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A B S T R A C T

Background: The rising detection of small unruptured intracranial aneurysms (sUIAs) poses a clinical challenge, 
requiring careful consideration between the low but real risk of rupture and the potential morbidity of inter-
vention. Reported rupture rates vary widely across studies, influenced by heterogeneity in design, patient se-
lection, aneurysm location, and follow-up duration. This study assessed how aneurysm location and follow-up 
length affect rupture rates in untreated sUIAs.
Methods: A systematic review and meta-analysis were conducted in line with PRISMA guidelines and registered 
with PROSPERO (CRD42024601692). Four databases (EMBASE, Ovid MEDLINE, EMCARE, Scopus) were 
searched for studies from January 2000 onwards reporting longitudinal outcomes for ≥20 untreated sUIAs ≤ 5 
mm. The primary outcome was the pooled rupture rate, stratified by location and follow-up duration. Secondary 
analysis examined aneurysm growth. A random-effects model was used for meta-analysis, with heterogeneity 
assessed using the I2 statistic. Sensitivity analyses evaluated the robustness of findings.
Results: From 10,694 screened records, 28 studies met inclusion criteria, encompassing 10,495 untreated sUIAs 
≤ 5 mm. Over a mean follow-up of 38 months, 97 aneurysms ruptured, yielding a pooled rupture rate of 0.8 % 
(95 % CI, 0.6–1.2). Rupture risk did not significantly differ by location (p = 0.31): 1.1 % for middle cerebral 
artery, 3.9 % for anterior cerebral artery, and 0.3 % for para-ophthalmic artery aneurysms. Rupture rates 
remained consistent across follow-up durations (p = 0.53): 0.8 % for <20 months, 0.8 % for 20–40 months, and 
1.2 % for >40 months. Although aneurysm growth appeared more frequent with longer follow-up, this was not 
statistically significant (p = 0.64).
Conclusion: This updated meta-analysis, incorporating novel subgroup analyses by location and follow-up 
duration, confirms that rupture risk for sUIAs ≤ 5 mm remains low (<1%) over an average 38-month period. 
However, limited long-term data restrict accurate risk estimation beyond this timeframe, and underreporting of 
aneurysm location impairs site-specific risk assessment. The trend towards greater aneurysm growth with 
extended follow-up underscores the importance of continued surveillance.

1. Introduction

Decisions surrounding the management of incidental small unrup-
tured intracranial aneurysms (sUIAs) are inherently complex, posing a 

clinical challenge in balancing their low but non-negligible rupture risk 
against the morbidity associated with intervention [1–5]. Traditional 
models, such as the PHASES score, primarily emphasise aneurysm size as 
the key determinate of rupture risk [6]. The ISUIA study suggested a 0 % 
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rupture risk for anterior circulation aneurysms smaller than 7 mm in 
patients without a prior subarachnoid haemorrhage, thereby supporting 
conservative management for such lesions [7].

However, emerging evidence questions the validity of a size-based 
treatment paradigm. Small aneurysms (≤5 mm) are implicated in up 
to 51 % of aneurysmal subarachnoid haemorrhages (aSAH), challenging 
the assumption of benignity for these lesions [2,8–10]. Furthermore, 
aneurysm size does not correlate with the severity of clinical outcomes, 
indicating that size alone is not an adequate predictor of rupture risk 
[11]. This paradox underscores the need for comprehensive under-
standing of aneurysm risk factors and contributors to reported rupture 
risk.

Recent studies suggest that factors such as aneurysm location, 
morphology, prior subarachnoid haemorrhage, and patient-specific 
characteristics significantly influence rupture risk [12,13]. However, 
inconsistent reporting of aneurysm characteristics, especially location 
and morphology, limits the development of reliable rupture-risk algo-
rithms. Anteriorly located aneurysms, for example, rupture at smaller 
sizes, reinforcing the need for location-specific risk analysis [8]. Vari-
ability in follow-up duration further complicate rupture risk estimates, 
with short term studies potentially underestimating risk, as evidenced 
by the only long-term study on unruptured intracranial aneurysms, 
which reported one of the highest rupture risks in the literature [14]. 
The lack of long-term data limits evidence-based guidance on optimal 
follow-up duration and cumulative rupture risk [13].

Previous meta-analyses have sought to quantify rupture risk of sUIAs, 
but their methodological heterogeneity and lack of long-term follow-up 
have hindered generalizability [6,12,15]. Consequently, the natural 
history of sUIAs remains poorly defined. This study aims to address these 
gaps by systematically evaluating the rupture risk of sUIAs ≤ 5 mm, 
stratified by aneurysm location and follow-up duration, with secondary 
analyses focusing on aneurysm growth over time.

