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BACKGROUND AND OBJECTIVES: Several risk scores targeting different end points—rupture, growth, or rupture after 
growth—are used to guide prophylactic treatment decisions, despite not all being designed to predict aneurysm rupture 
directly. We evaluated how population, hypertension, age, size, earlier subarachnoid hemorrhage, site (PHASES), earlier 
subarachnoid hemorrhage, location, age, population, size, shape (ELAPSS), triple-S, and Juvela scores perform in identifying 
rupture-prone aneurysms and predicting instability in intracranial aneurysms deemed to have low enough rupture risk to 
justify conservative treatment.
METHODS: This retrospective study included all patients with ruptured or conservatively managed unruptured in-
tracranial aneurysms diagnosed from 2005 to 2020 in Tampere University Hospital. Risk scores were calculated from 
clinical and imaging data at diagnosis. For ruptured aneurysms, score distributions were analyzed to assess sensitivity. 
For conservatively managed unruptured aneurysms with radiological follow-up of ≥3 months, discrimination for 
composite instability end point (rupture or growth of ≥1.0 mm) was evaluated using receiver operating characteristic 
curves, calibration plots, and decision-curve analysis.
RESULTS: A total of 2258 aneurysms were analyzed: 1180 ruptured and 1078 unruptured. Among conservatively 
managed unruptured intracranial aneurysms, 29 ruptured (3%), including 7 fatal cases identified through a nationwide 
cause-of-death search. Of the 519 unruptured intracranial aneurysms (48%) with radiological follow-up (median, 3.4 
years; total, 2256 aneurysm-years), 71 (14%) demonstrated instability (52 growth, 19 rupture). In the ruptured cohort, 
PHASES demonstrated the highest sensitivity. ELAPSS and triple-S achieved the best discrimination for instability (area 
under the curve, 0.78 [95% CI, 0.71-0.85] and 0.79 [0.72-0.85]). Decision curve analysis indicated that ELAPSS and triple-S 
provided the highest net benefit within clinically relevant thresholds (6%-20%).
CONCLUSION: In the ruptured aneurysm cohort, PHASES showed the highest sensitivity for identifying rupture-prone 
aneurysms. In the conservatively managed cohort, ELAPSS and triple-S best discriminated instability, and all models 
except Juvela showed high sensitivity for rupture. All models had low positive predictive value and limited specificity, 
indicating that current risk scores alone are insufficient for treatment selection and require further refinement.
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ABBREVIATIONS: AUC, area under the curve; CT, computed tomography; DCA, decision curve analysis; ELAPSS, earlier subarachnoid hemorrhage, 
location, age, population, size, shape; PHASES, population, hypertension, age, size, earlier subarachnoid hemorrhage, site; ROC, receiver operating 
characteristic; SAH, subarachnoid haemorrhage; TAUH, Tampere University Hospital.; UIA, unruptured intracranial aneurysm.
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S ubarachnoid hemorrhage (SAH) is a devastating form of 
stroke that predominantly affects the working-age pop-
ulation. 1-3 Although SAH accounts for only about 5% of 

strokes, it is responsible for 27% of stroke-related life-years lost. 4 

Rupture of an intracranial aneurysm (IA) causes approximately 
85% of all SAHs. 5 The prevalence of unruptured intracranial 
aneurysms (UIA) in the past middle-aged population is around 
3%. 6 However, with an annual SAH incidence of 6.2-10.0/ 
100 000, 7 fewer than 0.3% of the UIAs rupture each year.
Preventive treatment of UIAs carries a procedure-related mortality 
of 1% to 2% and a 5% to 7% risk of unfavorable outcomes, 8,9 

highlighting the need for careful patient selection.
Because observational studies with rupture as the primary end 

point are ethically not feasible, and growth is a surrogate marker of 
increased risk of rupture, predictive models have been developed to 
identify UIAs at risk of rupture or growth to help guide treatment 
decisions. 10-12 Of these, the population, hypertension, age, size, 
earlier SAH, site (PHASES) score estimates 5-year rupture risk based 
on 6 prospective cohorts, 13 while the earlier SAH, location, age, 
population, size, shape (ELAPSS) score predicts aneurysm growth. 14 

The triple-S model estimates rupture risk after aneurysm growth 15 

and the Juvela 16 score estimates the annual risk of rupture.
The main challenge in treating UIAs is identifying aneurysms 

with seemingly low rupture risk that may still become unstable 
and rupture if left untreated. Given the risks of preventive 
treatment and the relatively low rupture risk of most UIAs, 
identifying UIAs that can safely be monitored is as important as 
identifying those requiring intervention. 17

The aim of this study was to evaluate available risk scores by 
investigating (1) their sensitivity in detecting rupture-prone IAs 
and (2) their negative predictive value, ie, whether IAs with low 
scores can be trusted to remain unruptured.

