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Sex-related incidence and survival differences
in pediatric high-grade glioma
subtypes: A population-based cohort study

Raoull Hoogendijk,1,8,* Jasper van der Lugt,1 Josh Baugh,1 Cassie Kline,2 Mariette Kranendonk,1 Eelco Hoving,1,3

Leontien Kremer,1,4 Pieter Wesseling,1,5 Henrike Karim-Kos,1,6,7,* and Dannis van Vuurden1,7

SUMMARY

Not much is known on sex differences in incidence, survival, and treatment characteristics for midline and
hemispheric pHGGs. This population-based study confirms previously reported study results that found
worse survival outcomes for malignant diffuse gliomas in girls in the age group 0–9 years. Additionally,
in our study we pinpoint this difference to girls with midline pHGGs aged 0–4 years. We provide insight
in the possible underlyingmechanisms contributing to sex survival differences in pHGGpatients.With first
line treatment having no impact on the higher risk of dying for girls, but age and tumor characteristics hav-
ing a neutralizing effect. The results of this population-based study serve as a basis for future pre-clinical
and clinical studies to further unravel the underlyingmechanisms responsible for the survival gap between
sexes in midline pHGG.

INTRODUCTION

Pediatric high-grade gliomas (pHGGs) are among the most devastating childhood cancers, associated with dismal survival outcomes, and

high morbidity.1–3 These tumors arise from glial cells or their precursors and are commonly found in the midline structures such as the thal-

amus, cerebellum, brain stem, and spinal cord, but can also be found in the cerebral hemispheres.

Current practice for the treatment of de novo pHGG is dependent on tumor location and consists of maximal safe neurosurgical resection,

radiotherapy, consideration of clinical trial options, and potentially chemotherapy such as temozolomide (TMZ).4,5 Neurosurgical manage-

ment of midline pHGG is limited and treating these patients with chemotherapy remains a subject of controversy. To date, there arguably

remains no standard of care first line therapy for these patients beyond radiation.5 In line with first line therapy, after progression or relapse

of pHGG no standardized treatment has been accepted. This has led to a variety of treatment modalities, which may be a contributing factor

to differential outcomes in survival.6

Survival of pHGGs is largely dependent on tumor location and biology. In ameta-analysis of 1000 pediatric and young adult HGGpatients,

in which non-biopsied patients were excluded, superior survival was found for hemispheric pHGG (median 18.5months) compared tomidline

pHGG (median 13.5months).7 Moreover,median survival for a specific groupofmidline pHGGs located in the pons, formerly known as diffuse

intrinsic pontine gliomas (DIPGs), varied between 9.5 and 11 months.8–10

Girls aged 0–9 years with a malignant diffuse glioma have been reported to have worse survival outcomes compared to boys.11 This was in

contrast to all other age groupswhere survival for boys was comparable or lower. Several biological hypotheses such as genetic and hormonal

differences have been proposed to explain sex difference in survival and treatment response.11–13 In addition, clinical aspects like time-to-

treatment may play a role.14 However, studies on sex as a determinant for survival of patients with glioma are mainly focused on adults

and only a limited number of such studies are available for the pediatric population.

In this population-based cohort study we investigate sex differences in incidence, survival and first line treatment characteristics of pHGG

patients <18 years diagnosed between 2003 and 2017 in the Netherlands.
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RESULTS

Characteristics of the included pHGG patients are presented in Table 1. In total, 272 children and young adolescents below the age of 18 years

were diagnosedwith a high-grade glioma during the 14-year time period of 2003–2017. Themajority of pHGGs (80%) was found to be located in

the midline. Age differed significantly between midline and hemispheric pHGGs with a median age at diagnosis of 7 versus 11 years (p < 0.001),

respectively. About half of the midline gliomas were microscopically verified (48%) and this differed significantly from the 100% verified hemi-

spheric pHGGs (p < 0.001). The low percentage of microscopically verified midline pHGGs is reflected by a great amount of malignant glioma,

NOS (ICD-O-M9380/3) (56%) and a large number of tumors with unknowngrading (47%).More than half of all midline tumors were located in the

pons (63%), 19% in the thalamus and 11% in the spinal cord.