2. Methods

2.1. Search strategy

This systematic review was prospectively registered with PROSPERO 
(CRD42024601692) and conducted in accordance with the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines [16]. A comprehensive search of EMBASE, Ovid MEDLINE, 
EMCARE, and Scopus was performed on October 16, 2024, to identify 
studies published between January 2000 and October 2024 that re-
ported on the natural history of conservatively managed small unrup-
tured intracranial aneurysms. The search strategy is available in the 
supplementary material. Reference lists and citations of included studies 
were manually screened to identify additional eligible articles. All re-
cords were uploaded to Covidence for systematic screening, with two 
independent reviewers (LD and CR) assessing study eligibility. Dis-
crepancies were resolved through discussion with the senior author (LL).

2.2. Selection and eligibility

Studies were included if they investigated the natural history of 
sUIAs measuring ≤5 mm and reported on at least 20 aneurysms. This 
threshold was implemented to reduce the risk of exaggerated or unstable 
effect estimates commonly associated with small sample sizes and to 
improve the precision and generalizability of pooled results. Eligible 
study designs included randomized and non-randomized control trials, 
prospective and retrospective cohort studies, and case-control studies. 
Studies were excluded if they did not explicitly report the number of 
aneurysms ≤5 mm, were published before 2000, were non-English, or 
focused exclusively on specific conditions such as Moyamoya disease. 
Abstracts, case reports, conference proceedings, editorials, and review 
articles were also excluded to minimise publication bias. In cases of 
overlapping datasets, the study providing the most comprehensive and 

detailed data was selected to avoid unit-of-analysis errors and ensure 
accurate representation in pooled analyses.

2.3. Data extraction and risk of bias assessment

Two independent reviewers (LD and CR) extracted data using a pre- 
specified standardized datasheet, ensuring accuracy and consistency 
through cross-verification. Extracted variables included study author, 
publication year, study period, country of origin, inclusion and exclu-
sion criteria, total number of patients and aneurysms, mean age, sex 
distribution, presence of multiple aneurysms, prior subarachnoid hae-
morrhage (SAH), aneurysm location, mean follow-up duration, number 
of patients lost to follow-up, total ruptures, time to rupture and aneu-
rysm growth.

The methodological quality of observational studies was assessed 
using the Newcastle-Ottawa Scale (NOS), evaluating selection bias, 
comparability, and outcome assessment. Studies were assigned scores 
from 0 to 9, with scores below 5 indicating a high risk of bias. For 
randomised studies, Cochrane Risk of Bias (RoB 2) tool was applied, 
while the Risk of Bias In Non-randomized Studies (ROBINS 1) tool was 
used for non-randomized studies to provide an overall risk assessment.

Quality assessments were independently conducted by two reviewers 
based on pre-defined acceptability criteria for each tool. Discrepancies 
were resolved through discussion, and if consensus could not be 
reached, a third senior reviewer adjudicated the final decision to mini-
mise subjective bias. To further assess the robustness of the findings, a 
sensitivity analysis was performed to evaluate the impact of study 
exclusion on pooled results, providing insight into the influence of study 
quality on overall conclusions.

2.4. Outcome

The primary outcome was the rupture rate of small aneurysms, 
stratified by anatomical location and follow up duration. Follow-up time 
was evaluated both as a continuous and categorical variable. Meta- 
regression was performed to assess follow-up duration as a continuous 
moderator of rupture risk. For categorical analysis, studies were grouped 
into three retrospectively defined follow-up intervals to ensure balanced 
distribution across clinically relevant timeframes. Rupture rates were 
further stratified by anatomical location within pre-specified categories, 
including the anterior communicating artery, middle cerebral artery, 
and posterior circulation. The secondary outcome was aneurysm 
growth, assessed in relation to follow-up duration. For studies reporting 
rupture rates per patient rather than per aneurysm, aneurysm counts 
were estimated based on the proportion of multiple aneurysms within 
each cohort. Aneurysms were classified according to their initial size, 
and when follow-up data specific to aneurysms measuring 5 mm or less 
were not available, cohort-level follow-up duration was used.

2.5. Study selection

Following the removal of duplicates, the search strategy identified 
10,694 studies. After title and abstract screening, 200 articles underwent 
full-text review, of which 28 met the inclusion criteria. The study se-
lection process and reasons for exclusion are detailed in Fig. 1.