METHODS

Study Design
To investigate the sensitivity of risk factor scores for detecting rupture-

prone IAs, we performed a retrospective cross-sectional study of IAs that 
had ruptured and a retrospective follow-up study of conservatively 
managed UIAs to assess the performance of risk scores in predicting 
aneurysm instability, defined as growth or rupture.

This study was performed at Tampere University Hospital (TAUH), 
the only neurosurgical unit in its catchment area. Patients admitted 
between 2005 and 2020 with a ruptured IA or UIA were identified. 
Because this was a retrospective study using existing data, the ethics 
committee waived the need for informed patient consent. A formal 
research permit was obtained from TAUH.

Collection of Patient and Aneurysm-Related Factors
Clinical and IA-related data were retrieved from medical records and 

the archive of imaging studies using predefined criteria. 1,18 The UIA 
instability was defined as (1) growth of ≥1.0 mm in any of the observed 
projections or (2) IA rupture confirmed by computed tomography (CT) 
study. A minimum radiological follow-up of 3 months was chosen to

allow reliable assessment of morphological change. All follow-up imaging 
for UIA patients was reviewed in November 2025.

To complement the TAUH Aneurysm Database data, we performed a 
nationwide cause-of-death registry search in June 2025 for all patients with 
UIAs who had died during follow-up. Deaths attributed to SAH (Inter-
national Classification of Diseases, 10th Revision codes I60.0-I60.9) were 
identified, and the location of the previously unruptured aneurysm was 
cross-verified against the International Classification of Diseases, 10th 
Revision cause-of-death entry and TAUH Aneurysm Database.

Following European Union general data protection regulations, the 
data used cannot be made freely available. A pseudonymized data set may 
be shared after approval of TAUH and the local ethics board.

Application of Risk Scores to Ruptured Aneurysms
Risk scores (PHASES, ELAPSS, triple-S, and Juvela-score) were 

retrospectively calculated for ruptured IAs. Detailed scoring criteria for 
each risk model are provided in Supplemental Digital Content 1, http:// 
links.lww.com/NEU/F489. In 17 of 1197 ruptured IAs (1.4%), size and 
location assessment was unreliable due to decreased intracranial blood 
flow, and these were excluded from the main analysis. Sensitivity analyses, 
assigning extreme values for size, shape, and location were performed.

As previously reported, 19,20 we classified PHASES score to very low (0-1 
p), low (2-4 p), intermediate (5-9 p), and high (≥10 p) risk classes. Similarly, 
ELAPSS was classified to low (0-9 p), intermediate (10-14 p), high (15-24 p), 
and very high (≥25 p) risk classes. For the PHASES and ELAPSS scores, the 
risk scores were calculated both with and without the points given on 
population. We chose to use 3 different groups for the triple-S score according 
to the 2-year rupture risk: <4%, 4% to 8%, and >8%. The Juvela 16 score was 
stratified into 0, 1 to 4, 5 to 8, and 9 to 12 points, corresponding to annual 
rupture risks of 0%, 0.6%, 2.2%, and 6.8%, respectively.

Application of Risk Scores to Unruptured Aneurysms
The PHASES, ELAPSS, triple-S, and Juvela scores were calculated for all 

conservatively managed UIAs using only information available at diagnosis. 
For sensitivity and specificity analyses, we used a cutoff point of ≥11 for 
PHASES (5-year rupture risk 7.2%) and ≥15 for ELAPSS (5-year growth 
risk 28.1%). For the triple-S score, a 2-year rupture risk of 4.0% was used as 
a cutoff value and ≥5 for Juvela score (annual rupture risk of ≥2.2%).