Table 1. Characteristics of midline and hemispheric pediatric high-grade gliomas (pHGGs) overall and differentiated by sex during the period 2003–

2017 in the Netherlands

Midline Hemispheric

Overall Boys Girls

Pa

Overall Boys Girls

Pa(N=217) (N=102) (N=115) (N=55) (N=36) (N=19)

Period of diagnosis

2003–2006 63 (29.0%) 38 (37.3%) 25 (21.7%) 0.08 16 (29.1%) 11 (30.6%) 5 (26.3%) 0.94

2007–2010 66 (30.4%) 27 (26.5%) 39 (33.9%) 13 (23.6%) 9 (25.0%) 4 (21.1%)

2011–2014 58 (26.7%) 26 (25.5%) 32 (27.8%) 13 (23.6%) 8 (22.2%) 5 (26.3%)

2015–2017 30 (13.8%) 11 (10.8%) 19 (16.5%) 13 (23.6%) 8 (22.2%) 5 (26.3%)

Age groups (years)

0–4 52 (24.0%) 26 (25.5%) 26 (22.6%) 0.38 8 (14.5%) 6 (16.7%) 2 (10.5%) 0.92

5–9 98 (45.2%) 41 (40.2%) 57 (49.6%) 13 (23.6%) 9 (25.0%) 4 (21.1%)

10–14 50 (23.0%) 28 (27.5%) 22 (19.1%) 19 (34.5%) 12 (33.3%) 7 (36.8%)

15–17 17 (7.8%) 7 (6.9%) 10 (8.7%) 15 (27.3%) 9 (25.0%) 6 (31.6%)

Age, median years (IQR) 7 (5–10) 7 (4–11) 7 (5–10) 0.57 11 (7–15) 11 (7–14) 12 (8–15) 0.7

WHO grade

Grade II 16 (7.4%) 10 (9.8%) 6 (5.2%) 0.44 – – – 0.16

Grade III 42 (19.4%) 22 (21.6%) 20 (17.4%) 16 (29.1%) 13 (36.1%) 3 (15.8%)

Grade IV 57 (26.3%) 24 (23.5%) 33 (28.7%) 37 (67.3%) 21 (58.3%) 16 (84.2%)

Unknown 102 (47.0%) 46 (45.1%) 56 (48.7%) 2 (3.6%) 2 (5.6%) 0 (0%)

ICCC-3 subgroup

(b) Astrocytomas 81 (37.3%) 37 (36.3%) 44 (38.3%) 0.64 46 (83.6%) 30 (83.3%) 16 (84.2%) 0.9

(d.1) Oligodendrogliomas 3 (1.4%) 1 (1.0%) 2 (1.7%) 1 (1.8%) 1 (2.8%) 0 (0%)

(d.2) Mixed and unspecified gliomas 131 (60.4%) 62 (60.8%) 69 (60.0%) 4 (7.3%) 3 (8.3%) 1 (5.3%)

(d.3) Neuroepithelial glial tumors of uncertain

origin

1 (0.5%) 1 (1.0%) 0 (0%) 4 (7.3%) 2 (5.6%) 2 (10.5%)

(f) Unspecified intracranial and intraspinal

neoplasms

1 (0.5%) 1 (1.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Detailed tumor location midline

Pons 136 (62.7%) 68 (66.7%) 68 (59.1%) 0.24 – – – 1

Thalamus 42 (19.4%) 13 (12.7%) 10 (8.7%) 0 (0%) – –

Spinal 23 (10.6%) 5 (4.9%) 11 (9.6%) 0 (0%) – –

Other 16 (7.4%) 16 (15.7%) 26 (22.6%) 0 (0%) – –

Hemispheric 0 (0%) – – 55 (100%) 36 (100%) 19 (100%)

Microscopic verification

No 113 (52.1%) 50 (49.0%) 63 (54.8%) 0.48 0 (0%) 0 (0%) 0 (0%) 1

Yes 104 (47.9%) 52 (51.0%) 52 (45.2%) 55 (100%) 36 (100%) 19 (100%)

ICCC-3, International Classification of Childhood Cancer, Third edition; IQR, interquartile range.
aPearson’s X2 test or Fisher’s Exact test (when N % 5 in one or more categories). For continuous variables the Wilcoxon rank test was used.
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Incidence of pHGG

Onaverage, 19 patientswere diagnosedwith a pHGGannually in theNetherlands. Theworld standardized incidence rate for patients aged 0–17

yearswas5.5 permillionperson-years.MidlinepHGGhadanaverage incidence ratepermillionperson-years of 4.5, while hemisphericpHGGhad

an incidence rateof 1.1.Overall, incidence ofmidlinepHGGswas comparable inboys andgirls (2.1 and 2.3permillionperson-years, SRR 0.9 (95%

CI 0.7–1.1)). Regarding age, the largest incidence difference between girls andboyswas seen in the agegroup 5–9 (SRR 0.7 (95%CI 0.5–1.1)), and

15–17 years (SRR0.7 (95%CI 0.3–1.8)) (Figure 1A). For the agegroup0–4 years, incidencewas comparable (SRR1.0 (95%CI 0.6–1.7)) and for theage

group10–14 yearsboysweremorecommonlydiagnosed (SRR1.3 (95%CI0.7–2.2)). In contrast, hemispheric tumorswere twiceas common inboys

(SRR 2.0 (95% CI 1.1–3.4)) with an average incidence rate per million person-years of 0.7 for boys compared to 0.3 for girls (Figure 1B). The over-

representationofboys forhemisphericpHGGwasconsistent forall agegroupsbuthighest in theyoungeragegroupswithSRRsof3.2 (95%CI0.7–

16.1), 2.2 (95% CI 0.7–7.2), 1.7 (95% CI 0.7–4.4), and 1.5 (95% CI 0.5–4.2) for the age groups 0–4, 5–9, 10–14 and 15–17, respectively.

