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Abstract

Purpose
Stereotactic radiosurgery (SRS), delivered as either single-session (SSRS) or hypofractionated (HSRS)
regimen, is used to treat residual or recurrent craniopharyngioma. However, the comparative efficacy and
safety of SSRS and HSRS remain unclear. This study aimed to systematically evaluate outcomes
following SRS for residual or recurrent craniopharyngioma and compare outcomes between SSRS and
HSRS.

Methods
PubMed, Embase, Scopus, and Cochrane were searched through April 2026. Eligible studies included ≥ 3
craniopharyngioma patients treated with SRS in ≤ 5 fractions with > 6 months of follow-up, and reported
on outcomes. Target endpoints were pooled using random-effects models, and meta-regression was
performed to identify outcome moderators.

Results
Seventeen studies (782 patients) met inclusion criteria. 655 patients (83.8%) received SSRS and 63
(8.1%) HSRS. Overall tumor control was 74.7% (p = 0.002). Among modality-attributable studies (k = 12
SSRS, k = 3 HSRS), pooled tumor control was 72.6% for SSRS versus 75.2% for HSRS (p = 0.97). Five-year
progression-free survival was higher for HSRS (76.1% vs. 69.0%, p = 0.76). Visual deficit (9.7% SSRS vs.
10.3% HSRS, p = 0.78), endocrine/hypothalamic dysfunction (8.4% SSRS vs. 4.2% HSRS, p = 0.33) and
cyst enlargement (7.9% SSRS vs. 13.3% HSRS, p = 0.28) did not differ significantly by modality. Higher
biologically effective dose was associated with endocrine/hypothalamic dysfunction.

Conclusion
SRS provides favorable tumor control for craniopharyngioma, and HSRS achieves short- and mid-term
outcomes comparable to SSRS despite being reserved for anatomically higher-risk tumors. Nevertheless,
limited comparative data and shorter HSRS follow-up warrant prospective, multicenter investigations
with patient-level data.

Introduction
Craniopharyngiomas are rare, slow-growing tumors arising from epithelial remnants of the Rathke pouch,
typically within the sellar or parasellar regions [1]. Although histologically benign, they can cause
substantial morbidity through compression of the optic apparatus, hypothalamus, and pituitary stalk,
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resulting in visual and endocrinologic dysfunction [1]. They account for 2% to 5% of primary intracranial
neoplasms and up to 15% of pediatric brain tumors [2].

The optimal management of craniopharyngioma remains controversial. Surgery provides tissue
diagnosis and rapid decompression, with treatment strategies including gross total resection (GTR) or
subtotal resection (STR) followed by radiotherapy [1]. Although some retrospective studies suggest
superior local control after GTR [3, 4], complete resection is often limited by tumor adherence to critical
neural and vascular structures [5] and may still be followed by recurrence [6]. Consequently, adjuvant
radiotherapy is frequently used to improve long-term control after incomplete resection.

For residual or recurrent craniopharyngioma, stereotactic radiosurgery (SRS) is an established treatment
associated with favorable tumor control and clinical outcomes [7]. SRS may be delivered in a single
session (SSRS) or in two to five fractions as hypofractionated SRS (HSRS) [8]. Although SSRS may
increase toxicity risk for larger lesions or tumors near the optic apparatus, HSRS may permit delivery of
an effective dose while reducing exposure to adjacent normal tissue [8].

Evidence for SRS in craniopharyngioma is derived predominantly from small, single-center retrospective
series, and direct comparisons between SSRS and HSRS are uncommon. It therefore remains unclear
whether fractionation independently affects tumor control and toxicity or whether observed differences
reflect patient selection, tumor characteristics, and treatment parameters. Fathollahi et al. pooled
outcomes from 32 studies comprising 926 patients and identified moderators including tumor volume,
solid tumor composition, and prior surgery, but did not stratify outcomes by fractionation schedule [9].
To our knowledge, no previous meta-analysis has directly compared SSRS and HSRS for residual or
recurrent craniopharyngioma.

