
CLINICAL ARTICLE

With advancement and accessibility of cranial 
diagnostic imaging, the number of incidentally 
discovered unruptured intracranial aneurysms 

(UIAs) has increased.1 UIA treatment decision-making 

is challenging because there is no high-quality evidence 
to stratify high-risk UIAs from those that remain stable. 
Aneurysm size is one of the key factors when discuss-
ing treatment options for UIAs, supported by prospec-
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OBJECTIVE  Previous studies have found that ruptured intracranial aneurysms (RIAs) have distinct morphological and 
hemodynamic characteristics, including higher size ratio and oscillatory shear index and lower wall shear stress. Unrup-
tured intracranial aneurysms (UIAs) that possess similar characteristics to RIAs may be at a higher risk of rupture than 
those UIAs that do not. The authors previously developed the Rupture Resemblance Score (RRS), a data-driven com-
puter model that can objectively gauge the similarity of UIAs to RIAs in terms of morphology and hemodynamics. The 
authors aimed to explore the clinical utility of RRS in guiding the management of UIAs, especially for challenging cases 
such as small UIAs.
METHODS  Between September 2018 and June 2019, the authors retrospectively collected consecutive challenging 
cases of incidentally identified UIAs that were discussed during their weekly multidisciplinary neurovascular conference. 
From patient 3D digital subtraction angiography, they reconstructed the aneurysm geometry and performed computer-
assisted 3D morphology analysis and computational fluid dynamics simulation. They calculated RRS for every UIA case 
and compared it against the treatment decision made at the neurovascular conference as well as the recommendation 
based on the unruptured intracranial aneurysm treatment score (UIATS).
RESULTS  Forty-seven patients with 79 UIAs, 90% of which were < 7 mm in size, were included in this study. The mean 
RRS (range 0.0–1.0) was 0.24 ± 0.31. At the conferences, treatment was endorsed for 45 of the UIAs (57%). These 
cases had significantly higher RRSs than the 34 cases suggested for observation (0.33 ± 0.34 vs 0.11 ± 0.19, p < 0.001). 
The UIATS-based recommendations were “observation” for 24 UIAs (30%), “treatment” for 21 UIAs (27%), and “not de-
finitive” for 34 UIAs (43%). These “not definitive” cases were stratified by RRS based on similarity to RIAs.
CONCLUSIONS  Although not a rupture predictor, RRS is a data-driven model that gauges the similarity of UIAs to RIAs 
in terms of morphology and hemodynamics. In cases in which the UIATS-based recommendation is not definitive, RRS 
provides additional stratification to assist the identification of high-risk UIAs. The current study highlights the clinical util-
ity of RRS in a real-world setting as an adjunctive tool for the management of UIAs.
https://thejns.org/doi/abs/10.3171/2020.5.JNS193264
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tive studies that provide a very low 5-year rupture risk to 
UIAs < 7 mm.2,3 However, small UIAs are prevalent and 
are responsible for approximately 50% of rupture events.4,5 
In addition to size, family history of aneurysms, smok-
ing, and hypertension are believed to increase the risk of 
aneurysm rupture.2,6,7 The decision-making process be-
comes further complicated when considering the risks of 
treatment and associated costs.8 The UIA treatment score 
(UIATS), derived from consensus among 69 interdisci-
plinary specialists, is a scoring model to balance the es-
tablished aneurysm-, patient-, or treatment-related factors 
and to compare risks associated with conservative man-
agement against treatment.9 However, even UIATS can be 
“not definitive” for some UIAs. For these cases, the in-
terdisciplinary specialists recommended that “additional 
factors apart from those used in the development of the 
UIATS may be considered in making a final decision.”9

It is commonly believed that UIAs resembling ruptured 
IAs (RIAs) are likely to carry a higher rupture risk and 
therefore warrant early treatment. Previously, we ana-
lyzed a cross-sectional cohort of 204 IAs (including 56 
RIAs) and generated a logistic regression model based on 
morphology and hemodynamics.10–12 This model predicts 
the probability of an IA being a ruptured aneurysm. We 
then suggested that this logistic regression model could 
be applied to UIAs and the rupture probability (indicated 
by ranges between 0 and 1) reinterpreted to gauge their 
similarity to RIAs.11 In this context, the rupture probabil-
ity is more appropriately termed the Rupture Resemblance 
Score (RRS).11 In the present study, we aimed to investi-
gate the clinical utility of RRS as an adjunct in guiding the 
management of UIAs, especially when existing clinical 
metrics are inadequate.

Methods
This study was approved by the University at Buffalo 

institutional review board.