2.6. Statistical analysis

Rupture rates were expressed as ruptures per 100 aneurysms or 
percentages. Data synthesis was performed using a random-effects 
generalized linear model with logit transformation, applying 
maximum-likelihood estimation to quantify between-study variance 
(τ2). A random effects model was chosen due to the variability, both of 
patient and aneurysm factors, which likely underscore the rupture and 
growth rate of aneurysms ≤5 mm. Confidence intervals were calculated 
using the Wilson method to ensure robust interval estimation.
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Heterogeneity across studies was assessed with the I2 statistic, with 
thresholds of low (<25 %), moderate (25–50 %), and high (>50 %) 
heterogeneity. When heterogeneity was high, both qualitative and 
quantitative analyses were conducted. Sensitivity analyses were per-
formed to assess the influence of individual studies on pooled estimates, 
evaluating the impact of leave-one-out analysis on effect size and het-
erogeneity. Due to the absence of raw patient-level data, meta-regression 
to adjust for potential confounders was not conducted. All statistical 
analyses were conducted using R (version 4.3.3, February 2024). A two- 
sided significance threshold of p < 0.05 was applied for all tests.

3. Results

3.1. Study characteristics

The characteristics of the 28 included studies are summarised in 

Table 1. These studies encompassed diverse populations across multiple 
geographic regions, with most (n = 17) being retrospective in design. All 
were observational studies except for two clinical trials that evaluated 
the impact of mineralocorticoid blockers [17] and statins [18] on 
rupture risk of sUIAs. The study period ranged from 1976 to 2022, with 
16 studies published within the last decade.

A total of 10,495 sUIAs ≤ 5 mm were identified. However, de-
mographic and clinical characteristics specific to small aneurysms were 
inconsistently reported. Across a broader cohort of 11,920 patients, 
including those with aneurysms larger than 5 mm, the mean age was 
57.4 years. A prior subarachnoid haemorrhage was reported in 5.6 % 
(617/10828) of cases, while 22.1 % (2340/10599) had multiple 
aneurysms.

Fig. 1. PRISMA flowchart of study inclusion pathway.
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Table 1 
Characteristics of included studies and distribution of aneurysm sizes.

Author, Year Patients 
(n)

Female 
(%)

Total 
Aneurysms

No. of Aneurysms ≤5 mm 
(%)

Mean Age 
(years)

Mean/Median Follow Up reported 
(months)

NOS total

Tsutsumi 2000 (1) 62 33 (53) 83 66 (80) 70.8 51.6 6
Matsubara 2004 

(2)
140 96 (69) 166 125 (75) 62.8 17.7 7

Tsukahara 2005 (3) 181 NR 209 107 (51) NR NR 5
Wermer 2006 (4) 93 70 (75) 125 125 (100) 51 19.2 6
Broderick 2009 (5) 113 75 (66) 148 94 (75) 51.4 NR 6
Sonobe 2010 (6) 374 238 (64) 448 448 (100) 61.9 42.5 8
So 2010 (7) 208 154 (74) 285 213 (75) 51.1 21.8 7
Irazabal 2011(8) 38 23 (61) 45 34 (76) NR 94.8 6
Morita 2012 (9) 2998 2480 (68) 3647 2000 (55) 65 20.9 7
Guresir 2013 (10) 263 204 (78) 384 284 (74) 55 48.5 6
Ishibashi 2013 (11) 603 527 (87) 741 534 (72) NR 23.08 7
Matsumoto 2013 

(12)
111 65 (59) 136 79 (58) 65 NR 7

Bor 2014 (13) 363 NR 468 269 (57) NR 25.2 5
Jeon 2014 (14) 524 410 (78) 568 568 (100) 59.4 35.4 6
Serrone 2016 (15) 192 152 (79) 234 48 (21) 61.1 38.4 8
Murayama 2016 

(16)
1556 1334 (86) 1960 1717 (88) 66 46.2 8

Nagahiro 2018 
(17)

80 59 (74) 88 62 (70) 68 21.3 Moderate risk of 
bias 
(ROBINS I)

Molenberg 2019 
(18)

206 153 (74) 267 186 (70) NR 12.0 6

Chien 2020 (19) 382 315 (82) 520 361 (69) 61.8 32.7 6
Huang 2020 (20) 193 144 (75) 255 136 (53) NR 58.2 7
Yoshida 2021 (21) 209 133 (64) 247 247 (100) NR 36 6
Weng 2021 (22) 1866 820 (44) 1866 1732 (93) 61.9 NR Some concerns 

(RoB 2)
Kwon 2021 (23) 147 58 (39) 169 93 (55) 54 54.0 8
Aubertin 2022 (24) 536 469 (88) 662 396 (60) 55.7 51.3 8
Wojtowicz 2023 