First line treatment of pHGG

Table 2 presents the symptom duration and first line treatment characteristics for midline and hemispheric pHGGs differentiated by sex dur-

ing the period 2003–2017.

Median symptom duration before first consult with a (pediatric) oncologist was 21 days, and this was comparable between sexes for both,

midline (p= 0.62) andhemispheric pHGG (p=0.6). Less than 2%ofmidline and9%of hemispheric gliomapatientswerediagnosedand treated

in an adult care setting.No significant sexdifferenceswere found for children treated at apediatric oncology site compared to children treated

in an adult care setting.Due to several disease related reasons (e.g., deathquickly afterdiagnosis), 10%ofmidline and5%of hemispheric tumor

patients did not start any treatment. Determination to start treatment was comparable between boys and girls for both diagnostic groups.

During first line treatment of midline pHGGs dexamethasone use was higher in girls (70%) than boys (55%, p = 0.04). No sex differences

were found in neurosurgical interventions, radiotherapy, systemic therapy and, more specifically, treatment with TMZ use for midline pHGG

patients. However, for radiotherapy the median total dose tended to be lower in girls compared to boys (44.8Gy vs. 54 Gy, p = 0.09).

For hemispheric pHGG a significant difference in neurosurgical intervention was seen between sexes with girls receiving a gross total

resection (GTR) (63%) or subtotal resection (STR) (37%) while one-third of the boys got only a biopsy (31%) or no intervention (3%) (p =

0.02). We did not find a sex difference in radiotherapy, systemic therapy, or use of TMZ or dexamethasone.

Survival of patients with pHGG

Median PFS for pHGG patients overall during the period 2003–2017 was 7.7 months and median OS was 9.7 months (OS-PFS = 2 months,

Figure 2A). Median OS for hemispheric pHGGs (14.2 months) significantly differed from midline pHGGs (9 months, p = 0.01, Figure 2B).We

found no significant differences between boys and girls in median PFS (7.5months versus 7.9months) andOS (10.6months versus 9.2months)

for pHGG patients overall.

Midline pHGGs had the poorest outcomes with a median PFS of 7.2 months and an OS of 9 months (OS-PFS = 1.8 months, Figure 2C).

Comparable PFS outcomes were seen for boys and girls (median 7.1 versus 7.5 months, p = 0.1), but different outcomes in median OS

(9.7 months versus 8.8 months, p = 0.04) were found (Figure 2D).

MedianOS for boys and girls with amidline pHGGdiffered significantly within the age group 0–4 years (13.5months versus 8.8months, p =

0.01) with dismal outcomes for girls. Differences in median OS were found non-significant for the age group 5–9 (9.7 months versus

8.8 months), 10–14 (9.3 months versus 10.7 months) and 15–17 (9.4 months versus 8.1 months) for boys and girls respectively.

Hemispheric pHGGs had a median PFS of 10 months andmedian OS of 14.2 months (OS-PFS = 4.2 months, Figure 2E). For boys and girls

with a hemispheric pHGG median PFS (9.7 versus 8.8 months) and OS (11.5 and 21.1 months, Figure 2F) were comparable.

Table 3 provides median OS in months together with 1-, 2-, and 5-year OS rates for the different age groups according to sex and their

interaction for midline pHGG and hemispheric pHGG. OS rates for midline and hemispheric tumors steadily decrease over time after

Figure 1. Incidence rates for pediatric high-grade gliomas (pHGGs)

Average incidence rate per million person-years for (A) midline and (B) hemispheric pediatric high-grade gliomas (pHGGs) stratified to sex and age.
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Table 2. Symptomduration and first line treatment characteristics ofmidline and hemispheric pediatric high-grade gliomas (pHGGs) overall and differentiated by sex during the period 2003–2017

in the Netherlands

Midline Hemispheric

Overall Boys Girls

Pa

Overall Boys Girls

Pa(N=217) (N=102) (N=115) (N=55) (N=36) (N=19)

Symptom duration, days (IQR) 21 (14–61) 21 (14–30) 21 (14–61) 0.62 21 (7–30) 14 (4–46) 21 (14–30) 0.6

Care setting

Pediatric oncology 213 (98.2%) 100 (98.0%) 113 (98.3%) 1 50 (90.9%) 33 (91.7%) 17 (89.5%) 1

