneurysms
were included) would limit our conclusion. However, after the
recent improvement of perioperative management, the rate of
rebleeding were significantly decreased, and we believe that
the current results are the best available. Indications remain
the focus in aneurysm treatment, and the present study has its
clinical utility to help clinical work determine the treatment
method and ordering though there are some limitations.

Conclusion

After the first aneurysm rupture, aneurysms, which may
rebleed at a short period, still have an unstable status
with large AR and SR, decreasing NWSSA and increas-
ing DA, LSAR and OSI. Based on this preliminary
study, intracranial aneurysm rupture score (IARS) may
correlate to the rebleeding in ruptured aneurysms. For
aneurysms with high IARS scores, surgery should be
given priority, and medical treatment is not recommend-
ed after rupture.
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Table 5 Risk category and the result if ROC analysis

A. Risk category

Intracranial aneurysm rupture score Rebleeding (n, %)

Low risk (n = 11) 0 (n = 2) 0 (0.0%)

1 (n = 9) 1 (11.1%)

High risk (n = 9) 2 (n = 6) 2 (33.3%)

3 (n = 2) 1 (50.0%)

4 (n = 1) 1 (100.0%)

B. ROC analysis

IARS rebleeding AUC 95% Confidence interval p value

0.793 0.559–0.967 0.025
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