Patient Cohort and Multidisciplinary Neurovascular 
Conference

Between September 2018 and June 2019, we retrospec-
tively collected data from consecutive UIA cases that were 
discussed during multidisciplinary neurovascular confer-
ences held at our institution. This conference was held 
every week to present challenging cerebrovascular cases 
thought to benefit from discussion and multidisciplinary 
input. The meeting was attended by neurosurgeons, neuro-
interventionalists, neurologists, clinical and basic research 
scientists, nursing staff, international visiting physicians, 
and observers from other medical institutions, in addition 
to fellows and medical students. Decisions on treatment or 
conservative management of aneurysm cases were made 
by considering the patient’s history; neurological findings; 
and aneurysm size, morphology, and evidence of growth, 
without considering RRS or UIATS. A final decision for 
each case was made based on the consensus at the end 
of the discussion, documented, and recommended to the 
patient. The actual management, which could differ from 
this recommendation, was not considered in the present 
study.

Rupture Resemblance Score
Previously, we analyzed a cross-sectional data set of 

119 consecutively collected IAs (including 38 RIAs)10 and 
identified morphological and hemodynamic features that 
were significantly different between RIAs and UIAs. Us-
ing multivariate logistic regression, we pared them down 
to 3 independently significant rupture discriminators—
aneurysm size ratio (SR), time- and aneurysm-averaged 
normalized wall shear stress (WSS), and oscillatory shear 
index (OSI)—which comprise the rupture discriminator 
model, odds = exp(0.73SR − 0.45WSS + 2.19OSI − 2.09) (Eq. 1). From 
the obtained odds, we can calculate the probability (p) of 
an IA being ruptured: p = odds/(1 + odds). We then tested 
this model in classifying RIAs from UIAs in an indepen-
dent cohort of 85 IAs (including 18 RIAs).11 Based on a 
threshold of p = 0.3, the model was able to identify 90% of 
RIAs. Furthermore, false-predictive UIAs that were pre-
dicted as RIAs bore a high resemblance to RIAs in terms 
of morphology and hemodynamics. A review of the clini-
cal records showed that these UIAs were treated immedi-
ately. Consequently, we applied this rupture discriminator 
model to new incidentally discovered UIAs, projecting 
that the obtained probability (a continuous metric ranging 
between 0 and 1) could be interpreted as the RRS to gauge 
the similarity of UIAs to RIAs.11 Furthermore, in a follow-
up study, we expanded the study cohort to 204 IAs (in-
cluding 56 RIAs)12 and retrained the rupture discriminator 
model. The resulting RRS model, odds = exp(0.58SR − 0.33WSS 

+ 2.14OSI − 2.43) (Eq. 2), was almost identical to the original 
rupture discriminator model, indicating its robustness.12 
Details of the computational methodology can be found in 
our previous studies.10–12

Using the updated RRS model (Eq. 2), we retrospective-
ly calculated RRS for the UIA cases presented at the neu-
rovascular conferences (Fig. 1). First, 3D digital subtrac-
tion angiography (DSA) data of a UIA were segmented to 
reconstruct a surface representation of the aneurysm and 
parent vessel lumen. Based on the reconstructed 3D geom-
etry, computer-assisted morphology analysis and compu-
tational fluid dynamics (CFD) simulation were performed 
to extract morphological and hemodynamic features, re-
spectively. The input parameters (SR, WSS, and OSI) were 
then fed into the RRS model. The authors who calculated 
the RRS were blinded to the decisions made at the neu-
rovascular conferences. Cases in which the image quality 
was suboptimal for hemodynamic analysis were excluded 
from our study.

Unruptured Intracranial Aneurysm Treatment Score
The UIATS is a clinical scoring model developed by 

69 multidisciplinary specialists to guide clinical decision-
making for the management of UIAs.9 UIATS compares 
the risk of treatment against conservative management 
based on 29 aneurysm-, patient-, or treatment-related fac-
tors and leads to 2 final scores: “favors UIA repair” and 
“favors UIA conservative management.” Differences in 
scores can determine whether a UIA is favorable for treat-
ment or observation. If the difference is 2 points or less, 
UIATS is considered “not definitive.” The authors who 
calculated UIATS were blinded to decisions made at neu-
rovascular conferences.
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Data Analysis
Using the UIATS, we classified all UIAs into the fol-

lowing 3 cohorts based on differences between “favors 
UIA repair” and “favors UIA conservative management” 
scores:

• UIATS < −2 “observation”
• UIATS > +2 “treatment”
• −2 ≤ UIATS ≤ +2 “not definitive”