(25)
64 40 (63) 64 49 (77) NR 71.5 7

Spencer 2023 (26) 274 208 (76) 445 324 (73) 54.8 75.0 8
Villamizar 2024 

(27)
112 NR 150 150 (100) NR NR 6

Khatri 2024 (28) 32 15 (47) 49 48 (98) 14.69 61.0 4

NR; Not Reported, NOS; Newcastle-Ottawa Score, ROBINS; Risk of Bias In Non-randomized Studies, RoB 2; Risk of Bias 2.
Above values relate to all untreated aneurysms of included papers, not always specific to small aneurysms (≤5mm).
1. Tsutsumi K, Ueki K, Morita A, Kirino T. Risk of rupture from incidental cerebral aneurysms. J Neurosurg. 2000;93(4):550-3.
2. Matsubara S, Hadeishi H, Suzuki A, Yasui N, Nishimura H. Incidence and risk factors for the growth of unruptured cerebral aneurysms: Observation using serial 
computerized tomography angiography. J Neurosurg. 2004;101(6):908-14.
3. Tsukahara T, Murakami N, Sakurai Y, Yonekura M, Takahashi T, Inoue T, et al. Treatment of unruptured cerebral aneurysms; A multi-center study at Japanese 
national hospitals. Acta Neurochir Suppl. 2005(94):77-85.
4. Wermer MJH, van der Schaaf IC, Velthuis BK, Majoie CB, Albrecht KW, Rinkel GJE. Yield of Short-Term Follow-up CT/MR Angiography for Small Aneurysms 
Detected at Screening. Stroke. 2006;37(2):414-8.
5. Broderick JP, Brown RD, Sauerbeck L, Hornung R, Huston J, Woo D, et al. Greater rupture risk for familial as compared to sporadic unruptured intracranial an-
eurysms. Stroke. 2009;40(6):1952-7.
6. Sonobe M, Yamazaki T, Yonekura M, Kikuchi H. Small unruptured intracranial aneurysm verification study: SUAVe study, Japan. Stroke. 2010;41(9):1969-77.
7. So TY, Dowling R, Mitchell PJ, Laidlaw J, Yan B. Risk of growth in unruptured intracranial aneurysms: A retrospective analysis. J Clin Neurosci. 2010;17(1):29-33.
8. Irazabal MV, Huston Iii J, Kubly V, Rossetti S, Sundsbak JL, Hogan MC, et al. Extended follow-up of unruptured intracranialaneurysms detected by presymptomatic 
screening inpatients with autosomal dominant polycystickidney disease. Clin J Am Soc Nephrol. 2011;6(6):1274-85.
9. Morita A, Kirino T, Hashi K, Aoki N, Fukuhara S, Hashimoto N, et al. The natural course of unruptured cerebral aneurysms in a Japanese cohort. New Engl J Med. 
2012;366(26):2474-82.
10. Güresir E, Vatter H, Schuss P, Platz J, Konczalla J, Du Mesnil De Rochement R, et al. Natural history of small unruptured anterior circulation aneurysms: A 
prospective cohort study. Stroke. 2013;44(11):3027-31.
11. Ishibashi T, Murayama Y, Saguchi T, Ebara M, Arakawa H, Irie K, et al. Justification of unruptured intracranial aneurysm repair: A single-center experience. Am J 
Neuroradiol. 2013;34(8):1600-5.
12. Matsumoto K, Oshino S, Sasaki M, Tsuruzono K, Taketsuna S, Yoshimine T. Incidence of growth and rupture of unruptured intracranial aneurysms followed by 
serial MRA. Acta Neurochir. 2013;155(2):211-6.
13. Bor ASE, Groenestege ATT, terBrugge KG, Agid R, Velthuis BK, Rinkel GJE, et al. Clinical, Radiological, and Flow-Related Risk Factors for Growth of Untreated, 
Unruptured Intracranial Aneurysms. Stroke. 2014((Bor) From the Department of Neurology and Neurosurgery, Brain Center Rudolf Magnus, University Medical Center 
Utrecht, Utrecht, The Netherlands (A.S.E.B., A.T.T.G., G.J.E.R.); Division of Neuroradiology, Department of Medical Imaging, Toronto Western Hos).
14. Jeon JS, Ahn JH, Huh W, Son YJ, Bang JS, Kang HS, et al. A retrospective analysis on the natural history of incidental small paraclinoid unruptured aneurysm. J 
Neurol Neurosurg Psychiatry. 2014;85(3):289-94.
15. Serrone JC, Tackla RD, Gozal YM, Hanseman DJ, Gogela SL, Vuong SM, et al. Aneurysm growth and de novo aneurysms during aneurysm surveillance. J Neurosurg. 
2016;125(6):1374-82.
16. Murayama Y, Takao H, Ishibashi T, Saguchi T, Ebara M, Yuki I, et al. Risk Analysis of Unruptured Intracranial Aneurysms: Prospective 10-Year Cohort Study. 
Stroke. 2016;47(2):365-71.
17. Nagahiro S, Tada Y, Satomi J, Kinouchi T, Kuwayama K, Yagi K, et al. Treatment of Unruptured Cerebral Aneurysms with the Mineralocorticoid Receptor Blocker 
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3.2. Quality assessment

The quality of the included studies is summarised in Table 1. Among 
observational studies, the mean NOS score was 6.5 (range: 4–8). Three 
studies were classified as fair-quality, with the remainder considered 
high-quality. However, none achieved the maximum score of 9, as no 
study had a follow-up period exceeding 12 years. The two randomized 
studies were assessed as having moderate bias, both with follow up 
durations of less than 12 years.