We therefore performed a systematic review and meta-analysis to: (1) estimate pooled tumor control,
progression-free survival, and treatment-related toxicity after SRS; (2) compare the efficacy and safety of
SSRS and HSRS; and (3) explore potential outcome moderators through meta-regression, with particular
emphasis on biologically effective dose (BED), a fractionation-adjusted dose metric not previously
evaluated as a moderator of craniopharyngioma SRS outcomes.

Methods

Literature search strategy
This study was performed as per the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guideline. We searched PubMed, Embase, Scopus, and Cochrane Clinical Trials
database from inception to April 11, 2026, for articles reporting the outcomes in patients undergoing
single-fraction stereotactic radiosurgery or hypofractionated stereotactic radiation therapy for residual or
recurrent craniopharyngioma. The search terms utilized for this meta-analysis were:
(Craniopharyngioma) AND ("stereotactic radiosurgery" OR SRS OR "Gamma Knife" OR GKRS OR LINAC
OR “linear accelerator” OR CyberKnife) AND (single OR hypofractionated OR fractionated OR
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fractionation). Reference lists of the relevant articles were also reviewed manually to identify any
additional eligible studies.

The primary endpoint of this study was long-term tumor control at the last available follow-up, defined as
the absence of radiographic disease progression. Secondary endpoints included progression-free
survival, overall survival, and treatment-related toxicity including visual deficit, endocrine or hypothalamic
dysfunction, and cyst enlargement requiring intervention. Progression-free survival was defined as the
actuarial proportion of patients alive without radiographic disease progression, with death from any
cause treated as an event equivalent to progression. Overall survival was defined as the proportion of
patients alive regardless of tumor status. Visual toxicity was defined as any new or worsening visual
impairment after radiotherapy. Endocrine or hypothalamic toxicity included new or progressive
hypopituitarism, diabetes insipidus, or other hypothalamic dysfunctions. Cyst enlargement was defined
as an increase in cystic component volume or diameter on follow-up imaging requiring intervention
beyond observation.

Study selection
Two reviewers (B.L.N and R.M.C) independently screened the identified articles according to pre-defined
eligibility criteria, with disagreements resolved through discussion. Studies were included if they: (1)
were published in English; (2) included patients of any age treated with single-session or
hypofractionated stereotactic radiosurgery for residual or recurrent craniopharyngioma; (3) used SRS as
a primary, adjuvant, or salvage therapy; and (4) reported adequate tumor-control and clinical-outcome-
data.

Studies were excluded if they: (1) were non-original investigations including reviews and commentaries;
(2) published in a language other than English; (3) included fewer than five participants; (4) lacked tumor
size or volume data; (5) lacked sufficient outcome data by treatment modality; (6) documented
concurrent secondary interventions during follow-up. Given the rarity of craniopharyngioma, however, all
otherwise eligible studies with more than six months of follow-up were included regardless of sample
size. According to the American Society for Radiation Oncology and the American College of Radiology
guidelines, SRS was defined as radiation therapy delivered to a predefined target volume with curative
intent, in five or fewer fractions, at approximately 1 mm targeting accuracy [11]. Studies using more than
five fractions were excluded. No restrictions were placed on the specific radiosurgery platform or device.
For overlapping or duplicate cohorts, only the most recent report was retained, when it substantially the
same patient population.

Data extraction
The following variables were extracted from each included study: patient characteristics, including the
number of patients and lesions, age, sex, histologic subtype, extent of prior resection, and residual

Page 4/20



versus recurrent disease; tumor characteristics, including volume, composition, suprasellar location, and
proximity to the optic apparatus; treatment characteristics, including treatment modality and platform,
marginal dose, prescription isodose line, number of fractions for HSRS, dose per fraction, BED, and the
role of SRS; and clinical outcomes, including overall tumor control, solid-component control, and cyst
control. Follow-up variables included 5-year progression-free survival, 5-year survival, overall survival, and
follow-up duration. Treatment-related toxicities included new or worsened visual deficits, new endocrine
or hypothalamic dysfunction, and cyst enlargement requiring intervention.

