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Abstract

The prognostic significance of CDKN2A/B hemizygous deletion (HemD) in /DH-mutant astrocytomas (A-IDHm) remains
unclear. We conducted a systematic review and WHO grade-specific meta-analysis of primary tumors following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. Effect sizes included hazard ratios (HRs)
and restricted mean survival time (RMST) for overall survival. The pooled frequency of HemD in grade 2 A-IDHm was
13.8% (95% confidence interval [CI]: 8.5-21.7%; 12 studies; °=23.6%), lower than that in grade 3 tumors (25.2% [CI:
20.5-30.5%; 12 studies; °=0%]) and grade 4 tumors with CDKN2A/B non-homozygous deletion (29.5% [CI: 23.3—
36.6%]; 11 studies; =0%). Stratification by WHO grade revealed a significant association in grade 2 tumors (pooled
HR [pHR]: 1.98 [CI: 1.03-3.80]; four studies; 369 patients; P=0.04; ’=0%), but no significant association in grade 3
(pHR: 1.78 [CI: 0.99-3.20]; five studies, 239 patients; P=0.054; °=0%) or grade 4 tumors (pHR: 1.39 [CI: 0.85-2.26];
five studies; 192 patients; P=0.18; I°=0%). The RMST difference reached statistical significance only in WHO grade 2

tumors, suggesting a potential prognostic effect of HemD in low-grade A-IDHm.
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Introduction

The CDKN2A gene encodes a cyclin-dependent kinase
inhibitor (p16) and a TP53 activator (p14). In many human
cancers, CDKN24 is inactivated to varying degrees through
promoter methylation, mutation, and homozygous dele-
tion, depending on the tumor type [38]. Loss of function
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promotes malignant behavior through cell-cycle dysregula-
tion, increased cell proliferation, and enhanced angiogen-
esis in vivo [8]. Tumors with loss of the 9p21 (CDKN24)
locus are characterized by a “cold” immune microenviron-
ment with reduced expression of immunostimulatory genes
[5,29].

Homozygous deletion is the primary mechanism of
CDKN24 silencing in gliomas [7, 13], and locus deletions
commonly include the adjacent CDKN2B gene encoding p15
[38]. In /DH-mutant astrocytomas (A-IDHm), CDKN2A/B
homozygous deletion (HoD) is rare in histologically grade
(hG) II (WHO former grading) tumors but occurs in 11%
and 39.5% of hGIII and hGIV tumors, respectively [24].
The presence of HoD is a criterion for classifying A-IDHm
as WHO grade 4 [2] and is consistently associated with poor
prognosis, except in hGII tumors, wherein evidence remains
insufficient due to limited data [24].

The prognostic significance of CDKN2A/B hemizygous
deletion (HemD) remains debated. Three studies published
in 2023, primarily using data from the MSKCC, TCGA,
and GLASS cohorts, demonstrated that HemD also carries
prognostic significance (Supplementary Table 1) [13, 18,
35]. However, these studies assessed combined groups of
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A-IDHm regardless of histological grade. If the frequency
of HemD increases with histological grade, as is the case
with HoD, its true prognostic value can be accurately deter-
mined only through grade-specific analysis. Additionally,
two of these studies included specimens obtained at the time
of tumor recurrence, which might further complicate the
evaluation of the prognostic significance of HemD. In 2024,
Ghisai et al. [9] reported no significant difference in the sur-
vival outcomes of patients with mostly hGIII tumors in the
CATNON cohort. In contrast, Ghosh et al. [ 10] reported that,
compared with patients with nondeleted (nonD) tumors,
patients with WHO grades 2—3 A-IDHm and HemD, includ-
ing those with recurrent disease, experienced worse survival
(see summary in Supplementary Table 1).

A WHO grade-specific analysis of primary tumors con-
ducted by Ippen et al. [16] demonstrated no significant
prognostic effect of HemD in WHO grade 2 (P = 0.496) and
grade 3 (P = 0.23) A-IDHm. This observation is consistent
with the negative results reported by subsequent studies,
including Mezmezian et al. [22] in WHO grade 2 (P = 0.08)
and Lasica et al. [19] in grade 4 astrocytomas (P = 0.175).