Statistical Analysis
The primary analyses evaluate discrimination and clinical utility over 

each patient’s observed follow-up for a composite instability end point. 
Horizon-aligned discrimination analyses were performed at model-
specific prediction times using time-dependent receiver operating char-
acteristic (ROC) curves.

Categorical variables were compared with χ 2 tests and non-normally 
distributed continuous variables with the Mann-Whitney U test. For 
UIAs with follow-up of ≥3 months, the area under the ROC curve with 
its 95% CIs was calculated for each score. Model calibration was assessed 
using calibration plots.

Clinical utility of each model was evaluated using decision curve 
analysis (DCA). 21,22 Net benefit was calculated for threshold proba-
bilities from 0% to 50%. The study followed Transparent Reporting of a 
multivariable prediction model for Individual Prognosis Or Diagnosis 
guidelines. 23 Statistical analyses were conducted with SPSS 26.0 for 
Windows (IBM) and R version 4.5.2 (R Foundation for Statistical 
Computing).
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RESULTS

Current Risk Factor Scores in Ruptured Aneurysms
Among 1197 aneurysms presenting with SAH, risk score data 

were available for 1180 cases. Characteristics of ruptured aneu-
rysms are summarized in Supplemental Digital Content 1, 
http://links.lww.com/NEU/F489. Median scores were PHASES 
10 (IQR 9-13), ELAPSS 25 (19-31), triple-S 6.7% (5.5%- 
12.2%), and Juvela 4 (2-5) (Table 1).
Most ruptured aneurysms were classified as intermediate or 

high risk by PHASES: 39.4% and 60.3%, respectively. By 
ELAPSS, 37.6% were high risk and 53.3% very high risk; 9.1% 
were low or intermediate risk. For the triple-S score, 44.1% had a 
rupture risk >8%. In the Juvela model, 31.8% scored 1 to 4 
points and 41.8% scored 5 to 8 points, whereas 18.9% scored 0 
points.

When population points were excluded, PHASES categorized 5.0% 
as very low risk and 34.0% as low risk, whereas high-risk classification 
declined from 60.3% to 14.2%. Similarly, low- or intermediate-risk 
categories in ELAPSS increased from 9.1% to 32.9%. Sensitivity 
analyses of the excluded ruptured IAs (n = 17) showed that imputing 
the missing cases did not affect the study conclusions (Supplemental 
Digital Content 1, http://links.lww.com/NEU/F489).

Current Risk Factor Scores as Predictors of Growth 
During Follow-Up of Conservatively Treated UIAs
Among 519 UIAs with radiological follow-up of over 3 months, 

52 (10%) grew over a median follow-up of 3.4 years (total follow-
up time 2256 aneurysm-years). Clinical, morphological, and risk 
score data for stable and growing IAs are shown in Table 2. The 
positive and negative predictive values for growth prediction are 
presented in Table 3.

TABLE 1. The Distribution of Risk Scores in Ruptured Aneurysms

Total score Total score minus points given on population

PHASES score

Median (IQR) 10 (9-13) 5 (4-8)

Very low (0-1 p) 0.0% (0/1180) 5.0% (59/1180)

Low (2-4 p) 0.3% (4/1180) 34.0% (401/1180)

Intermediate (5-9 p) 39.4% (465/1180) 46.8% (552/1180)

High (≥10 p) 60.3% (711/1180) 14.2% (168/1180)

ELAPSS score

Median (IQR) 25 (19-31) 18 (13-24)

Low (0-9 p) 1.2% (14/1180) 15.5% (183/1180)

Intermediate (10-14 p) 7.9% (93/1180) 17.4% (205/1180)

High (15-24 p) 37.6% (444/1180) 42.6% (503/1180)

Very high (≥25 p) 53.3% (629/1180) 24.5% (289/1180)

Triple-S score

Median (IQR) 6.7 (5.5-12.2) —

2-y rupture risk <4% 18.5% (218/1180) —

2-y rupture risk 4%-8% 37.5% (442/1180) —

2-y rupture risk >8% 44.1% (520/1180) —

Juvela score

Median (IQR) 4 (2-5) —

0 18.9% (223/1180) —

1-4 31.8% (375/1180) —

5-8 41.8% (493/1180) —

9-12 7.5% (89/1180) —

ELAPSS, earlier subarachnoid hemorrhage, location, age, population, size, shape; PHASES, population, hypertension, age, size, earlier subarachnoid hemorrhage, site.
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Current Risk Factor Scores as a Predictor of New Rupture 
During Follow-Up in Conservatively Treated UIAs
New rupture during follow-up was confirmed in 29 (3%) of the 

1078 conservatively managed UIAs. Twenty-two ruptures were 
diagnosed at TAUH, confirmed by CT scan of the SAH, and 7

fatal SAHs were identified through nationwide cause-of-death 
registry search among patients without follow-up imaging data. 
Clinical, morphological, and risk score data for ruptured UIAs 
are shown in Table 2 and corresponding predictive values in 
Table 3.