Quality assessment
A modified version of the Joanna Briggs Institute (JBI) Critical Appraisal tool was adopted from
Fathollahi et al. [9] and used to evaluate the quality of the included studies (see Supplementary Table 1
for the full item-by-item rationale). Two reviewers (B.L.N and R.M.C) independently performed quality
assessment, resolving any discrepancies through discussion.

Statistical analysis
Meta-analyses were performed in R version 4.6.1 using the metafor package. Raw proportions were
logit-transformed before pooling, and back-transformed pooled rates with 95% CIs were reported.
Random-effects models using the restricted maximum likelihood estimator served as the primary
pooling method, with a continuity correction of 0.5 applied to studies reporting zero events.
Heterogeneity was quantified using I² and τ², and its statistical significance was assessed using
Cochran's Q test. Publication bias was assessed via Egger's test and funnel plots, with trim-and-fill used
to generate bias-adjusted estimates where indicated.

The SSRS-versus-HSRS comparison excluded two mixed-cohort studies and was restricted to studies
reporting modality-specific events (k = 12 for SSRS; k = 3 for HSRS). Subgroup difference evaluated via
logit-based mixed-effects meta-regression.

Exploratory meta-regression to evaluate BED as a continuous moderator of tumor control and relevant
clinical outcomes. BED was calculated using the linear-quadratic model (BED = nd[1 + d/(α/β)]) at α/β
values of 2 (BED2) and 10 (BED10). An α/β of 10 was used for early-responding tumor tissue, whereas
an α/β = 2 characterizes late-responding tissue, including the optic apparatus and adjacent CNS
structures [11]. This analysis included 15 single-arm SSRS or HSRS studies with a calculable BED value.
Two mixed-cohort studies [15, 16] were excluded because their pooled tumor-control outcomes could
not be assigned to a single BED value. The findings are presented as a weighted scatterplot with
unadjusted regression lines and should not be interpreted as definitive dose-response relationships.

Results
Study characteristics
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The database search identified 1,196 articles. After duplicate removal, 796 papers underwent title and
abstract screening, of which 56 were assessed in full text. Thirty-nine studies were excluded because
they did not report the outcomes of interest (n = 22), lacked follow-up duration data (n = 12), included
three or fewer patients (n = 3), and contained potentially overlapping cohorts (2 studies). Ultimately, 17
studies met the inclusion criteria and were included in the systematic review and meta-analysis [12–28].
The study selection process is depicted in the PRISMA flow diagram (Fig. 1), and study characteristics
are presented in Table 1.

Quality assessment
All 17 included studies met the core JBI criteria for diagnostic confirmation, consistent case definition,
and appropriate statistical analysis, supporting reliability of the pooled tumor-control and toxicity
estimates. Reporting was less consistent for secondary domains, particularly participant demographic
and clinical-history, and tumor composition. Histologic composition was incompletely reported in 7
studies. In contrast, the primary pooled analyses of tumor control, progression-free survival, and toxicity
incorporated the full or near-full study set and were less affected by these reporting limitations. Item-
level JBI scores for each study are provided in Supplementary Table 1.

Patient characteristics
The 17 comprised 782 patients (Table 1). Twelve studies [17–28] reported the use of SSRS, three [12–
14] reported HSRS, and two [15, 16] included mixed SSRS- and HSRS cohorts without treatment specific
outcomes. Overall, 655 patients (83.8%) underwent SSRS and 63 (8.1%) underwent HSRS. The remaining
patients came from the mixed-cohort studies and were included only in the overall pooled analyses. The
mean age of the study population was 35.0 years, and 404 patients (52.1%) were males (Table 2).

Overall tumor control
Seventeen studies with 782 patients reported overall tumor control [12–28]. The pooled tumor control
rate was 74.7% (95% CI, 67.6–80.6%), with moderate heterogeneity (τ² = 0.2849, I² = 68.8%, Q₁₆ = 36.96,
p = 0.002). Among 15 studies with modality-attributable outcomes, pooled tumor control was 72.6%
(95% CI, 64.9–79.1%) for SSRS (k = 12) and 75.2% (95% CI, 46.3–91.4%) for HSRS (k = 3), with no
significant difference by mixed-effects moderator test (p = 0.97). Egger’s test suggested publication bias
(p = 0.015). Sensitivity analysis identified no outlying studies. Meta-regression did not identify tumor
volume, solid composition, or BED (BED2, BED10) as significant predictors of overall tumor control (p = 
0.52, p = 0.068, p = 0.57, p = 0.45, respectively).