The present review aimed to determine the prognostic
significance of HemD in primary A-IDHm. Following a
systematic review, eligible studies were subjected to meta-
analysis. First, we examined the frequency of HemD across
WHO grades to assess whether its prevalence increases with
grade. Next, we evaluated the prognostic implications of
HembD stratified by WHO grade.

Materials and methods

The present study, which is part of a previously registered
protocol (CRD42024570409) designed to investigate the
prognostic role of CDKN2A/B alterations—including HoD
and HemD—in A-IDHm, was conducted in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines.

Literature search and data extraction

The initial search was conducted on August 1, 2024, as
described by Nakasu et al. [24]. Articles published in Eng-
lish since 2009 were identified using the keywords “glioma,”
“astrocytoma,” or “glioblastoma” combined with “IDH*,”
“CDKN2*,” “p16,” “INK4*,” or “pl15” across PubMed,
Ovid MEDLINE, and Scopus. As approximately 12 months
had elapsed since the initial search, an updated search was
conducted on July 10, 2025 (Fig. 1; Supplementary Table
2). Searches were conducted independently by two authors.
Eligible studies reported data on HemD and either patient
numbers or survival outcomes stratified by WHO grade.
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Studies including > 20 adult patients (age > 18 years) with
A-IDHm without 1p/19q codeletion were included. Studies
enrolling a small number of adolescent patients were also
accepted. EndNote (version 20; Clarivate, Philadelphia,
PA, USA) was used for reference management. Exclu-
sion criteria were as follows: (1) failure to distinguish data
from recurrent tumors, (2) analyses based solely on public
databases (to avoid overlap with institutional datasets) (3)
absence of required molecular data, or (4) focus on familial
or pediatric cancers. When multiple studies originated from
the same institution, the most recent or most relevant study
was selected. Final study selection was determined through
discussion and consensus among the authors.

Data on patient age and sex, WHO grade, year of pub-
lication, molecular characteristics, and survival outcomes
were collected and independently verified multiple times
by the authors. When the mean age was unavailable, it was
estimated using the median using the method described by
Hozo et al. [14]. WHO grades were reclassified based on
histological grading together with CDKfN2A/B status. Indi-
vidual patient data (IPD) were extracted when available,
and relevant statistical data were recalculated from the IPD.
WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/)
was used as described previously [23] to extract individual
survival data from Kaplan—Meier curves. Data extraction
was repeated until reconstructed curves closely overlapped
with the original curves. Differences in P-values from the
log-rank test were within 5% of the reported values. The cor-
responding author of one study provided additional required
data [22]. Hazard ratios (HRs) and restricted mean survival
time (RMST) for overall survival (OS) were used as effect
measures in two- and one-stage meta-analyses, respectively.

Statistical analysis

Statistical analyses were performed using R (version 4.4.2
(https://www.r-project.org/). The frequency of HemD in
each WHO grade subgroup was assessed using the metaprop
function within a generalized linear mixed-effects model.
Between-study heterogeneity was assessed using I statis-
tics, T%, and prediction intervals.

Based on Kaplan—Meier curves reconstructed from IPD,
survival analyses were performed using log-rank tests
and Cox proportional hazards models in the EZR graphi-
cal interface. Meta-analyses of HRs were conducted using
an inverse-variance approach with a random-effects model
(two-stage meta-analysis). RMST was calculated from syn-
thesized Kaplan—Meier curves derived from IPD (one-stage
meta-analysis). Time-RMST difference curves were con-
structed to interpret the summary differences, considering
the difficulty of defining an appropriate truncation time in
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glioma studies. RMST was calculated using the survRM2
package in R.

All HRs were derived from univariate analyses. After
pooling survival data across all grade groups for patients
with HemD and nonD, survival outcomes were compared
within each WHO grade. A P value of <0.05 was considered
statistically significant.

Risk of bias

Risk of bias was assessed using the Joanna Briggs Insti-
tute critical appraisal checklist for case series (https://jbi.
global/critical-appraisal-tools) (Supplementary Table 3). P
ublication bias in frequency studies was evaluated using a
Doi plot and the Luis Furuya-Kanamori (LFK) index, as

conventional funnel plots may be inadequate for propor-
tional data [15]. For HR analyses, linear regression—based
assessments of publication bias were not performed because
of the limited number of included studies.