TABLE 2. The Characteristics of Stable Aneurysms and the Characteristics of Aneurysms With Growth or Rupture

Stable aneurysms, radiological
follow-up (n = 448)

Growing aneurysms
(n = 52) P-value

Stable aneurysms
(n = 996)

Ruptured aneurysms
(n = 29) P-value

Age at diagnosis, 
median (IQR)

59 (51-67) 64 (54-73) .024 66 (58-73) 71 (58-79) .189

Gender, % females (N) 62.9% (282/448) 73.1% (38/52) .150 62.8% (625/996) 72.4% (21/29) .288

Prior SAH, % (N) 26.6% (119/448) 15.4% (8/52) .080 17.1% (170/996) 10.3% (3/29) .341

Smoking (current or 
past), % (N)

58.0% (260/448) 48.1% (25/52) .170 48.6% (484/996) 34.5% (10/29) .134

Current smoking, % (N) 32.8% (147/448) 28.8% (15/52) .563 29.3% (292/996) 24.1% (7/29) .545

Hypertension, % (N) 66.5% (298/448) 65.4% (34/52) .870 66.9% (666/996) 72.4% (21/29) .531

Follow-up time in years, 
(median)

3.4 y 4.6 y .023 — —

Aneurysm size, (median) 3.0 mm 5.0 mm <.001 4.0 mm 13.0 mm <.001

PHASES score, median 
(IQR)

8 (7-10) 9 (8-12) <.001 9 (8-11) 14 (12-16) <.001

ELAPSS score, median 
(IQR)

14 (11-17) 24 (14-33) <.001 17 (13-24) 34 (26-39) <.001

Triple-S score, median 
(IQR)

4.5 (3.5-4.5) 5.0 (4.5-8.1) <.001 4.5 (3.5-4.5) 6.4 (5.6-8.3) <.001

Juvela score, median 
(IQR)

2 (0-2) 2 (0-3) .011 2 (0-3) 3 (3-5) <.001

Aneurysm-related risk factors

Irregular shape, % (N) 2.5% (11/448) 23.5% (12/51) <.001 6.3% (63/993) 33.3% (9/27) <.001

ICA, % (N) 19.4% (87/448) 15.4% (8/52) .483 17.7% (176/996) 13.8% (4/29) .589

ICA bifurcation, % (N) 3.1% (14/448) (<3/52) a .631 2.9% (29/996) 10.3% (3/29) .023

MCA, % (N) 50.2% (225/448) 61.5% (32/52) .122 50.1% (499/996) 37.9% (11/29) .196

ACom, % (N) 10.5% (47/448) 5.8% (3/52) .283 12.8% (127/996) 10.3% (3/29) .701

PCom, % (N) 2.0% (9/448) 0.0% (0/52) .302 2.0% (20/996) 0.0% (0/29) .441

Basilaris, % (N) 6.5% (29/448) 9.6% (5/52) .394 7.9% (79/996) 27.6% (8/29) <.001

Other anterior 
circulation, % (N)

7.4% (33/448) 5.8% (3/52) .673 5.3% (53/996) (<3/29) a .711

Other posterior 
circulation, % (N)

4.0% (18/448) (<3/52) a .455 4.2% (42/996) (<3/29) a .839

ACom, anterior communicating artery; ELAPSS, earlier subarachnoid hemorrhage, location, age, population, size, shape; ICA, internal carotid artery; MCA, middle cerebral artery; 
PCom, posterior communicating artery; PHASES, population, hypertension, age, size, earlier subarachnoid hemorrhage, site; SAH, subarachnoid hemorrhage.
a Values based on fewer than 3 observations are suppressed in accordance with Finnish data protection law.
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Utility of Risk Scores in Predicting the Instability of 
Unruptured Aneurysms
Of the 519 UIAs with radiological follow-up of over 3 months, 

71 (14%) demonstrated instability (52 growth, 19 rupture). In 
ROC analyses (Figure 1), ELAPSS and triple-S scores demon-
strated the best discrimination for UIA instability: area under the 
curve (AUC) 0.78 (95% CI 0.71-0.85) and 0.79 (0.72-0.85), 
respectively.