Fig. 2 illustrates the distribution of population size and follow up 
duration across included studies. Ten studies [19–28] did not report 
mean follow-up duration, though seven provided median follow-up 
times ranging from 12 months to 75 months. Four studies 
[20,24,27,28] did not report any follow-up duration. For subgroup 
analysis, studies reporting a mean follow-up length were categorised 
into three groups: less than 20 months, 20 to 40 months, and greater 
than 40 months. The shortest reported mean follow-up was 17.7 months 
[29]. The longest was 94.8 months (7.9 years), reported by Irazabal et al. 
[30], in a study evaluating 34 small aneurysms in patients with poly-
cystic kidney disease.

3.3. Data synthesis

3.3.1. Rupture and growth rate
Across the 28 studies, 97 ruptures were reported among 10,495 

untreated UIAs measuring ≤5 mm, resulting in a pooled rupture rate of 
0.8 % (95 % CI: 0.6–1.2) over a mean follow-up period of 38.4 months 
(Fig. 3). Heterogeneity across studies was low (I2 = 0 %, p = 0.8), 
indicating consistency in reported rupture rates.

Sixteen studies reported growth rates for untreated sUIAs, yielding a 
pooled growth rate of 4.8 % (95 % CI: 2.9–7.9) over a mean follow up 
period of 37.6 months. Heterogeneity was high (I2 = 85 %, p < 0.01), 
indicating substantial variability in reported rates across studies. 
Sensitivity analysis demonstrated that this heterogeneity was not driven 
by a single study (Supplementary material, Fig. 1).

3.3.2. Follow-up duration
The upper panel of Fig. 4 presents rupture rates stratified by follow- 

up duration. Rupture risk was highest in aneurysms followed for more 
than 40 months (1.2 %, 95 % CI: 0.8–1.8), while studies not reporting 
mean follow-up duration recorded the lowest rupture rate of 0.6 % (95 
% CI: 0.2–1.4). Follow-up duration did not significantly influence 
rupture risk in subgroup analysis (p = 0.53), or when assessed as a 

Eplerenone—Pilot Study. J Stroke Cerebrovasc Dis. 2018;27(8):2134-40.
18. Molenberg R, Aalbers MW, Metzemaekers JDM, Mazuri A, Luijckx GJ, Groen RJM, et al. Clinical relevance of short-term follow-up of unruptured intracranial 
aneurysms. Neurosurg Focus. 2019;47(1).
19. Chien A, Callender RA, Yokota H, Salamon N, Colby GP, Wang AC, et al. Unruptured intracranial aneurysm growth trajectory: Occurrence and rate of enlargement 
in 520 longitudinally followed cases. J Neurosurg. 2020;132(4):1077-87.
20. Huang H, O’Neill AH, Chandra RV, Lai LT. Asymptomatic Intracranial Aneurysms in the Elderly: Long-Term Clinical and Radiologic Follow-Up of 193 Consecutive 
Patients. World Neurosurg. 2020;133:e600-e8.
21. Yoshida K, Uwano I, Sasaki M, Takahashi O, Sakai N, Tsuruta W, et al. Small unruptured aneurysm verification-prevention effect against growth of cerebral 
aneurysm study using statin. Neurol Med-Chir. 2021;61(7):442-51.
22. Weng JC, Wang J, Du X, Li H, Jiao YM, Fu WL, et al. Safety of Aspirin Use in Patients With Stroke and Small Unruptured Aneurysms. Neurology. 2021;96(1):E19- 
E29.
23. Kwon HM, Jun IG, Kim KS, Moon YJ, Huh IY, Lee J, et al. Rupture risk of intracranial aneurysm and prediction of hemorrhagic stroke after liver transplant. Brain 
Sci. 2021;11(4).
24. Aubertin M, Jourdaine C, Thépenier C, Labeyrie MA, Civelli V, Saint-Maurice JP, et al. Results of watchful waiting of unruptured intracranial aneurysms in a 
Western patient population: a single-center cohort. J Neurointervent Surg. 2022;14(11):1102-6.
25. Wójtowicz K, Przepiorka L, Kujawski S, Marchel A, Kunert P. Unruptured Anterior Communicating Artery Aneurysms: Management Strategy and Results of a 
Single-Center Experience. J Clin Med. 2023;12(14).
26. Spencer RJ, St George EJ. Unruptured untreated intracranial aneurysms: a retrospective analysis of outcomes of 445 aneurysms managed conservatively. Br J 
Neurosurg. 2023;37(6):1643-51.
27. Villamizar AB, Estévez MF, Vargas O, Ferreira CA, Mejia JA, Cardona JD, et al. A multicenter study of the efficacy and safety of treatments (endovascular or 
conservative) in small intracranial aneurysms in Colombia. Intervent Neuroradiol. 2024.
28. Khatri D, Zampolin R, Fortunel A, Lee SK. Unruptured intracranial aneurysms in pediatric sickle cell disease: clinical and MR imaging follow-up of 296 patients. 
Journal of neurosurgery Pediatrics. 2024((Khatri, Zampolin, Lee) Departments of1Radiology(Khatri, Fortunel, Lee) 3Neurosurgery, Montefiore Medical Center, Albert 
Einstein College of Medicine, Bronx, NY, United States):1-6.