Ethical approval and informed consent

This review did not involve direct research involving human
participants.
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Results
Literature search and data extraction

After removal of duplicates, 428 records were identified
from PubMed, Ovid MEDLINE, and Scopus. Following
title and abstract screening, 246 records were excluded (Fig.
1). Full-text review of the remaining 182 studies identified
10 that met the inclusion criteria. Excluded articles com-
prised review or editorial papers (n = 19), public database
studies (n = 11), studies including fewer than 20 patients (n
= 27), studies including recurrent tumors (n = 10), studies
lacking extractable data (n = 73), studies with overlapping
datasets (n = 5), and studies excluded for other reasons (n =
36). Two additional studies were identified through manual
reference screening. Data from the final 12 studies are sum-
marized in Table 1 and Supplementary Table 4 [1, 6, 12, 16,
19, 21, 22, 25, 28, 33, 36, 39]. All 12 studies were included
in the frequency analyses, and 8 were included in the sur-
vival analyses. Seven studies evaluated both CDKN2A4 and
CDKN2B, four focused exclusively on CDKN24, and one
evaluated either both CDKN24 and CDKN2B or CDKN2A
alone (Supplementary Table 4). Major excluded large

Table 1 Summary data for selected studies

studies based primarily on public databases are summarized
in Supplementary Table 1.

Survival data stratified by WHO grade were available
from six studies through Kaplan—Meier curves or IPD.

Risk of bias assessment

Most included studies were retrospective case series with
low levels of evidence (Supplementary Table 3). Although
consecutive participant inclusion was often not explicitly
stated in multicenter studies, the overall risk of bias was
considered to be acceptable.

Frequency of HemD

The pooled frequency of HemD in WHO grade 2 A-IDHm
was 13.8% (95% confidence interval [CI]: 8.5-21.7%;
12 studies; Table 2; Fig. 2a), with mild heterogeneity
(FP=23.6%; 1*=0.47). Minor publication bias was sug-
gested by the Doi plot (LFK index=—1.78; Supplementary
Fig. 1A).

The pooled frequency of HemD in WHO grade 3 tumors
was 25.2% (CI: 20.5-30.5%; 12 studies), with no observed

Author, year N Age (range) sex WHO G4nonHoD method threshold for threshold for Survival
(M/F)  grade HoD HemD data
2/3/4
Eckel-Passow 45 m37 NA 30/9/6 NA FISH NA NA NA
(2015) 111 m38 NA 43/42/26 15 CGH NA NA NA
Arita (2016) 94 m41.6 (21-78) 51/43 42/38/14 7 MLPA NA NA IPD
Shirahata (2018) 211 m37.6 (15-70) 130/81 54/75/82 44 Meth log2 <—-0.415 NA K-M,
IPD
Zschernack (2023) 21 m39.2 (20-56) NA 2/15/4 1 MLPA, MIP NA NA NA
Maragkou (2023) 25 m40.0 (22-60) 14/11 10/7/8 4 Meth log2< 0.4 NA NA
Hayashi (2024) 21 NA (17-90) NA 7/6/8 5 MLPA x<0.4 0.4<x<0.7 NA
Xi (2024) 114 m38 NA 42/33/39 14 FISH 15% NA K-M
Otsuji (2024) 52 M34.5(19-71) 34/18 28/21/3 NA MLPA 1 —Tumor cell 1 —Tumor cell HR,
rate x 0.75 rate x 0.25 K-M
Ippen (2025) 215 *m38.1 *95/78 98/75/42 23 Meth By visual By visual K-M
(14-70) inspection** inspection ** (sFig.1B)
Lasica (2025) 128 M37.1 (19-78) 79/49  0/0/107 86 CMA, NGS, 10% for FISH 15% for FISH K-M
FISH
Mezmezian (2025) 189 M35 (17-71) 101/88 133/18/38 21 Multiplex CDKN/GAPDH  0.4<CDKN/ IPD
PCR ratio<0.4 GAPDH
ratio<0.7
Yuile (2025) 66 m38.6 (20-74) 36/30 14/31/21 9 NGS, FISH NA NA K-M
Meth, SNP