Adult 4 (1.8%) 2 (2.0%) 2 (1.7%) 5 (9.1%) 3 (8.3%) 2 (10.5%)

No Therapy 21 (9.7%) 12 (11.7%) 9 (7.9%) 3 (5.5%) 3 (8.3%) 0 (0%)

Died quickly after diagnosis 2 (0.9%) 1 (1.0%) 1 (0.9%) 0.4 1 (1.8%) 1 (2.8%) 0 (0%) 0.7

High tumor load/Extensive

disease

7 (3.2%) 5 (4.9%) 2 (1.7%) 2 (3.6%) 2 (5.6%) 0 (0%)

Comorbidity 1 (0.5%) 1 (1.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Functional status 2 (0.9%) 1 (1.0%) 1 (0.9%) 0 (0%) 0 (0%) 0 (0%)

Wish/Refusal patient or family 7 (3.2%) 2 (2.0%) 5 (4.3%) 0 (0%) 0 (0%) 0 (0%)

Not defined 2 (0.9%) 2 (2.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Neurosurgery

GTR 7 (3.2%) 3 (2.9%) 4 (3.5%) 0.94 25 (45.5%) 13 (36.1%) 12 (63.2%) 0.02

None 128 (59.0%) 62 (60.8%) 66 (57.4%) 1 (1.8%) 1 (2.8%) 0 (0%)

Biopsy 40 (18.4%) 19 (18.6%) 21 (18.3%) 11 (20.0%) 11 (30.6%) 0 (0%)

STR 42 (19.4%) 18 (17.6%) 24 (20.9%) 18 (32.7%) 11 (30.6%) 7 (36.8%)

Radiotherapy

No 47 (21.7%) 25 (24.5%) 22 (19.1%) 0.43 13 (23.6%) 9 (25.0%) 4 (21.1%) 1

(Continued on next page)
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Table 2. Continued

Midline Hemispheric

Overall Boys Girls

Pa

Overall Boys Girls

Pa(N=217) (N=102) (N=115) (N=55) (N=36) (N=19)

Yes 170 (78.3%) 77 (75.5%) 93 (80.9%) 42 (76.4%) 27 (75.0%) 15 (78.9%)

Radiotherapy, median

total dose in Gy (IQR)

45.0 (39.0–54.0) 54.0 (39.0–54.0) 44.8 (39.0–54.0) 0.09 59.4 (54.0–59.9) 59.4 (54.0–59.6) 59.4 (59.4–59.9) 0.29

Radiotherapy, median

fractions (IQR)

17.0 13.0–30.0) 28.0 (13.0–30.0) 16.0 (13.0–30.0) 0.26 30.0 (30.0–33.0) 30.0 (30.0–33.0) 30.0 (30.0–33.0) 0.88

Systemic therapy

None 148 (68.2%) 69 (67.6%) 79 (68.7%) 1 16 (29.1%) 11 (30.6%) 5 (26.3%) 0.85

Chemo 63 (29.0%) 30 (29.4%) 33 (28.7%) 38 (69.1%) 24 (66.7%) 14 (73.7%)

Chemo + Target 6 (2.8%) 3 (2.9%) 3 (2.6%) 1 (1.8%) 1 (2.8%) 0 (0%)

Temozolomide

No 174 (80.2%) 82 (80.4%) 92 (80.0%) 1 21 (38.2%) 14 (38.9%) 7 (36.8%) 1

Yes 43 (19.8%) 20 (19.6%) 23 (20.0%) 34 (61.8%) 22 (61.1%) 12 (63.2%)

Dexamethasone

No 81 (37.3%) 46 (45.1%) 35 (30.4%) 0.04 25 (45.5%) 17 (47.2%) 8 (42.1%) 0.94

Yes 136 (62.7%) 56 (54.9%) 80 (69.6%) 30 (54.5%) 19 (52.8%) 11 (57.9%)

IQR, interquartile range; Gy, gray.
aPearson’s X2 test or Fisher’s Exact test (when N % 5 in one or more categories). For continuous variables the Wilcoxon rank test was used.
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diagnosis with 5-year OS rates of 10% for midline pHGG and 20% for hemispheric pHGG. For midline pHGG, girls have consistently worse

survival outcomes in the younger age groups compared to boys. This is especially notable for the age group 0–4 with no girl surviving at 5

years, contrasting the 31% 5-year OS rate for boys aged 0–4.

Determinants for risk of death

Univariable and multivariable OS cox regression models for midline and univariable OS cox regression models for hemispheric pHGGs are

presented in Table 4. For midline tumors, the risk of dying was significantly higher among girls compared to boys (HR 1.3 (95% CI 1–1.8)) in

univariable analyses. WHO grade was also found to be associated with OS: WHO grade II (HR0.1 (95%CI0-0.3)) and IV (HR1.6 (95%CI 1–2.4))

being significant usingWHOgrade III as reference. Furthermore, a significant interaction between age and gender was found: Taking the age

group 0–4 as a reference, girls aged 10–14 had a lower risk of dying (HR0.4 95%CI 0.2–0.9)).