3-year tumor control

Four studies with 259 patients [15, 18, 23, 24] reported 3-year tumor control (Supplementary Fig. 1). The
pooled rate was 78.8% (95% CI, 72.8–83.8%) with low heterogeneity (τ² = 0.0132, I² = 10.2%, Q₃ = 2.60, p 
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= 0.46). Egger’s test was not significant (p = 0.22). “Lee, 2014” was identified as an influential. Its removal
increased the pooled estimate to 82.3% (95%CI, 74.7–87.9%, I² = 0%), compared with the original
estimate of 78.8% (95% CI, 72.8–83.8%). Meta-regression showed no significant association between 3-
year tumor control and tumor volume (p = 0.20) or solid composition (p = 0.33).

5-year tumor control

Five studies with 279 patients [15, 18, 22, 23, 24] reported tumor control at 5 years, with a pooled
proportion of 69.5% (95% CI, 63.8–74.6%) and no significant heterogeneity (τ² = 0, I² = 0%, Q₄ = 0.83, p = 
0.93). Egger’s test for publication bias was not significant (p = 0.39). Sensitivity analysis identified no
outlying studies. Meta-regression found no significant association between tumor volume and 5-year
tumor control (p = 0.89) or between percent solid composition and 5-year tumor control (p = 0.93).

Overall survival
Fifteen studies with 737 patients reported overall survival at last follow-up [12–24, 27, 28]. The pooled
overall survival rate was 87.7% (95% CI = 81.2–92.2%), with substantial heterogeneity (τ² = 0.51, I² =
70.6%, Q₁₄ = 47.6, p < 0.001). Egger’s test did not show significant publication bias for the studies (p = 
0.24). “Buwaider, 2025” was identified as an outlier. Its removal resulted in an overall survival rate of
88.8% (95% CI = 85.1–91.6%) and reduced heterogeneity to I² = 26.1%. In a post-hoc moderator analysis,
pooled overall survival was 85.3% (95% CI 77.5–90.7%) for SSRS (k = 10) versus 97.7% (95% CI 87.9–
99.6%) for HSRS (k = 3), with a significant subgroup difference (p = 0.034). Meta-regression analysis
revealed no significant association between overall survival and tumor volume (p = 0.80), marginal
dosage (p = 0.57), solid tumor composition (p = 0.45), cystic tumor composition (p = 0.81), or prior
radiotherapy (p = 0.23).

3-year progression-free survival

Five studies comprising 358 patients [14, 15, 20, 21, 24] reported 3-year progression-free survival. The
pooled rate was 79.5% (95% CI, 66.5–88.3%) with moderate heterogeneity (τ² = 0.3496, I² = 68.9%, Q₄ =
10.26, p = 0.04). Egger’s test was not significant (p = 0.27), although its power was limited by the small
number of studies. “Gupta, 2024” was identified as an influential study and its removal reduced the
pooled 3-year progression-free survival of 73.7% (95% CI, 68.5–78.3%, I² = 0%), compared with the
original 79.5% (95% CI, 66.5–88.3%). Meta-regression found no significant association between 3-year
progression-free survival and tumor volume (p = 0.92), marginal dose (p = 0.18), cystic composition (p = 
0.29), or solid composition (p = 0.92).

5-year progression-free survival

Nine single-arm studies reported 5-year progression-free survival [12, 14, 17, 19, 20, 21, 22, 23, 24].
Among 7 SSRS, the pooled 5-year progression-free survival was 69.0% (95% CI, 56.3–79.5%), with high
heterogeneity (I² = 83.4%). Among the two HSRS studies [12, 14], the pooled rate was 76.1% (95% CI,
30.5–95.8%), also with high heterogeneity (I² = 81.1%). Mixed-effects moderator test showed no
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statistically significant difference between modalities (p = 0.76), with substantial residual heterogeneity
(I² = 86.2%, Q₇ = 25.68, p < 0.001). Although HSRS trended toward a higher 5-year progression-free
survival than SSRS (76.1% vs. 69.0%), the wide confidence interval around the HSRS estimate precluded
meaningful conclusion about a modality-driven difference.