Fig. 2. Study sample size by length of follow-up.
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continuous variable (p = 0.56).
The lower panel of Fig. 4 illustrates the relationship between aneu-

rysm growth and follow-up duration. Aneurysms monitored for more 
than 40 months exhibited the highest growth rate of 6.6 % (95 % CI; 
0.7–42.1), compared to 2.4 % (95 % CI; 1.1–5.1) in those followed for 
less than 20 months. However, this difference was not statistically sig-
nificant (p = 0.64), and follow-up duration was not a significant 
moderator of growth rate effect size in meta-regression analysis (p =
0.43).

Additionally, rupture and growth rates remained consistent when 
studies were grouped into tertiles based on follow-up duration 
(Supplementary material, Fig. 2).

3.3.3. Anatomical location
Eight studies reported aneurysm location, comprising 1,748 un-

treated sUIAs and 12 documented ruptures. Rupture risk by anatomical 
location is presented in Fig. 5. Aneurysms arising from the anterior ce-
rebral artery exhibited the highest rupture rate of 3.9 % (95 % CI; 
0.4–28.4); however, the wide confidence interval reflects substantial 
uncertainty attributable to limited sample size. Subgroup analysis did 
not demonstrate a statistically significant difference in rupture rates by 
location (p = 0.31), and heterogeneity across location-based subgroups 
was low (I2 = 0 %). Data was insufficient to calculate posterior circu-
lation aneurysm rupture risk. Additionally, no studies reported aneu-
rysm growth rates stratified by anatomical location, precluding further 
analysis in this domain.

4. Discussion

This meta-analysis of 10,495 untreated sUIAs ≤ 5 mm across 28 
studies estimated a pooled rupture risk of 0.82 % (95 % CI: 0.58–1.16) 
over a mean follow-up of 38.4 months. This estimate is comparable to 
the 0.81 %-1.27 % range reported by Chandra et al. [31] over a slightly 
longer follow-up period of 42 months. The inclusion of 11 additional 
studies [17,18,22,23,26–28,32–35], five of which were published after 
the Chandra et al. review, contributed 1694 untreated sUIAs to the 
dataset, further reinforcing the stability of these estimates.

Despite pooled calculations, long-term rupture risk of sUIAs remains 
uncertain. Subgroup analysis by follow-up length likely failed to reveal 
differences in rupture risk as most available data is limited to short-term 
follow-up, averaging 38 months, with small patient populations. Follow- 
up periods rarely exceeded 50 months, inhibiting extrapolation of re-
ported risk to one’s lifetime. This duration is significantly shorter than 
the expected lifespan for patients diagnosed in middle age [36]. Only 
two studies [30,35] in this analysis followed patients for more than five 
years, collectively including 83 aneurysms with no recorded ruptures. 
These findings highlight the gaps of prolonged follow-up in the litera-
ture, and given the rarity of rupture events, future studies will require 
large patient cohorts to yield meaningful and precise conclusions.

The importance of long-term data is underscored by Korja et al. [14], 
who reported an estimated 25 % lifetime rupture risk over 21.6 years for 
aneurysms ≤7 mm, and a median time to rupture of 28.5 years. How-
ever, this estimate may be inflated due to population-specific factors, a 
small sample size, and outdated management practices that historically 
favoured observation over treatment. Given these limitations, stratifying 

Fig. 3. Forest plot of rate of rupture for small unruptured intracranial aneurysms ≤5 mm.
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rupture risk based on follow-up duration remains the most practical 
method for assessing rupture over time. However, the short duration of 
follow-up in this analysis may not be sufficient to demonstrate mean-
ingful differences in rupture risk over time.