We also classified all UIAs into observation and treat-
ment cohorts based on treatment decisions recommended 
at multidisciplinary neurovascular conferences. We report 
the RRS means and standard deviations for all cohorts. We 
also report the percentage of UIAs for which the UIATS 
was “not definitive.” We studied whether the RRS could 
stratify those UIAs based on their resemblance to RIAs. 
Additionally, we reported the 5-year rupture risk esti-
mated by the investigators of the International Study of 
Unruptured Intracranial Aneurysms (ISUIA) and the Pop-
ulation, Hypertension, Age, Size, Earlier SAH (subarach-
noid hemorrhage), and Site of the Aneurysm (PHASES) 
study for the collected cases.2,3 Agreement between the 
decisions made at the neurovascular conference and the 
UIATS recommendations was studied using a contingen-
cy table, followed by a chi-square test.

Results
Clinical Data

Forty-seven patients with 79 incidentally detected UIAs 

were included in this study. Table 1 provides a summary 
of the clinical data. The mean age of the patients was 65 ± 
11 years, and 32 patients (68%) were women. Twenty-one 
patients (45%) had at least 2 UIAs. The mean size of the 
UIAs was 3.95 ± 2.74 mm, and 90% of them were small 
(< 7 mm). Location in the internal carotid artery (ICA) 
had the highest prevalence (37% of all UIAs), and the 
posterior circulation had the lowest (4% of all UIAs). The 
corresponding 5-year rupture risks according to ISUIA 
and PHASES estimates were 1.45% ± 3.56% and 1.05% ± 
0.93%, respectively.2,3

The mean RRS was 0.24 ± 0.31 (range 0.0 to 1.0). The 
conference participants recommended observation for 34 
UIAs (43%) and treatment for 45 UIAs (57%). The UIATS 
recommendations were “observation” for 24 UIAs (30%), 
“treatment” for 21 UIAs (27%), and “not definitive” for 34 
UIAs (43%).

Comparing RRS With Decisions Made at the 
Neurovascular Conference and UIATS Recommendations

Figure 2 shows RRS plotted against different manage-
ment recommendations. UIAs that were recommended for 
treatment at neurovascular conferences had significantly 
higher RRSs than those recommended for observation. 
However, the RRS was not significantly different among 
management cohorts defined based on the UIATS.

Figure 3A shows a scatterplot of all UIAs with corre-
sponding RRSs against UIATS and neurovascular confer-

FIG. 1. Workflow for calculating RRS. 1) 3D angiography; 2) segmentation of images to reconstruct the aneurysm geometry; 3) 
performing 3D morphology analysis and CFD to extract morphological and hemodynamic features, respectively; and 4) feeding the 
SR, WSS, and OSI data into the previously developed logistic discriminator model.12 Then, the rupture status probability is reported 
as RRS. D = vessel diameter; H = height.
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ence recommendations. There was no correlation between 
RRS and UIATS-based treatment recommendations. In 
addition, we found that UIATS was not definitive for 34 
UIAs (43%). When comparing RRS with decisions made 
at the neurovascular conferences, only 2 UIAs with high 
RRSs were considered for observation: a 4.5-mm irregular 
ophthalmic artery aneurysm in a patient with metastatic 
lung cancer and a 2.5-mm posterior communicating ar-
tery (PComA) aneurysm recommended for observation 
due to the UIA size. The remaining UIAs that were rec-
ommended for observation had RRSs < 0.15. Figure 3B 
shows RRS histograms for all UIAs and a subgroup of 34 
UIAs that had “not definitive” UIATS recommendations. 
In both histogram plots, UIAs recommended for treatment 
at neurovascular conferences had higher RRSs than those 
recommended for observation.

The blood flow in 5 UIAs with RRS > 0.9 and “not 
definitive” recommendations from UIATS is illustrated in 

Fig. 3C. The 2 large unruptured middle cerebral artery 
(MCA) aneurysms displayed flow stasis, and the 3 small 
UIAs (ICA, PComA, and ophthalmic artery) displayed 
strong impinging flow, which results in oscillatory intra
aneurysmal flow. Stasis and oscillatory flow, quantified as 
low WSS and high OSI, induce aneurysmal wall degrada-
tion and destructive remodeling, which can lead to aneu-
rysm rupture.13 Treatment was suggested for all aneurysms 
except the PComA.