M median, m mean, M/F male and female, NA not available, G WHO grade, G4nonHoD grade 4 tumors without CDKN2A/B homozygous dele-
tion, HemD hemizygous deletion, FISH fluorescence in situ hybridization, NGS next generation sequencing, Meth DNA methylation analysis,
MLPA multiplex ligation dependent probe amplification, MIP molecular inversion probe assay, SNP single nucleotide polymorphism array,
CGH comparative genomic hybridization, CMA4 chromosome microarray analysis, /PD individual patient data, K—M Kaplan—Meier curve

*Data for grade 2 and 3 tumors

**The CDKN2A/B locus was assessed by visually inspecting copy-number plots from methylation-array data for each case. A hemizygous
loss was identified if the locus showed a signal equivalent to single-copy chromosomal losses; a homozygous loss was defined if the signal was

twice as deep as that of single-copy changes
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Table 2 Pooled frequency and hazard ratio of CDKN2A4/B hemizygous
deletion in IDH mutant astrocytomas

WHO Frequency [95%CI], Difference of Pooled hazard
grade (PT) frequency ratio for OS
Grade 2 13.8% [8.5-21.7], Grade 2 vs.  1.98 [1.03-3.80],
(3.0-45.0), P =23.6% Grade 3 P=0.04,
12 studies, N=503 P=0.017 P=20.4%, 4
studies, N=369
Grade 3  25.2%[20.5-30.5],  Grade3vs. 1.78[0.99-3.20],
(17.9-34.1), P°=0%  Grade 4 P=0.054, P=0%,
12 studies, N=370 P=0.30 5 studies, N=239
Grade 4  29.5% [23.3-36.6], 1.39 [0.85-2.26],
without  (21.3-39.4), P =0%, P=0.18,
HoD 11 studies, N=229 P=8.4%, 5 stud-
ies, N=192

N patient number, CI confidence interval, P/ prediction interval,
OS overall survival, HoD CDKN2A/B homozygous deletion, Bold,
statistically significant

heterogeneity (I>=0%; Table 1; Fig. 2a). Doi plots indicated
publication bias (LFK index=-2.01; major asymmetry;
Supplementary Fig. 1B).

For WHO grade 4 tumors, the frequency after excluding
HoD tumors (163 HoD among 392 grade 4 tumors) was cal-
culated. The pooled frequency was 29.5% (CI: 23.3-36.6%;
11 studies), with low heterogeneity (#=0%, Fig. 2a) and
minimal publication bias (LFK index=1.08; Supplementary
Fig. 1 C). When HoD tumors were included, the pooled fre-
quency was 17.2% (CI: 13.8-21.3%; 11 studies).

Subgroup analyses revealed a significantly lower
HemD frequency in grade 2 tumors than in grade 3 tumors
(P=0.017), but no significant difference between grade 3
tumors and grade 4 tumors without HoD (P=0.30). No
significant subgroup differences were observed based on
detection method (fluorescence in situ hybridization [FISH]
vs. non-FISH vs. mixed), geographic region (Asia vs. non-
Asia), or whether CDKN2A alone versus CDKN2A/B was
assessed (Supplementary Table 5).

Sensitivity analyses using a leave-one-out approach indi-
cated minimal variation in pooled estimates: 13.3—16.9%
for WHO grade 2, and 23.4-26.9% for WHO grade 3, and
28.5-33.6% for grade 4 tumors (Supplementary Fig. 2).
When studies reporting WHO grade-specific data that
included fewer than 20 cases of A-IDHm were included,
the pooled frequency of HemD in grades 2, 3, and 4 with-
out HoD changed only marginally—from 13.8% to 14.1%,
from 25.2% to 25.1%, and from 29.5% to 29.8%, respec-
tively (Supplementary Fig. 4).

Differences in clinical characteristics of nonD and
HemD tumors

No significant differences were observed between patients
with nonD and HemD tumors with respect to age (stan-
dardized mean difference: 0.15; CI: —0.034 to 0.34; seven

studies; P=0.11), sex (pooled odds ratio: 1.30; CI: 0.80—
2.10; seven studies; P=0.29), or MGMT promoter meth-
ylation status (pooled odds ratio: 0.62; CI: 0.29—-1.34; three
studies; P=0.23). Treatment-related factors were not ana-
lyzed because of the lack of data.

0s

Among the eight studies included in the survival analyses,
three were multi-institutional and did not clearly specify
whether patient enrollment was consecutive or comprehen-
sive (Supplementary Table 3).