Calibration curves (Supplemental Digital Content 1, http:// 
links.lww.com/NEU/F489) indicated best overall calibration for 
ELAPSS (mean absolute error 0.015). PHASES score also showed 
good calibration across the full probability spectrum (mean ab-
solute error 0.019). PHASES, ELAPSS, and triple-S tended to 
underestimate instability risk in the probability range of 20% to 
50%. The Juvela score showed miscalibration: underestimating 
risk at <15% and overestimating at 20% to 30%, with loss of 
discrimination at higher probabilities.
DCA (Figure 2) demonstrated that ELAPSS and triple-S 

provided the greatest net benefit across the clinically relevant 
threshold probability range of 6% to 20%, outperforming both 
baseline strategies (treat all or treat none). The PHASES model 
showed relatively stable net benefit across the threshold range. 
At low thresholds (<7.5%), it did not provide additional benefit 
compared with baseline strategies. The Juvela score demon-
strated minimal or no net benefit across the evaluated 
thresholds.
The distribution of significant variables in the model devel-

opment cohorts and in our cohort are provided in Supplemental 
Digital Content 1, http://links.lww.com/NEU/F489.

DISCUSSION

In this study, we first analyzed a cohort of ruptured IAs. 
Retrospective evaluation of risk model accuracy in ruptured IAs 
provides a practical test of sensitivity. A score that fails to classify 
ruptured IAs as high risk is unlikely to identify rupture-prone 
aneurysms during surveillance. The conceptual model (Supple-
mental Digital Content 1, http://links.lww.com/NEU/F489) 
illustrates this mismatch between the true rupture risk and static 
risk estimates. In our Finnish cohort, the PHASES score classified 
99.7% of ruptured aneurysms as intermediate or high risk. 
However, when population points were excluded, 39.0% were 
classified as low or very low risk, indicating that this sensitivity is 
substantially dependent on population-specific weighting. Per-
formance may differ in populations with a lower baseline rupture 
risk. The ELAPSS score also showed good sensitivity, with only 
1% of ruptured aneurysms classified as low risk, though this 
increased to 16% when population points were excluded. By 
contrast, 19% of ruptured aneurysms were classified as low risk by 
triple-S or Juvela scores, indicating that low scores in these models 
should not be used as strict exclusion criteria for preventive 
treatment.
These findings are consistent with results from our con-

servatively managed UIA cohort, in which all scores showed 
poor positive predictive value for identifying unstable aneu-
rysms. The negative predictive values for ELAPSS and triple-S 
scores were high, suggesting that UIAs selected for conser-
vative management by experienced clinicians, and with low 
ELAPSS and triple-S scores, have indeed a low risk of growth 
or rupture.