Comparing Decisions Made at the Neurovascular 
Conference With UIATS Recommendations

The relationship between decisions made at the con-
ference and UIATS recommendations is shown in Table 
2. This contingency table indicates that there is an asso-
ciation between the two approaches (chi-square test, p = 
0.004), e.g., 81% of cases recommended for treatment by 
UIATS were suggested to receive treatment by conference 
participants. In addition, conference participants suggest-
ed treatment for 59% of the cases with the “not defini-
tive” recommendation from UIATS. Overall, our results 
demonstrated that neurovascular conference participants 
tended to recommend treatment more than the UIATS.

Discussion
When discussing treatment options, multiple factors 

such as aneurysm size, morphology, and location and the 
patient’s family history, presence of hypertension, age, and 
life expectancy need to be considered. UIATS is a model 
developed to quantify and compare factors favoring treat-
ment against factors supporting conservative management 
to guide treatment decisions. Yet, UIATS had no recom-
mendation for 43% of the challenging UIAs that were dis-
cussed at our neurovascular conferences. In such cases, 
additional factors are required to guide UIA management. 
RRS is an objective metric that can identify UIAs with a 
high resemblance to RIAs, based on their detailed mor-
phology and hemodynamics. In this retrospective study, 
we highlighted the potential application of RRS as an ad-
junct to UIA management, especially when current clini-
cal metrics cannot provide any recommendation.

Aneurysm rupture is a result of the dynamic and com-
plex interaction between aneurysm morphology, hemody-
namics, and aneurysm wall pathophysiology.13 Currently, 
there is no noninvasive method to measure the vulner-
ability and strength of the aneurysm wall for patients in 
routine IA management. However, current cerebrovascu-
lar imaging such as DSA, MRA, and CTA and numerical 
simulation such as CFD can provide bases for aneurysm 
morphology and hemodynamic analysis. Several studies 
have found that RIAs have distinct morphology and he-
modynamic features.12,14–17 The American Heart Associa-
tion has also begun to recognize the importance of these 
factors, suggesting that one “consider morphological and 
hemodynamic characteristics of the aneurysm when dis-
cussing the risk of aneurysm rupture.”18 To that end, RRS 
offers a practical means, linking the morphology and he-
modynamics of a UIA to known rupture characteristics.

Although RRS does not directly predict aneurysm 
rupture, it gauges the similarity of UIAs to RIAs. The 
development of a true rupture predictor requires longitu-

TABLE 1. Summary of cases discussed at weekly 
multidisciplinary neurovascular conferences

Value

Patients
  No. of patients 47
  Mean age, yrs 65 ± 11
  Female sex 32 (68)
  Hypertension 24 (51)
  Smoker 9 (19)
  IA family history 5 (11)
  IA multiplicity 21 (45)
Aneurysms
  No. of aneurysms 79
  Mean size, mm 3.95 ± 2.74
  Small size (<7 mm) 71 (90)
  ACA 1 (1)
  AComA 14 (18)
  ICA 29 (37)
  MCA 20 (25)
  PComA 12 (15)
  Posterior circulation 3 (4)
5-yr rupture risk
  ISUIA 1.45 ± 3.56%
  PHASES 1.05 ± 0.93%
Mean RRS (range) 0.24 ± 0.31 (0–1)
Neurovascular conference recommendation
  Observation 34 (43)
  Treatment 45 (57)
UIATS recommendation
  Observation 24 (30)
  Treatment 21 (27)
  Not definitive 34 (43)

ACA = anterior cerebral artery; AComA = anterior communicating artery.
Values represent the number of patients or aneurysms (%) unless stated 
otherwise. Mean values are presented as the mean ± SD.
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dinal follow-up of unbiased cohorts of UIAs for a suffi-
ciently long time, which is extremely difficult to accom-
plish because most UIAs eventually receive treatment.19 
Conversely, RRS is derived from consecutively collected 
cross-sectional data and therefore is unbiased. In current 
clinical practice, UIAs with an irregular or elongated 
shape and blebs, which are common features of RIAs, are 
usually recommended for treatment, regardless of size.20 
RRS quantifies such morphology and also incorporates 
aneurysmal hemodynamics; therefore, it is more objective 
and accurate. Having such a tool can be greatly informa-
tive in the process of decision-making, especially for chal-
lenging UIAs.21

We would like to emphasize that the RRS concept is 
important because it shifts the paradigm from predicting 
rupture risk, which is difficult to establish, to quantifying 
rupture resemblance. However, the formulation of RRS is 
not unique. It can be expanded and improved over time. 
Currently, RRS evaluation is based purely on IA morphol-
ogy and hemodynamics. Nonanatomical risk factors such 
as hypertension, smoking, and family history are currently 
not incorporated in the RRS. In practice, decision-making 
is based on several aneurysm-, patient-, and treatment-re-
lated factors but not hemodynamics. This is probably the 
main reason for the observed discrepancies between RRS 
evaluation and management suggested by the conference 
participants or UIATS. However, RRS is a concept that 
can be expanded beyond morphology and hemodynamics 
to incorporate aneurysm location and nonanatomical risk 
factors. We have recently demonstrated that incorporat-
ing clinical factors can improve the performance of RRS.17 
In the current study, we used our original model, which 
proved to be stable and robust in two follow-up studies.11,12 
By incorporating larger cohorts from different popula-
tions, RRS can become increasingly more robust. With 
a sufficiently large repository of training data, RRS can 
further be tailored for aneurysm locations or patients in 
the future.