When adjusting for treatment characteristics (i.e., neurosurgical intervention, radiotherapy and systemic therapy) the risk of dying for girls

slightly increased (HR 1.4 (95% CI 1–1.8)). When also adding age, tumor location and WHO grade to the adjusted treatment characteristic

model, the significance disappeared (HR 1.2 (95% CI 0.9–1.6). In this model, an association with worse survival outcomes was found for pa-

tients in the age group 5–9 years (HR 1.7 (95%CI 1.2–2.6)), WHOCNSgrade IV tumors (HR 1.8 (95%CI 1.1–2.8)) and tumors located outside the

pons, thalamus or spinal cord (HR 2 (95% CI 1.2–3.2)). A lower risk of dying was found for patients with a WHO CNS grade II tumor (HR 0.05

(95% CI 0–0.1)), receiving radiotherapy (HR 0.3 (95% CI 0.2–0.4)) and systemic therapy (HR 0.7 (95% CI 0.4–1)) during first line treatment.

Additional analysis (data not presented) showed that in univariable analysis use of dexamethasone during first line treatment was associ-

ated with worse survival outcomes compared to patients not receiving dexamethasone (HR 1.7 (95%CI 1.2–2.2)). However, when adding the

use of dexamethasone to model 2 there was no effect on the risk of dying for girls (HR 1.2 (95%CI 0.9–1.6)) and the association of dexameth-

asone with worse survival became non-significant (HR 1.4 (95%CI 1–1.9)).

For hemispheric tumors we found no significant sex difference in univariable analysis (HR 0.7 (95%CI 0.4–1.3)). The only significant asso-

ciation for hemispheric tumors in univariable analyses was a higher risk of dying for patients receiving a biopsy (HR 4.2 (95%CI 1.8–9.4)) using

the gross total resection group as a reference (Table 4).

DISCUSSION

This is the first population-based study describing sex differences in incidence and survival for pHGG subtypes in the Netherlands. Incidence

varied across pHGG subtype and sex with an overrepresentation of girls in midline pHGGs in the age group 5–9 and 15–17 years. In contrast,

boys were more commonly diagnosed with a hemispheric pHGG across all age groups. Survival was worse for girls with midline pHGGs

compared to boys. When adjusting for first line treatment worse outcomes for girls remained intact. However, after adding age and tumor

characteristics the sex difference became less pronounced.

Figure 2. Progression Free Survival (PFS) and Overall Survival (OS) for pediatric high-grade gliomas (pHGGs)

(A) pHGG OS and PFS.

(B) pHGG OS stratified to midline pHGG and hemispheric pHGG.

(C) Midline pHGG OS and PFS.

(D) Midline pHGG OS stratified to boys and girls.

(E) Hemispheric pHGG OS and PFS.

(F) Hemisphiric pHGG OS stratified to boys and girls.
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Incidence

We found that midline tumors were diagnosed four times more often (80%) compared to their hemispheric counterparts in children and

young adolescents <18 years with average incidence rates of 4.5 and 1.1 per million respectively. This is in line with previous reports

showing that midline tumors are more commonly diagnosed in children than hemispheric tumors.7 However, this is to our knowledge

the first study providing insight into this 4:1 distribution of midline and hemispheric pHGGs for children and young adolescents below

the age of 18 years.

Incidence rates for boys and girls with a midline pHGG were comparable overall, but incidence varied by age group with girls being more

affected than boys in the age groups of 5–9 years and 15–17 years, while boys were more common in the age group of 10–14 years. Incidence

ofmost childhood cancers is strongly correlatedwith confineddevelopmental periods resulting in differential incidence by sex and age.15 Under-

lying reasonscanbe found ingeneexpressionwhich varies acrossage,human tissueandsex. For example,polycombrepressive complex2 (PRC2)

and trimethylationof histoneH3at Lys16 (H3K27me3) arehighly enrichedgenes in femalesacrossmultiple tissue types including thebrain.17 These

differences areof importance asmostmidlinepHGGharbor aH3K27Malteration leading to loss ofH3 trimethylation affecting PRC2which in turn

can result in glioma tumorigenesis.18 Additionally, for midline pHGG, recurrent mutations in the gene encoding H3.1 histone variants are more

common at a younger age and in girls.2,7

Moreover, it has been shown that cancer stem cell-like oligodendrocyte precursor cells (OPCs) are overrepresented in H3K27MDMGs and

play an important role in tumor initiation.19 Interestingly, OPCs and their function tends to vary across age and sex.20–22 These differences

further support the notion that differential incidence may be related to the variability in developmental periods across ages between sexes.