TABLE 3. The Sensitivity, Specificity, NPV, and PPV of Risk Models

Growth

Sensitivity 95% CI Specificity 95% CI

PHASES 38.5% (20/52) 25.3-53.0 86.8% (389/448) 83.3-89.8

ELAPSS 73.1% (38/52) 59.0-84.4 55.6% (249/448) 50.8-60.2

Triple-S 80.8% (42/52) 67.5-90.4 46.0% (206/448) 41.3-50.7

Juvela 13.5% (7/52) 5.6-25.8 86.8% (389/448) 83.3-89.8

NPV PPV

PHASES 92.4% (389/421) 89.4-94.7 25.3% (20/79) 16.2-36.4

ELAPSS 94.7% (249/263) 91.2-97.1 16.0% (38/237) 11.6-21.3

Triple-S 95.4% (206/216) 91.7-97.8 14.8% (42/284) 10.9-19.5

Juvela 89.6% (389/434) 86.4-92.3 10.6% (7/66) 4.4-20.6

Rupture

Sensitivity 95% CI Specificity 95% CI

PHASES 86.2% (25/29) 68.3-96.1 71.9% (754/1049) 69.1-74.6

ELAPSS 93.1% (27/29) 77.2-99.2 35.7% (375/1049) 32.8-38.7

Triple-S 86.2% (25/29) 68.3-96.1 38.3% (402/1049) 35.4-41.3

Juvela 34.5% (10/29) 17.9-54.3 81.4% (854/1049) 78.9-83.7

NPV PPV

PHASES 99.5% (754/758) 98.7-99.9 7.8% (25/320) 5.1-11.3

ELAPSS 99.5% (375/377) 98.1-99.9 3.9% (27/701) 2.6-5.6

Triple-S 99.0% (402/406) 97.5-99.7 3.7% (25/672) 2.4-5.4

Juvela 97.8% (854/873) 96.6-98.7 4.9% (10/205) 2.4-8.8

ELAPSS, earlier subarachnoid hemorrhage, location, age, population, size, shape; NPV, 
negative predictive value; PHASES, population, hypertension, age, size, earlier sub-
arachnoid hemorrhage, site; PPV, positive predictive value.
The cutoff values used were ≥11 points for PHASES score, ≥15 points for ELAPSS score, 
>4% for triple-S score, and ≥5 points for the Juvela score. CIs were calculated using the 
Clopper-Pearson exact method. Of note, our follow-up cohort for aneurysms that 
presented without rupture at baseline is highly selected for aneurysms deemed to 
have a very low risk of rupture by the treating clinician. Consequently, the PPV and NPV 
values reported in this table for each of the scores should be interpreted as repre-
senting the PPV and NPV when the score is applied to estimate the risk of rupture in 
low-risk aneurysms.
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Utility of Risk Scores in Clinical Decision Making
Aneurysm growth is associated with an approximately 10-fold 

risk of subsequent rupture, 10 supporting the use of growth and

rupture as a composite end point as both clinical end points 
indicate an aneurysm at increased risk of rupture warranting 
consideration for prophylactic treatment. Moreover, as observed

FIGURE 1. Areas under ROC curve of PHASES and ELAPSS scores for unruptured intracranial aneurysm instability (upper) 
and areas under ROC curve of triple-S and Juvela scores for unruptured intracranial aneurysm instability (lower). The area 
under the curve for PHASES score was 0.72 (95% CI 0.65-0.79), 0.78 (95% CI 0.71-0.85) for ELAPSS score, 0.79 (95% CI 
0.72-0.85) for triple-S score, and 0.66 (95% CI 0.59-0.73) for Juvela score. ELAPSS, earlier subarachnoid hemorrhage, 
location, age, population, size, shape; PHASES, population, hypertension, age, size, earlier subarachnoid hemorrhage, site; 
ROC, receiver operating characteristic.
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growth during follow-up led to preventive treatment in most cases 
in our cohort, a composite end point captures aneurysms removed 
from the at-risk population before rupture could occur, thereby 
reducing the impact of informative censoring that would affect a 
rupture-only end point. In the conservatively managed cohort, 
ELAPSS and triple-S demonstrated the best discrimination for 
this end point. As 73% of the instability events were growth, this 
likely reflects end point–model alignment as ELAPSS was de-
veloped to predict growth, 14 and triple-S includes variables in-
dependently associated with growth (size and shape). 14,15 Growth 
and rupture represent distinct points on a clinical trajectory, and 
performance on the composite instability end point should not be 
interpreted as directly informative of rupture risk alone.
The positive predictive value of all models remained low and 

negative predictive values high. In the DCA analysis, PHASES, 
ELAPSS, and triple-S improved net benefit across clinically rel-
evant risk thresholds, whereas the Juvela score added no benefit.

How to Improve Our Risk Assessment Scores?
In this study, ELAPSS and triple-S model performed best in 

identifying high-risk UIAs, likely because they account for

aneurysm shape, 14 which was among the strongest predictors of 
instability in our cohort. However, ELAPSS does not include 
well-established risk factors such as smoking or hypertension, as 
data on smoking were inconsistently collected in the original 
cohorts. 14 Variability in smoking behavior and exposure also 
complicates its modelling, which may partly explain discrepancies 
between our findings and previous literature on its impact on 
aneurysm stability. 24-26