Across all WHO grades combined, survival outcomes in
A-IDHm were significantly worse in patients with HemD
tumors than in those with nonD tumors (pooled HR: 1.73;
CI: 1.28-2.32; prediction interval: 1.21-2.7; eight studies;
P=0.0003; =0%; Fig. 2b). Publication bias was minimal
(LFK index=1.08; Supplementary Fig. 1D). As HemD was
less frequent in WHO grade 2 tumors than in higher-grade
tumors, tumor grade could confound the survival analyses.
To address this potential confounding, subsequent analyses
were performed separately for each WHO grade to assess
the prognostic effect of HemD within grades. In WHO grade
4 tumors, survival comparisons between patients with nonD
and HemD tumors were conducted in the same approach as
that for grades 2 and 3.

In WHO grade 2 tumors, HemD was associated with a
poorer OS (pooled HR: 1.98; CI: 1.03-3.80; four studies;
P=0.04; ’=20.4%; Table 2, Supplementary Fig. 3A). No
significant associations were observed for grade 3 (pooled
HR: 1.78; CL: 0.99-3.20; five studies; P=0.054; F=0%;
Supplementary Fig. 3B) or grade 4 tumors without HoD
(pooled HR: 1.39; CI: 0.85-2.26; five studies; P=0.18;
IP=8.4%; Supplementary Fig. 3 C; Table 2).

Kaplan—Meier analyses based on IPD showed median
OS of 234 versus 143 months for patients with grade 2
nonD and HemD tumors (log-rank test P=0.019; Fig. 3a),
140 versus 108 months for patients with grade 3 nonD and
HemD tumors (P=0.19; Fig. 3c), and 85 versus 71.4 months
for patients with grade 4 nonD and HemD tumors, respec-
tively (P=0.22; Fig. 3e). In WHO grade 2 tumors, RMST
differences between nonD and HemD groups emerged
after 210 months, reaching a 28-month difference at 216
months (approximately 18 years; HemD: 140 months;
CI: 114.4-165.6; nonD: 168.1 months; CI: 156.6-179.6;
P<0.05; Fig. 3b; Table 3). In grade 3 tumors, RMST dif-
ference decreased to —14 months from —0.05 months dur-
ing the first 10 years; however, the CI did not cross zero
(P=0.06-0.09; Fig. 3d). No significant RMST difference
was observed in grade 4 tumors (Fig. 3f). Notably, patients
with grade 4 HoD tumors had a significantly shorter median
OS (36 months; CI: 29.3-56.0) than those with HemD (71.4
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Fig. 2 Pooled frequency of CDKN2A/B
hemizygous deletion (HemD) in /DH-mutant
astrocytomas (A-IDHm) (a). Pooled hazard
ratio for HemD in A-IDHm across all WHO
grades (b). HR hazard ratio, SE standard error
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Fig. 3 Kapan—Meier curves for
WHO grade 2 (a), grade 3 (¢), and
grade 4 tumors (e). Time-restricted
mean survival time (RMST) differ-
ence curves for WHO grade 2 (b),
grade 3 (d), and grade 4 tumors (f).
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months; CI: 46.7-116; P=0.026, post-hoc Bonferroni test)
or nonD tumors (85.1 months; CI: 63.0-127.0; P<0.0001).

Discussion

This systematic review and meta-analysis is the first to
evaluate the prognostic significance of HemD in A-IDHm.
Although several large public datasets have examined the
prognostic role of HemD [10, 13, 18, 35], many overlap
with institutional data included in our analyses and either
lack WHO grade-specific information or include recurrent
tumors (Supplementary Table 1). Our findings indicate that
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HemD is an important negative prognostic marker for sur-
vival in A-IDHm across all tumor grades, a pattern that is
partly attributable to the lower frequency of HemD observed
in WHO grade 2 tumors than in higher-grade tumors. NonD
tumors were more common in grade 2 cases and were asso-
ciated with a more favorable prognosis. Grade-specific
assessments revealed a negative prognostic effect of HemD
in grade 2 tumors, whereas no substantial prognostic influ-
ence was observed in higher-grade tumors.
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Table 3 Restricted mean survival time in the synthesized Kaplan—
Meier curves

RMST RMST RMST
60 months 120 months 18 years

G2nonD  58.1[57.2-59.0] 107.9 168.1
[104.3-111.5] [156.6-179.6]