Visual deficit
Seventeen studies with 782 patients [12–28] reported new or worsened visual deficit. The pooled rate
was 9.0% (95% CI 5.3–14.9%), with substantial heterogeneity (τ² = 0.8153, I² = 72.3%, Q₁₆ = 52.19, p < 
0.001). Among the 15 studies with modality-attributable outcomes, pooled visual deficit rates were 9.7%
(95% CI, 5.3–17.0%) for SSRS (k = 12) versus 10.3% (95% CI, 1.9–40.4%) for HSRS (k = 3) with no
significant difference as per mixed-effects moderator test (p = 0.78). Egger’s test suggested publication
bias (p = 0.006). Sensitivity analysis identified “Tsugawa, 2020” as an outlier. Its removal increased the
pooled rate to 11.5% (95% CI, 7.3–17.5%, I² = 58.3%), compared with the original 9.0% (95% CI, 5.3–
14.9%). Meta-regression found no significant association between visual deficit and tumor volume (p = 
0.89), marginal dose (p = 0.14), percent cystic composition (p = 0.43), or percent solid composition (p = 
0.79).

Endocrine or hypothalamic dysfunction
Sixteen studies [12, 13, 15–28] with 753 patients reported new endocrine or hypothalamic dysfunction.
The pooled proportion under the random-effects model was 7.1% (95% CI, 4.4–11.1%), with moderate
heterogeneity (τ² = 0.368, I² = 46.2%, Q₁₅ = 24.47, p = 0.058). Among fourteen studies with modality-
attributable outcomes (k = 11 SSRS, k = 3 HSRS), pooled endocrine/hypothalamic dysfunction was 8.4%
(95% CI, 5.0-13.6%) for SSRS versus 4.2% (95% CI, 1.2–13.6%) for HSRS (p = 0.33). Egger's test for
publication bias was not significant (p = 0.21). Sensitivity analysis identified no outlying studies. Meta-
regression found no significant association between endocrine/hypothalamic dysfunction and tumor
volume (p = 0.89), marginal dose (p = 0.60), cystic composition (p = 0.78), or solid composition (p = 0.65).
However, higher BED and dose per fraction were positively associated with endocrine or hypothalamic
dysfunction: BED2 (slope = 0.038 per Gy, p = 0.0008, R² ≈ 100%), BED10 (slope = 0.117 per Gy, p = 0.0085,
R² ≈ 94%), and dose per fraction (slope = 0.227 per Gy, p = 0.0051, R² ≈ 80%). Predicted event rates
increased from approximately 3.3% to 18.7% across the observed range of BED2 (61–112 Gy), 4.5% to
15.2% across BED10 (22–34 Gy), and 2.4% to 12.7% across dose per fraction (6–14 Gy/fraction).

Cyst enlargement requiring intervention
Ten studies (n = 373) reported cyst enlargement requiring intervention, with 40 events overall [12, 13, 15,
16, 17, 19, 21, 23, 25, 26]. The pooled rate was 10.5% (95% CI, 5.4–19.4%), with substantial heterogeneity
(τ² = 0.8187, I² = 70.1%, Q₉ = 29.06, p = 0.001). Among eight studies with modality-attributable outcomes
(k = 5 SSRS, k = 3 HSRS), pooled enlargement was 7.9% (95% CI, 5.1–12.1%; I² = 0%) for SSRS versus
13.3% (95% CI, 1.8–56.7%; I² = 81.0%) for HSRS (p = 0.28). Egger's test for publication bias was not
significant (p = 0.24). Sensitivity analysis identified no outlying studies. Meta-regression showed no
significant association between cyst enlargement and tumor volume (p = 0.69), cystic composition (p = 
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0.97), or solid composition (p = 0.56). Higher marginal dose was associated with nonsignificant trend
toward lower cyst enlargement (p = 0.093).