When analyzing the impact of the population category on the 
performance of PHASES and ELAPSS scores, our results sug-
gested that Finnish ethnicity is a strong risk factor for rupture. 
When population points were removed, our results paralleled 
those by Lognon et al 19 and Sturiale et al, 20 in which roughly half 
of ruptured aneurysms were classified as low risk by PHASES. 
However, whether Finnish patients truly have a higher rupture 
risk than other European populations remain uncertain.
Current scoring systems based solely on fixed risk factors may 

be insufficient for cerebral aneurysms, a disease influenced by 
multiple interacting determinants whose relevance can change 
over time. Aneurysm progression is not necessarily linear: An 
aneurysm that is rupture-prone at one stage may later become 
stable. 27,28 More accurate prediction will likely require dynamic

FIGURE 2. The decision curve analyses of PHASES, ELAPSS, triple-S, and Juvela models. The cutoff points used
were ≥11 points for PHASES score, ≥15 points for ELAPSS score, >4% for triple-S score, and ≥5 points for Juvela
score. The gray line represents the strategy of treating all aneurysms and black line represents treating none. A model
is clinically useful at thresholds where its net benefit exceeds both default strategies. The red line represents the
theoretical performance of a perfect model (100% sensitivity, 100% specificity), equal to the observed event rate 
(71/519 = 0.14). The threshold probability reflects the minimum risk of instability at which a clinician would 
consider prophylactic treatment. ELAPSS, earlier subarachnoid hemorrhage, location, age, population, size, shape; 
PHASES, population, hypertension, age, size, earlier subarachnoid hemorrhage, site.
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models capturing disease trajectories, for example, through large 
data sets and machine-learning approaches. In addition, 
population-level differences in rupture risk should be identified 
and incorporated into future scoring systems.

Strengths and Limitations of the Study
A strength of this study is the comprehensive population 

coverage. In Finland, all neurosurgical interventions are centralized to 
university hospitals within defined catchment areas. Thus, all UIA 
patients in the TAUH region are referred to TAUH, including those 
presenting with SAH. The nationwide cause-of-death registry search 
for all patients with UIAs who died during the study period enabled 
the identification of fatal SAHs occurring outside the catchment area. 
Finnish law requires that cause of death is determined by diagnostic 
workup or autopsy in case the death is unexpected, 29 strengthening 
the reliability of our outcome data.
A limitation is that our data may be missing cases in which a 

ruptured aneurysm was treated in another university hospital 
without being referred to TAUH for postoperative care or 
rehabilitation. Owing to the ethical considerations, studies 
without treatment selection bias are not feasible; UIAs con-
sidered high risk are treated after diagnosis. Thus, this cohort 
consisted of (1) UIAs thought to have a low risk of rupture, (2) 
patients with prohibitive comorbidities, or (3) patients refusing 
treatment. This limitation might also be considered a strength, 
as our cohort represents the population in which management 
remains most uncertain. However, model performance metrics 
should be interpreted in this context: The low positive pre-
dictive value may reflect the exclusion of high-risk aneurysms 
through treatment at baseline, whereas high negative predictive 
values are expected in a cohort preselected for conservative
management. 
Second, imaging follow-up was available for 48% of conser-

vatively managed aneurysms, and composite instability end point 
was necessarily restricted to this subcohort, as growth cannot be 
assessed without imaging. Baseline differences between followed 
and nonfollowed aneurysms are detailed in the Supplemental 
Digital Content 1, http://links.lww.com/NEU/F489. Aneu-
rysms without imaging follow-up were larger, patients were older, 
and risk model scores were significantly higher in the nonfollowed 
group across all 4 models, suggesting that exclusion from sur-
veillance was primarily driven by patient-related factors such as 
age and comorbidities. Patients with imaging surveillance more 
frequently had history of SAH and were smokers, indicating that 
clinical risk factors also influenced the decision to pursue active 
surveillance. As morphologically higher-risk aneurysms are sys-
tematically underrepresented in the imaging follow-up subcohort, 
discrimination estimates may be conservative. Rupture ascer-
tainment, however, was not subject to this limitation: As outlined 
above, centralized neurosurgical care and a nationwide cause-of-
death registry search ensured near-complete capture of SAHs 
regardless of imaging surveillance status.