G2 HemD 57.0 [54.5-59.5] 99.8 140.0
[90.5-109.2] [114.4-165.6]

Difference —1.1[-3.8-1.6], 8.1 —28.1

(months)  P=0.44 [-18.1-1.9], [-56.2——0.04],
P=0.11 P<0.05

G3nonD 51 [46.5-55.5] 98.6 143.6
[92.1-105.1] [125.7-161.5]

G3 HemD 55.5[53.5-57.5] 86.0[73.5-98.6] 128.1

[99.5-156.6]

Difference —4.5[-9.5—9.5] -12.6 -15.5

(months)  P=0.075 [-26.7-1.6] [-49.2-18.2]
P=0.08 P=0.37

G4nonD 489 [46.0-51.9] 79.2[71.2-87.1]

G4 HemD 48.5[43.8-53.3] 72.2[59.3-85.0]

Difference —0.4 [-6.0-5.2] —7.0[-22.1-8.1]

(months)  P=0.89 P=0.36

RMST restricted mean survival time, G2 WHO grade 2, G3 WHO
grade 3, G4 WHO grade 4, nonD non CDKN2A/B deletion,
HemD CDKN2A4/B hemizygous deletion, [] 95% confidence interval

Frequency of HemD in A-IDHm

An increased frequency of HoD has been associated with
higher histological grade [24]; however, potential relation-
ships with HemD have been less well studied. In our anal-
ysis, HemD was less frequent in WHO grade 2 A-IDHm
(13.8%) than in higher-grade tumors. Although HemD fre-
quency appeared lower in WHO grade 4 tumors (17.2%)
than in grade 3 tumors (25.2%) when all cases were con-
sidered, this finding was attributable to the high prevalence
of HoD (approximately 40%) in grade 4 tumors. However,
when HoD cases were excluded, HemD remained relatively
frequent (29.5%) in grade 4 tumors. This subset represents
histologically grade IV tumors without HoD, forming a
distinct subgroup within the broader WHO 2021 grade 4
classification.

Diagnostic methods for COKN2A/B HemD

A limitation of this analysis is the variation in diagnos-
tic methods used to detect HemD across included studies
(Table 1). Nevertheless, the heterogeneity (/°) in pooled
HemD frequency was low, indicating that most interstudy
differences fell within the expected statistical variability.
FISH may underestimate HoD because of the relatively
large probe sizes, which can generate false negatives from
probe redundancy or failure to detect microdeletions [3, 30].

Recent studies comparing methods for detecting HoD
have reported high overall concordance in most cases [20,
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30, 31]. Li et al. [20] reported strong agreement between
FISH and next-generation sequencing (NGS) for assessing
CDKN2A deletion status, with an area under the curve of
0.937 using a 23% FISH cutoff. Wang et al. [31] reported
overall agreement rates of 85.7% between FISH (30%
threshold) and NGS and 86.9% between FISH and DNA
methylation microarray (DMM). Notably, among eight dis-
cordant cases, FISH detected HoD of CDKN2A/B, whereas
six cases were classified as HemD when assessed using
NGS or DMM. Therefore, threshold selection for defin-
ing deletion remains a challenge. As the tumor cell content
influences optimal cutoff values, some authors adjusted
thresholds according to tumor cell proportion [25]. How-
ever, most studies applied a fixed threshold after selecting
areas with sufficient tumor cell content. Misclassification
between HoD and HemD or between HemD and nonD may
artificially exaggerate the apparent prognostic differences
between hemizygous-deleted and nondeleted tumors.

Survival analysis

For survival analysis, we used pooled HRs and RMST.
Although HR has traditionally been used as the effect mea-
sure in time-to-event meta-analyses, the assumption of pro-
portional hazards may not hold across studies because of
differences in follow-up duration and censoring patterns
[11, 32, 37]. Therefore, IPD were combined to generate
synthesized Kaplan—Meier curves for RMST calculation.
Although pooling data from multiple studies may be influ-
enced by outliers, pooled HRs from the two-stage meta-
analysis demonstrated low heterogeneity across WHO
grades.