Discussion
To our knowledge, this is the first meta-analysis to directly compare SSRS and HSRS for residual or
recurrent craniopharyngiomas. Across seventeen studies comprising 782 patients, the overall pooled
tumor control rate was 74.7% (95% CI, 67.6–80.6%, p = 0.002). Among the fifteen studies with modality-
attributable outcomes (12 SSRS and 3 HSRS), pooled tumor control was 72.6% (95% CI, 64.9–79.1%)
after SSRS versus 75.2% (95% CI, 46.3–91.4%) after HSRS (p = 0.97). Five-year progression-free survival
rate was higher in the HSRS group than in the SSRS group (76.1% vs. 69.0%, respectively), though the
wide confidence interval around the HSRS estimate (95% CI, 30.5–95.8%, p = 0.76) precluded a definitive
conclusion. Treatment-related toxicity was broadly comparable between modalities, with overlapping
pooled rates of visual deficit, endocrine dysfunction, and cyst enlargement requiring intervention.
Notably, our meta-regression analyses suggested that higher BED and dose per fraction were associated
with increased risk of post-treatment endocrine/hypothalamic dysfunction.

Residual tumor burden remains an important determinant of long-term disease control. A recent meta-
analysis comparing GTR alone with STR followed by adjuvant radiotherapy after endoscopic endonasal
surgery reported a significantly lower recurrence rate after GTR (10%) radiotherapy [29]. Nevertheless,
complete resection is often limited by adherence to critical structures, underscoring the role of adjuvant
radiation in residual or recurrent disease. In the largest published meta-analysis of SRS for
craniopharyngioma to date, encompassing 32 studies and 926 patients, the pooled overall tumor control
rate was 76.1%, closely mirroring the present findings, though that analysis did not stratify outcomes by
fractionation schedule [9]. In the present analysis, tumor control did not differ significantly between
SSRS and HSRS (p = 0.97). This finding is consistent with prior comparative reports. Losa et al. found
that multisession Gamma Knife radiosurgery was not less effective than single-session treatment,
despite being preferentially used for tumors considered too close to the optic apparatus for SSRS [12].
These data suggest that HSRS may achieve short- and intermediate-term tumor control comparable to
SSRS, even in anatomically higher-risk tumor. However, the small number of HSRS studies and limited
arm-level data preclude definitive conclusions. A related but distinct technique not evaluated in the
present analysis is stereotactic intracavitary brachytherapy using colloidal phosphorus-32, which delivers
radiation directly to the internal cyst wall of predominantly cystic craniopharyngiomas. In a series of 53
patients, this approach achieved actuarial tumor cyst control of 86.0% at 12, 24, and 60 months with a
low rate of permanent morbidity [30]. Intracavitary brachytherapy may therefore represent a minimally
invasive option for selected cystic tumors, either alongside or instead of conventional SRS.

The numerically higher 5-year progression-free survival observed after HSRS may partly reflect the
radiobiologic advantages of fractionation. Compared to single-session treatment, fractionation reduces
the toxicity to late-responding normal tissues with low α/β ratios and may also enhance tumor
radiosensitivity through cell cycle redistribution and reoxygenation between fractions [31].
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Craniopharyngiomas have been characterized as late-responding tissue with a low α/β ratio
(approximately 2–3 Gy) [32]. Fractionation may therefore permit delivery of a therapeutically effective
dose while limiting exposure to the optic apparatus and other adjacent structures. This principle is
consistent with established optic-pathway dose constraints. Milano et al. reported that maximum point
doses associated with less than 1% risk of radiation-induced optic neuropathy were approximately 10 Gy
in a single fraction, 20 Gy in 3 fractions, and 25 Gy in 5 fractions [8]. Similar dose-response pattern has
been observed in other parasellar tumors. In a recent single-institution analysis of parasellar
meningioma, a BED threshold greater than 68 Gy was independently associated with improved tumor
control [33]. Similarly, Dho et al. likewise identified BED2 greater than 80 Gy as an independent predictor
of overall response [14]. These findings support the concept that BED may better characterize treatment
intensity than marginal dose or fraction number alone.