Prior meta-analyses suggest an increasing rupture risk with longer 
follow-up. Wermer et al. [12] reported an annual rupture rate of 0.6 % in 
studies with a mean follow-up of 5–10 years, rising to 1.3 % in studies 
exceeding 10 years. In contrast, Juvela et al. [37] observed that over a 
median follow up of 21 years, rupture risk declined with prolonged 
observation, signifying that aneurysm risk may not be linearly propor-
tional to time. Unfortunately, this meta-analysis could not determine 
cumulative risk, as 20 % of recorded aneurysm ruptures lacked follow- 
up data. Additionally, time-to-rupture information was available for 
only 13 of 97 ruptured aneurysms. These findings highlight the scarcity 
of long-term data on sUIAs and emphasise the need for extended follow- 

up to improve risk stratification.
This study observed a trend of increasing aneurysm growth rates 

with longer follow-up. Growth is frequently regarded as a surrogate 
marker for rupture risk, with growing aneurysms demonstrating a 12- 
fold higher rupture risk than stable ones [38]. Matsubara et al. [29] 
reported that aneurysm growth rates accumulate over time, suggesting 
the need for lifelong surveillance of sUIAs. Similarly, Chen et al. [39] 
found that 13.3 % of small aneurysms increased in size over a mean 
follow-up of 36.2 months, with an associated higher risk of rupture. 
However, the predictive value of aneurysm growth remains uncertain, 
as rupture can still occur in stable aneurysms, and growth itself is a 
heterogeneous process influenced by multiple patient- and aneurysm- 
specific factors [40,41].

Selection bias may also contribute to reported growth rates. Clini-
cians often recommend intervention when aneurysm growth is detected, 

Fig. 4. Rupture rate (A) and growth rate (B) of small unruptured intracranial aneurysms ≤5 mm categorised by length of follow up.
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thereby selectively removing higher-risk lesions from observation. Most 
studies censored aneurysms at the time of intervention and rarely pro-
vided data on time to treatment or characteristics of aneurysms under-
going intervention. This may explain why rupture rates in this analysis 
appeared to plateau across different follow-up durations. The potential 
for intervention-related bias in observational studies underscore the 
need for cautious interpretation of rupture and growth data.

Aneurysm location is a well-recognised risk factor for rupture, with 
posterior circulation aneurysms historically associated with higher risk 
[6,7,36,42]. Prior meta-analyses have also suggested a greater likelihood 
of growth in posteriorly located aneurysms [43]. However, the influence 
of location on small unruptured intracranial aneurysms remains less 
clearly defined. Suzuki et al. [44] reported that bifurcation location in 
aneurysms measuring 10 mm or less was associated with a significantly 
increased rupture risk (OR; 5.45, 95 % CI; 1.87–15.85). Carter et al. [45] 
proposed that aneurysm size and location are interdependent, with 
rupture thresholds modulated by local vessel wall thickness and hae-
modynamic stress. This highlights the importance of location and size 
specific risk stratification, for as in contrast to the ISUIA study, anterior 
circulation aneurysms, particularly those in the anterior communicating 
artery, appear to rupture at smaller sizes than other locations [46,47].

Although rupture risk appeared relatively consistent across 
anatomical locations in this meta-analysis, limited data precludes precise 
risk assessment. Only 12 % of reported ruptures could be classified by 
location, and no study provided growth data stratified by anatomical 
site. These gaps are reflected in the wide confidence intervals observed 
in location-based risk estimates, reducing their reliability. While the 
absence of data on posterior circulation aneurysms is a notable limita-
tion, the potentially higher rupture risk in anterior communicating ar-
tery aneurysms warrants prioritization.

Importantly, the aim of this study was not to redefine rupture risk or 
resolve the well-recognised paradox between the high proportion of 
ruptured aneurysms measuring less than 10 mm and the very low 
rupture rates reported in prospective studies. Rather, we sought to 
evaluate how the duration of follow-up and the quality of reporting 
influence rupture rates in the current literature. Our findings suggest 
that variability in study design, inconsistency in follow-up intervals, and 
under-reporting of anatomical location may contribute to the disconnect 
between retrospective clinical observations and prospective natural 
history data. By drawing attention to these methodological limitations, 

we hope to provide a foundation for improving the design and reporting 
of future natural history studies and guiding more accurate lifetime risk 
estimation.