Other research groups that have made great strides in 
building rupture classification models22,23 could also con-
sider adopting the RRS concept, which is simply a reinter-
pretation of the probability of rupture status in the classi-
fication models. Rupture status classification itself has no 
clinical utility but changing the focus of the classification 
models to measure the similarity of UIAs to RIAs could 
have a greater impact on IA management.

It should be cautioned that to directly use our RRS for-
mula, it is best to perform CFD and morphological anal-
ysis in the same manner as described in our studies, to 
be consistent with the training data set used for building 
the models. Otherwise, the results may be less reliable.24 
To overcome this limitation, we believe it is essential that 
methodologies and parameter definitions be standardized; 
the lack of standardization is a significant hurdle to the 
development and dissemination of data-driven models.

In the future, it will be possible to test the effective-
ness of RRS at identifying unstable UIAs in longitudinal 
data sets. We have not performed such studies. However, 
preliminary evidence of a possible correlation between 
RRS and UIA growth has been reported.25 Furthermore, 
correlation between RRS, wall phenotype,26 and wall en-
hancement27 could be investigated to shed new light on 
aneurysm pathology and rupture characteristics.

Limitations
This is a proof-of-concept study with a small number of 

patients at a single center. Therefore, performance of the 
RRS needs to be tested on larger data sets at other institu-
tions. Furthermore, we only included challenging IA cases 
that were presented at the multidisciplinary neurovascular 
conference; thus, it is unclear whether the results hold true 
for all aneurysm patients. Our RRS model was generated 
on a small data set of 204 IAs at a single center. Also, 
the input features, particularly the hemodynamic param-
eters, were derived from CFD simulations that had a set 
of nonphysiological assumptions, including rigid wall and 

FIG. 2. The RRS for 79 UIAs recommended for observation or treatment based on UIATS and the management based on a con-
sensus of neurovascular conference participants. The UIATS was not definitive for 34 UIAs (43%).
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Newtonian fluid. Finally, the RRS model was built using 
retrospectively collected cross-sectional data and could be 
tested in a longitudinal study to evaluate its ability in iden-
tifying UIAs that will rupture.

Conclusions
Although not a rupture predictor, RRS is a data-driven 

model that gauges the similarity of UIAs to previously 
ruptured IAs in terms of morphology and hemodynamics. 
In those cases for which current clinical metrics cannot 
provide a definitive treatment recommendation, RRS adds 
additional stratification to aid the identification of high-

risk UIAs. The current study highlights the clinical util-
ity of RRS in a real-world setting as an adjunctive tool for 
informed decision-making for the management of UIAs.

A) We explored the real-world application of a data-
driven computer model (RRS) developed to objectively 
gauge the similarity of incidentally discovered UIAs to a 
ruptured cohort of IAs in terms of morphology and hemo-
dynamics.

B) We explored the applicability of RRS in cases in 
which the recommendation of the UIATS model was not 
definitive.

C) We found good agreement between RRS and deci-

FIG. 3. A: Scatterplot of all UIAs with corresponding RRS against UIATS-based recommendations. The UIATS-based recommen-
dation was not definitive for 34 (43%) UIAs (highlighted region). B: Histograms of calculated RRS for all UIAs and for 34 UIAs with 
“not definitive” UIATS recommendation. RRS stratified those UIAs based on their resemblance to previously ruptured IAs in terms 
of morphology and hemodynamics. C: Flow visualization of 5 UIAs in panel B (lower) with “not definitive” recommendations from 
UIATS but having RRS > 0.9. All 5 aneurysms had adverse aneurysm hemodynamic environments, including stasis and oscillatory 
flow. NWSS = normalized WSS.
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sions made at our multidisciplinary neurovascular confer-
ences. The UIATS recommendation was not definitive for 
43% of the UIAs. By applying the RRS model, those cases 
could be stratified based on their similarity to RIAs, thus 
aiding in the management of UIAs.
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