For hemispheric pHGGs, a predominance of boys was reported that was consistent across all age groups. These results are in line with pre-

viously reported sexdifferences in incidence for glioblastoma in adults.23Glioblastoma in adults is 1.6 timesmore common inmales compared to

females. Contributing factors to the differencemay be found inmetabolic factors such as cerebral glucosemetabolism and sex differences in im-

muneresponse.23,24 Forexample, incase-control studies an inverse relationshipbetweenpre-diagnostic immunoglobulinE (IgE) levelsandrisk for

HGG among females has been reported.24 Other possible contributing factors can be found in hormonal differences, with higher testosterone

levels and androgen receptors contributing to an increased incidence formales and estrogens having a protective effect on developingglioblas-

toma for females.25,26 However, as hormonal differences are less pronounced at younger ages the higher incidence for male hemispheric pHGG

Table 3. MedianOS inmonths, 1-, 2- and 5-yearOS rates ofmidline and hemispheric pediatric high-grade gliomas (pHGGs), overall and stratified to sex,

age and the interaction of sex and age

Midline Hemispheric

N

Median 1-year 2-year 5-year

N

Median 1-year 2-year 5-year

OS (months) OS (95%CI) OS (95%CI) OS (95%CI) OS (months) OS (95%CI) OS (95%CI) OS (95%CI)

Overall 217 9.0 37 (31–44) 15 (11-203 10 (7–15) 55 14.2 55 (43–69) 36 (26–52) 20 (12–34)

Sex

Boys 102 9.7 43 (35–54) 21 (14–30) 15 (9–24) 36 11.5 47 (33–67) 31 (19–50) 17 (8–35)

Girls 115 8.8 31 (24–41) 10 (5–17) 6 (3–13) 19 21.1 68 (50–93) 47 (30–76) 26 (12–56)

Age groups (years)

0–4 52 9.5 39 (27–54) 21 (13–36) 15 (8–29) 8 3.5 25 (8–83) 25 (8–83) 25 (8–83)

5–9 98 8.8 35 (26–46) 8 (4–16) 4 (2–11) 13 14.9 62 (40–95) 39 (19–77) 15 (4–55)

10–14 50 9.5 40 (28–56) 18 (10–33) 16 (8–30) 19 12.6 53 (34–81) 37 (20–66) 26 (12–56)

15–17 17 8.7 35 (19–67) 24 (10–55) 12 (3–43) 15 23.8 67 (47–95) 40 (22–74) 13 (4–48)

Boys * Age groups (years)

0–4 26 13.5 54 (38–77) 35 (20–59) 31 (17–55) 6 3.5 17 (3–100) 17 (3–100) 17 (3–100)

5–9 41 9.7 39 (27–57) 12 (5–28) 5 (1–19) 9 14.9 56 (31–100) 44 (21–92) 22 (7–75)

10–14 28 9.3 39 (25–62) 18 (8–40) 14 (6–35) 12 11.5 42 (21–81) 25 (9–67) 17 (5–59)

15–17 7 9.4 43 (18–100) 29 (9–92) 14 (2–88) 9 23.8 67 (42–100) 33 (13–84) 11 (18–71)

Girls* Age groups (years)

0–4 26 8.8 23 (11–47) 8 (2–29) 0 2 106.3 50 (13–100) 50 (13–100) 50 (13–100)

5–9 57 8.8 32 (22–46) 5 (2–16) 4 (0–14) 4 17.3 75 (43–100) 25 (5–100) 0

10–14 22 10.7 41 (25–68) 18 (7–44) 18 (7–44) 7 32.2 71 (45–100) 57 (30–100) 43 (18–100)

15–17 10 8.1 30 (12–77) 20 (6–69) 10 (2–64) 6 25.9 67 (38–100) 50 (22–100) 17 (3–100)

N, number of patients; OS, Overall survival; CI, confidence interval.
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seems to indicate an underlying genetic mechanism. This hypothesis is supported in the adult population with sex specific methylation patterns

and sex-specific risk loci (7p11.2, 8q24.21, 3p21.31) for gliomas.16,27,28

Survival

In line with literature, survival outcomes of midline pHGGs were inferior compared to hemispheric pHGGs.7 However, median survival was

lower than observed in other clinical and biological studies.7,8 Possible reasons for this difference in survival are data type (hospital/trial-based

versus population-based data), completeness of non-microscopically verified cases and differences in treatment regimen. In this population-

based study, all pHGG patients were included regardless their hospital of diagnosis or trial participation which probably resulted in a higher

percentage of patients with a poor prognosis.