4.1. Limitations

The findings of this review must be interpreted in the context of its 
limitations. The volume of available data is relatively limited, particu-
larly given the infrequency of rupture events in small unruptured 
intracranial aneurysms, which reduces the precision of effect estimates 
and limits the ability to conduct detailed subgroup analysis, including 
those based on anatomical location. Differences in population selection 
across included studies limits generalizability, as most lacked data on 
morphological features such as aspect ratio and irregularity, which are 
key predictors of rupture risk [38,44]. Substantial heterogeneity in 
growth rate analysis (I2 > 80 %), likely reflects variation in imaging 
techniques, definitions of aneurysm growth, and follow-up durations, 
and of which affect the reliability and comparability of these results. The 
mean follow-up of 38 months is insufficient to estimate cumulative or 
lifetime rupture risk. Longer-term studies, including those by Korja et al. 
[14] and Juvela et al. [37], suggest greater cumulative rupture risk with 
extended follow-up, although these cohorts primarily involved larger 
aneurysms.

Categorising studies by mean follow up duration may introduce bias, 
as mean values are susceptible to the influence of outliers and may not 
accurately reflect individual follow up times within each study. The 
average follow-up within each stratum varied substantially, with 19.9 
months in the less than 20-month group, 34.7 months in the 20-to-40- 
month group, and 60.6 months in the more than 40-month group. 
This variability may obscure time dependent differences in rupture or 
growth rates and limits the interpretability of stratified analyses.

The absence of individual patient data precluded analysis of de-
mographic and clinical factors such as age, hypertension, smoking, fa-
milial history, and prior subarachnoid haemorrhage, all of which 
influence rupture risk [12]. Incorporating patient-level data in future 
meta-analyses would allow for more nuanced understanding of these 
variables. Selection bias inherent to non-randomized studies may also 
contribute to underestimation of rupture risk, as unstable aneurysms 
were often treated or censored from observation. Ethical constraints 
limit the feasibility of experimental studies in this area, resulting in a 

Fig. 5. Rupture rate of small unruptured intracranial aneurysms ≤5 mm categorised by aneurysm location.

L. Davies et al.                                                                                                                                                                                                                                   Journal of Clinical Neuroscience 136 (2025) 111241 

8 



research focus on intervention rather than conservative management, 
which complicates efforts to define the natural history of untreated 
aneurysms. Contemporary management trends favour early interven-
tion, further reducing the representation of high-risk aneurysms in 
observational cohorts and introducing confounding between treated and 
conservatively managed groups [31]. Addressing these challenges re-
quires standardised protocols, conscientious reporting, and extended 
follow-up to refine rupture risk models and improve clinical decision- 
making for small UIAs.

5. Conclusion

Small incidental intracranial aneurysms (sUIAs) measuring ≤5 mm 
demonstrate a low rupture risk, with stability across anatomical loca-
tions and follow-up durations. However, increased growth over time 
supports the need for continued monitoring. Limitations in current 
literature, particularly short follow-up and inconsistent anatomical 
reporting, impede accurate risk assessment. Future long-term studies of 
conservatively managed sUIAs, with detailed location specific data, are 
needed to improve clinical decision making and lifetime rupture risk 
estimation.
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small, asymptomatic, unruptured intracranial aneurysms in patients with no 
history of subarachnoid hemorrhage: the different factors related to the growth of 
single and multiple aneurysms. J Neurosurg 2013;119:190–7.

[40] da Costa LB, Gunnarsson T, Wallace MC. Unruptured intracranial aneurysms: 
natural history and management decisions. Neurosurg Focus 2004;17:E6.

[41] Mocco J, Komotar RJ, Lavine SD, Meyers PM, Connolly ES, Solomon RA. The 
natural history of unruptured intracranial aneurysms. Neurosurg Focus 2004;17: 
E3.

[42] Ecker RD, Hopkins LN. Natural history of unruptured intracranial aneurysms. 
Neurosurg Focus 2004;17:E4.

[43] Lee KS, Zhang JJY, Alalade AF, Vine R, Lanzino G, Park N, et al. Radiological 
surveillance of small unruptured intracranial aneurysms: a systematic review, 
meta-analysis, and meta-regression of 8428 aneurysms. Neurosurg Rev 2021;44: 
2013–23.

[44] Suzuki T, Takao H, Rapaka S, Fujimura S, Ioan Nita C, Uchiyama Y, et al. Rupture 
risk of small unruptured intracranial aneurysms in Japanese adults. Stroke 2020; 
51:641–3.

[45] Carter BS, Sheth S, Chang E, Sethl M, Ogilvy CS. Epidemiology of the size 
distribution of intracranial bifurcation aneurysms: smaller size of distal aneurysms 
and increasing size of unruptured aneurysms with age. Neurosurgery 2006;58: 
217–23. discussion-23.

[46] Kim BJ, Kang HG, Kwun BD, Ahn JS, Lee J, Lee SH, et al. Small versus large 
ruptured intracranial aneurysm: concerns with the site of aneurysm. Cerebrovasc 
Dis 2017;43:139–44.
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