Several individual studies included in this analysis point toward a common underlying explanation for the
similarity in outcomes between modalities. Dho et al. identified tumor location and distance from the
optic nerve as predictors of progression-free survival, with parasellar location and greater optic-nerve
distance associated with improved outcomes [14]. Kamogawa et al. reported that proximity to the optic
apparatus was the principal determinant of treatment selection between SSRS and HSRS [16], whereas
Iwata et al. [15]. Collectively, these findings suggest that proximity to critical structures influences both
modality selection and the dose that can be safely delivered. However, this interpretation should remain
cautious. Several included studies suggest that anatomy and achievable dose may be more important
than fractionation schedule itself. Dho et al. identified tumor location and distance from the optic nerve
as significant predictors of progression-free survival, with parasellar location and greater optic nerve
distance associated with improved outcomes [14]. Kamogawa et al. reported that proximity to the optic
apparatus was the principal determinant of treatment selection between SSRS and HSRS [16], and
whereas Iwata et al. identified tumor volume as the primary predictor of treatment failure in a mixed
cohort treated with single- and multisession CyberKnife radiosurgery [15]. Collectively, these findings
suggest that anatomical proximity to critical structures, and the achievable dose that proximity permits,
may be the dominant driver of both treatment selection and outcome in this disease. Accordingly, the
comparable outcomes observed between SSRS and HSRS may reflect appropriate selection of
fractionation according to anatomic risk rather than an absence of a true fractionation effect. However,
this interpretation should remain cautious. All three HSRS studies contributing to this comparison
reported zero mortality events, and follow-up duration varied across the comparison, making a survival-
duration confound at least as plausible an explanation as a true modality effect. The nominally higher
overall survival estimate after HSRS may therefore reflect differences in follow-up and patient selection
rather than a true survival benefit.

Treatment-related toxicity was broadly comparable between modalities. The pooled rate of new
endocrine or hypothalamic dysfunction was 7.1%, exceeding the rates reported in the largest prior SRS
meta-analysis, which analyzed pituitary dysfunction, diabetes insipidus, and hypothalamic dysfunction
separately and reported rates of 2.2%, 0.8%, and 0.7%, respectively [10]. This discrepancy likely reflects
differences in outcome definition and study population rather than a true divergence in treatment. The
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present analysis combined pituitary and hypothalamic endpoints into a single composite outcome,
whereas Fathollahi et al. reported them separately and included a partially different study set [9].
Comparisons across studies should therefore account for heterogeneity in endpoint definitions [9]. Rates
of new or worsened visual deficit were similar between SSRS and HSRS, although the HSRS estimate
was numerically higher and had a wide confidence interval. Visual deterioration after radiosurgery
requires close ophthalmologic surveillance. When caused by cyst re-expansion rather than direct
radiation injury, management may include cyst aspiration or repeat intervention [34]. Corticosteroids may
be used when peritumoral edema contributes to optic-pathway compression [35]. Because the risk of
radiation-induced optic neuropathy increases with single-fraction doses exceeding approximately 10 Gy,
staged or volume-adaptive strategies have been proposed to limit the dose delivered near the optic
apparatus while maintaining treatment intensity within the remainder of the tumor [36–38]. These
approaches have not been systematically evaluated in craniopharyngioma and warrant further
investigation.