Table 4. Univariable andmultivariable associations of sex with overall survival (OS) inmidline pHGG corrected for A) first line treatment and B) first line

treatment, patient and tumor characteristics and univariable associations in hemispheric pHGG

Midline Midline Midline Hemispheric

N

Univariable

HR (95%CI) p

Adjusted 1a

HR (95%CI) p

Adjusted 2b

HR (95%CI) p N

Univariable

HR (95%CI) p

Sex

Boys 102 REF REF REF 36 REF

Girls 115 1.3 (1–1.8) 0.04 1.4 (1–1.8) 0.03 1.2 (0.9–1.6) 0.24 19 0.7 (0.4–1.3) 0.32

Neurosurgery

GTR 7 REF REF REF 25 REF

None 128 1.1 (0.5–2.4) 0.8 1.2 (0.5–2.6) 0.73 1.6 (0.6–4.5) 0.35 1 N < 5

Biopsy 40 1.4 (0.6–3.2) 0.38 1.5 (0.7–3.4) 0.33 2.3 (0.9–5.7) 0.08 11 4.2 (1.8–9.4) <0.001

STR 42 1.1 (0.5–2.4) 0.84 1 (0.5–2.3) 0.96 1 (0.4–2.3) 0.97 18 1.1 (0.6–2.1) 0.81

Radiotherapy

No 47 REF REF REF 13 REF

Yes 170 0.9 (0.6–1.3) 0.67 0.9 (0.6–1.3) 0.46 0.3 (0.2–0.4) <0.001 42 0.7 (0.3–1.3) 0.24

Systemic therapy

No 148 REF REF REF 16 REF

Yes 69 1 (0.8–1.5) 0.6 1.1 (0.8–1.7) 0.52 0.7 (0.4–1) 0.05 39 1.5 (0.8–3.0) 0.22

Age groups

0–4 52 REF REF 8 REF

5–9 98 1.3 (0.9–1.9) 0.15 1.7 (1.2–2.6) 0.008 13 0.9 (0.3–2.5) 0.89

10–14 50 1 (0.6–1.5) 0.85 1.3 (0.8–2.1) 0.27 19 0.8 (0.3–2.2) 0.73

15–17 17 1 (0.6–1.8) 0.97 1.5 (0.8–2.8) 0.26 15 0.8 (0.3–2.0) 0.57

Tumor location

Pons 136 REF REF

Thalamus 23 1.2 (0.8–2) 0.37 1.8 (1–3.5) 0.07

Spinal 16 1.6 (0.9–2.7) 0.1 1.4 (0.7–2.9) 0.3

Other 42 1.1 (0.8–1.6) 0.53 2 (1.2–3.2) 0.004

WHO grade

Grade III 42 REF REF 16

Grade II 16 0.1 (0–0.3) <0.001 0.05 (0–0.1) <0.001 0 N < 5

Grade IV 57 1.6 (1–2.4) 0.03 1.8 (1.1–2.8) 0.01 37 1.9 (0.9–3.8) 0.07

Unknown 102 1.2 (0.8–1.7) 0.42 1.2 (0.7–2.2) 0.5 2 N < 5

Deaths within 5 years from diagnosis are considered here.

GTR =Gross total resection, STR = Subtotal resection, HR = hazard rate, CI = confidence interval, N < 5 = in case the number of patients is lower than 5 no results

are reported.
aNeurosurgery, radiotherapy, systemic therapy.
bNeurosurgery, radiotherapy, systemic therapy, age, tumor location, WHO grade.
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Additionally, we found worse survival outcomes for girls with amidline pHGG compared to boys. This result is in line with a previous report

by Wang et al.11 that found that girls below <10 years diagnosed with a malignant diffuse glioma had a significantly higher risk of dying

compared to boys. Interestingly, when we stratified our analysis by age we found that the difference in median OS was only significant for

the age group 0–4 years. When adjusting the sex survival difference for treatment, that is neurosurgery, radiotherapy and systemic therapy,

the effect remained significant, but after adding age at diagnosis and tumor characteristics to the multivariate survival model the significant

effect diminished, indicative that patient and tumor characteristics are partly explaining the survival difference.

In this full model we found that radiotherapy was associated with better survival outcomes (HR 0.3 (95%CI 0.2–0.4)). Interestingly, we found

a trend toward hypofractionated radiotherapy in girls (median total dose Gy 44.9, andmedian fractions 16). Not much is known on differential

responses to treatment in brain tumors in children. However, several underlying biological differences may play a role. For example, it has

been reported that the frequency of TP53 mutations differs according to sex.29 The p53 protein plays an important role in apoptosis as a

response to radiotherapy. Differences in mutational status between sexes can therefore be a contributing factor to differential survival out-

comes. Although hormonal differences are commonly suggested as playing a role in response to therapy for adult GBM, this is less well inves-

tigated at younger ages.24 Meanwhile, the pharmacological response to therapy may differ as sex can act as a genetic modifier.13

Dexamethasone use during first line treatment was 15% higher in girls compared to boys. Although dexamethasone use was associated

with worse survival outcomes in univariable analysis, the effect diminishedwhen correcting for treatment, age at diagnosis, tumor location and

WHO grade (HR 1.4 (95%CI 1–1.9)). Corticosteroids like dexamethasone are not part of the tumoricidal treatment of pHGGs but are

commonly used for symptom relief.30 A higher usage of dexamethasone may therefore be indicative for worse clinical symptoms or cultural

aspects with girls receiving corticosteroids more easily compared to boys.