Third, imaging follow-up was performed with different 
modalities (computed tomography angiography, magnetic 
resonance angiography, or digital subtraction angiography), 
which may introduce variation in size measurements. In most 
cases (72%), growth was detected with the same modality. In 7 
cases, the growth was identified on noncontrast CT and in one 
case on noncontrast MRI. These aneurysms were large and 
usually calcified, with clearly delineated borders, allowing 
reliable visual assessment of growth on noncontrast imaging. 
Examples of aneurysm growth detected on CT or MRI are 
provided in Supplemental Digital Content 1, http://links. 
lww.com/NEU/F489. To minimize bias, IA size was measured 
on a scale of 0.1 mm, and growth was defined as a difference of 
1.0 mm in size.
Fourth, 10 UIAs were diagnosed between 2002 and 2004 but 

admitted to TAUH after 2005. These UIAs were included, as 
high-quality imaging and clinical data were available. Finally, this 
study used risk models originally designed for purposes other than 
predicting IA instability, differing both in their intended end 
point and in their specified prediction horizon. The triple-S 
model, for example, was developed to identify IAs that rupture 
after documented growth, 15 and its variables may therefore reflect 
instability risk more broadly even when applied outside its original 
derivation framework. Accordingly, the primary analyses should 
be interpreted as a pragmatic evaluation of how these scores 
perform when applied to a composite instability end point over 
observed follow-up, rather than as formal validation within each 
score’s original derivation framework. Horizon-specific discrim-
ination using time-dependent ROC analysis showed that triple-S 
demonstrated the highest discrimination at 2 years (AUC 0.89 
[95% CI 0.81-0.97]), whereas ELAPSS showed an AUC of 0.79 
at 5 years (Supplemental Digital Content 1, http://links.lww. 
com/NEU/F489). Furthermore, discrimination declined over 
time for all models, consistent with the inherent limitation of 
static risk scores in predicting a dynamic disease process.

CONCLUSIONS

The PHASES, ELAPSS, and triple-S risk models were useful in 
assessing IA instability in our Finnish cohort. PHASES dem-
onstrated the highest sensitivity in the ruptured aneurysm cohort, 
classifying only a small proportion of ruptured aneurysms as low 
risk. However, this finding is substantially dependent on 
population-specific weighting. In the conservatively managed 
cohort, ELAPSS and triple-S showed the highest sensitivity for the 
composite instability end point. As 73% of instability events were 
growth, the performance of ELAPSS likely reflects end point– 
model alignment. Although these models can assist clinical de-
cision making, only a small proportion of IAs classified in high-
risk categories grow or rupture during a median follow-up of 
3.4 years, potentially leading to overtreatment.
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estimated at each score’s intended prediction horizons (ELAPSS and PHASES: 
5 years; triple-S: 2 years; Juvela: 10 years) using cumulative/dynamic definitions of 
cases and controls. AUC with 95% CIs: PHASES 5-year [0.65 (0.54-0.77)]; 
ELAPSS 5-year [0.79 (0.70-0.89)]; Triple-S 2-year [0.89 (0.81-0.97)]; Juvela 10-
year [0.64 (0.52-0.75)]. Analyses assume noninformative censoring. Figure 5. 
Time-dependent AUCs as a function of follow-up time. AUC(t) was estimated at 
intervals of 0.5 years from 0.5 to 10 years for each risk score using cumulative/ 
dynamic definitions of cases and controls. All models showed declining dis-
crimination over time. Analyses assume noninformative censoring. Figure 6. 
Conceptual illustration of the mismatch between dynamic rupture risk and static 
risk score estimates. The hypothetical true biological risk trajectory (solid line) is 
depicted as a nonlinear function to illustrate how rupture risk may vary over time

due to cumulative structural, inflammatory, and hemodynamic changes. This 
trajectory is not derived from empirical data but represents a biologically plausible 
disease course for illustrative purposes. Static risk score (dashed line) remains 
unchanged unless new information is incorporated into a model. Vertical lines 
mark diagnosis, the detection of new risk factors, and rupture. Figure 7. 
Representative illustrative examples of aneurysm growth detected on non-
contrast CT. (A) Baseline MRA demonstrating an internal carotid artery an-
eurysm. (B) Follow-up noncontrast CT illustrating visually detectable aneurysm 

growth. (C) Baseline CTA demonstrating an anterior communicating artery 
aneurysm. (D) Follow-up noncontrast CT illustrating visually detectable an-
eurysm growth.
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