The most notable exploratory finding was the positive association between BED, dose per fraction, and
endocrine or hypothalamic dysfunction, whereas tumor control was not associated with these dose
metrics. These findings suggest that dose escalation may increase endocrine toxicity without a
corresponding improvement in tumor control. This relationship is consistent with evidence from the
pituitary adenoma literature identifying the hypothalamic-pituitary axis as dose-sensitive. In 232 patients
treated with single-fraction SRS for pituitary adenoma, Xu et al. identified higher margin dose and
suprasellar extension as independent predictors of new hypopituitarism [39]. In a subsequent
multicenter analysis, Pomeraniec et al. found that pituitary-stalk dose, rather than tumor dose, was a
principal determinant of delayed endocrine dysfunction after SRS [40]. Similarly, Vatner et al. reported a
continuous increase in endocrine-deficiency risk with increasing hypothalamic-pituitary dose among
pediatric and young adult patients receiving fractionated radiotherapy, irrespective of tumor type or
location [41]. These studies support the hypothalamic-pituitary axis as a dose-limiting structure across
single-session and fractionated treatment. To our knowledge, this relationship has not previously been
examined specifically in craniopharyngioma using a fractionation-adjusted dose metric. BED
incorporates both total dose and fraction size, whereas marginal dose alone does not account for the
distinct biologic effects of delivering the same nominal dose in 1 versus multiple fractions. If confirmed
using patient-level data, these findings may support the use of BED-based constraints for the
hypothalamic-pituitary axis when selecting between SSRS and HSRS. Nevertheless, the present findings
are hypothesis-generating. The analysis was based on study-level data, included relatively few studies,
and could not exclude confounding by indication, whereby higher doses may have been used for tumors
with greater baseline endocrine risk because of their anatomy or clinical characteristics.

This meta-analysis has several limitations. Most included studies were retrospective, single-center, and
English-language, with considerable heterogeneity in dose prescription, fractionation criteria, and tumor-
control definitions; tumor-composition data were incomplete in 7 of 17 studies. No study distinguished
in-field from out-of-field recurrence, limiting causal interpretation of treatment failure, and the SSRS-
versus-HSRS comparison relied on an imbalanced, non-randomized set of studies (12 vs. 3) that
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included two mixed-cohort studies inseparable by modality, so the apparent equivalence may reflect
confounding by indication rather than a true absence of fractionation effect. Median follow-up was
longer for SSRS than HSRS (46.4 vs. 38.3 months; p = 0.279), which may have reduced detection of late
recurrence or toxicity in the HSRS group. Egger's test suggested publication bias for overall tumor
control and visual deficit, and BED analyses relied on study-level rather than patient-level data.

Conclusion
HSRS appears feasible and may provide short- and mid-term tumor control and toxicity outcomes
comparable to SSRS, despite being preferentially used for anatomically high-risk tumors near the optic
apparatus. However, the limited number of comparative studies, imbalance between treatment groups,
and shorter follow-up in HSRS cohorts precludes definitive conclusion. Prospective, multicenter studies
using patient-level data are needed to clarify the relative efficacy, safety, and optimal implications of
SSRS and HSRS for residual or recurrent craniopharyngioma.
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Figure 1

PRISMA flowchart summarizing study identification, screening, and inclusion in the meta-analysis
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Figure 2

2a Forest plot of pooled tumor control at last follow-up after SRS for residual or recurrent
craniopharyngioma. Results include study-level estimates (squares), 95% Cis (horizontal lines), pooled
estimates from a random-effects model (diamond), and heterogeneity statistics (I2, τ², χ2, p-value). Red
represents SSRS cohorts. Blue represents HSRS cohort. Gray represents mixed cohorts.

2b Funnel plot for publication bias assessment for pooled overall tumor control

Figure 3

3a Forest plot of pooled overall survival at last follow-up after SRS for residual or recurrent
craniopharyngioma. Results include study-level estimates (squares), 95% Cis (horizontal lines), pooled
estimates from a random-effects model (diamond), and heterogeneity statistics (I2, τ², χ2, p-value). Red

represents SSRS cohorts. Blue represents HSRS cohort. Gray represents mixed cohorts.
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3b Funnel plot for publication bias assessment for pooled overall survival at last follow-up

Figure 4

Forest plots showing pooled proportions and 95% CIs for tumor control and progression-free survival
after SRS for residual or recurrent craniopharyngioma. (a) 3-year tumor control, (b) 3-year progression-
free survival, (c) 5-year tumor control, (d) 5-year progression-free survival
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Figure 5

Summary of pooled estimates across key outcomes, including tumor control survival and treatment-
related toxicity
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