Considering the lack of consensus regarding an appropri-
ate truncation time in glioma studies, the truncation period
can be set sufficiently long to allow RMST to approximate
mean survival time. However, survival estimates near the
final time points, when few patients remain at risk, exhib-
ited considerable variability. Accordingly, time—RMST dif-
ference curves were constructed to facilitate interpretation
[24, 37].

In patients with WHO grade 2 tumors, the RMST dif-
ference between HemD and nonD tumors increased with
longer follow-up and reached statistical significance after
210 months, which is consistent with the observed results
of pooled HR. Xi et al. proposed reclassification of grade
2 IDH-mutant astrocytomas with HemD as grade 3 [33].
However, in our study, survival differences between nonD
and HemD grade 2 tumors were not statistically significant
at 10-15 years, and the 15—-18-year RMST results should be
considered exploratory because of limited data and poten-
tial informative censoring. Additional evidence is required
before definitive conclusions can be drawn.



Brain Tumor Pathology

In grade 3 tumors, the RMST difference remained just
below statistical significance until 120 months and became
increasingly uncertain thereafter because of the small num-
ber of patients at risk. Considering the pooled HR result for
grade 3 (P=0.054), additional data are necessary to draw
firm conclusions. In grade 4 tumors, no prognostic differ-
ences were observed between pooled HR and RMST, sug-
gesting that the prognostic effect of HemD may vary by
WHO grade.

The mechanisms by which HemD affects tumor behav-
ior remain under investigation in gliomas and other can-
cer subtypes. In non—central nervous system cancers [4,
17], CDKN2A/B has been proposed to exhibit haploinsuf-
ficiency, whereby hemizygous loss reduces functional pro-
tein expression. Promotor methylation may further suppress
gene function in HemD tumors [25, 27], and some A-IDHm
tumors with HemD lack p16 expression [25, 26]. Alterna-
tively, HemD tumors may have an increased likelihood of
progression to HoD.

Limitations

One limitation of this meta-analysis is that all included stud-
ies were retrospective and therefore provided relatively low
levels of evidence. Mild heterogeneity and publication bias
were observed, likely reflecting the absence of standardized
diagnostic methods and threshold definitions for HemD
detection.

Another limitation is that HRs and RMST were partly
calculated from data extracted from Kaplan—Meier curves.
Although reconstructed curves closely overlapped with the
originals, log-rank testing revealed small differences in
P-values (within 5% of reported values).

Our survival analysis did not fully account for potential
confounding factors associated with HemD. Age, sex, and
MGMT promoter methylation status did not differ signifi-
cantly between HemD and nonD groups. Among molecu-
lar alterations relevant to glioma grading, only HemD was
evaluated in this study. Other prognostic molecular factors
associated with HemD remained to be clarified. Amplifica-
tions of PDGFRA and CDK4/6 are potential risk factors in
A-IDHm [16, 28, 34]. Although these alterations are gen-
erally mutually exclusive with HoD [34], their association
with HemD remains unclear. High copy number variation
load, MYCN amplification [28], and chromosome 7 trisomy
[22] have also been associated with poor prognosis. Thus,
comprehensive multivariable analyses are required before
HembD can be reliably applied in clinical practice.

Although we excluded treatment-related variables from
the analysis, therapeutic strategies are typically standard-
ized within each WHO grade category. WHO grade-specific
analyses may partially address this limitation; however,

some patients were treated based on earlier WHO classifica-
tions, which may have introduced variability across cohorts.

Conclusion

This systematic review and meta-analysis indicates that
HemD has a prognostic utility in A-IDHm, partly attribut-
able to its lower frequency in WHO grade 2 tumors. WHO
grade—stratified analyses revealed distinct patterns: a proba-
ble prognostic effect was observed in WHO grade 2 tumors,
a less consistent association in grade 3 tumors, and no sig-
nificant differences between patients with HemD and nonD
tumors in WHO grade 4 tumors.

These findings are based on studies with limited levels of
evidence. The independence of HemD from other adverse
genomic alterations remains uncertain because most anal-
yses did not adjust for these factors. Therefore, HemD
should currently be considered a potential risk modifier,
particularly in WHO grade 2 tumors, rather than a defini-
tive prognostic marker. Prospective, multivariable studies
incorporating comprehensive molecular profiling and stan-
dardized methods and thresholds are required before HemD
can be incorporated into routine clinical decision-making or
grading frameworks.
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