Although the underlying pathobiology needs further elucidation, one can speculate that as dexamethasone induces cytochrome P450

CYP3A activity, it potentially leads to faster clearance of a large number of systemic anti-cancer treatments, making the drug less effective.

In addition, sex difference has been reported in CYP3A expression, with higher levels of CYP3A4 expression in the liver for females. This dif-

ference may strengthen the clearance of drugs that are catalyzed by CYP3A even further making it less effective.

Lastly, recent developments in the field of single cell sequencing seem to hint at a bigger role for the immune system in disease devel-

opment and progression of midline pHGGs.19 High proportions of microglia were found in pediatric H3K27M DMGs contrasting adults

who had higher proportions of macrophages. Microglia are multifunctional cells and can play a role in phagocytosis, brain homeostasis

and neuroimmunological defense mechanisms.31 Differences in morphology, quantity, phenotype and transcriptome of microglia have

been reported between sexes leading to different functions in the brain.24 Additionally, myeloid-derived suppressor cells (MDSCs) inhibit

anti-tumor immune response and MDSCs have been reported to drive immune suppression in a sex-specific manner.32 The aforementioned

sex differences may play a role in tumor progression, response to therapy and survival. Therefore, future studies should aim to further differ-

entiate their results based on sex.

Conclusion

Our study confirms previously reported sex differences in incidence and survival and further specify these in a clinically relevant manner, with

hemispheric pHGG being twice as common in boys, and girls having worse survival outcomes in midline pHGGs. The latter was especially

notable in girls below the age of 5 years. First line treatment did not alter the risk of dying for girls. However, taking age at diagnosis and

tumor characteristics into account led to a diminished risk, indicating that patient and tumor characteristics are partly explaining the survival

difference. Future studies should focus on integrating disease characteristics and clinical data of pediatric midline gliomas to further unravel

the underlying mechanisms responsible for the difference in survival between boys and girls for midline pHGGs.

Limitations of the study

The main strength of our study is the use of population-based data covering a 14-year period with no restriction regarding hospital or treat-

ment, which resulted in a relatively large sample size considering the rarity of the disease. Moreover, detailed clinical data were gathered for

all pHGG patients providing a unique opportunity to perform detailed analyses on first line treatment, age, and tumor characteristics in rela-

tion to survival outcomes of pHGG in theNetherlands. Another strength of this study is the inclusion of radiologically diagnosed tumors. How-

ever, due to the inclusion of non-microscopically verified tumors (i.e., half of themidline pHGGswas not biopsied) there is the risk of classifying

lower grade tumors (e.g., pilocytic astrocytomas) as midline pHGG. This may result in an overestimation of survival. However, the gathered

radiological conclusions made it possible to exclude most midline tumors for which the radiology was interpreted as most consistent with

whom CNS grade I and II, (n = 56). Additionally, as the survival outcomes in our study are lower than previously reported, our results

seem to reflect real-world survival outcomes with minimal bias through contamination of lower grade tumors. Of note, patients with radio-

logically a seemingly lower grade diffuse infiltrative tumor located in the pons considered as prototype DIPG were included in this study

as it has been shown that the vast majority of these tumors are H3 K27-altered and should indeed be considered as WHO grade 4.

Unfortunately, it was not possible to provide exact information on the state-of-the-art ‘histomolecular’ diagnoses of the included tumors

following the fifth edition of theWHOCNS tumor classification due to the lack of molecular information.33 Most of the included pHGGs were

diagnosed during an era in which diagnoses were histology based and additional molecular testing was rare and tumor material for midline

pHGG was scarce. Nonetheless, we were able to review the full pathology report or the conclusion of the radiology report for non-biopsied

patients, making it possible to group tumors to a clinically relevant tumor location (i.e., midline or hemispheric) increasing the value of the

presented results. Future studies will be initiated to unravel the molecular biology background of these historical cases.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Raoull Hoogendijk

(r.hoogendijk@prinsesmaximacentrum.nl).

Materials availability

This study did not generate new unique materials.

Data and code availability

Data reported in this paper will be shared by the lead contact upon reasonable request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patient selection

Data on pHGG patients <18 years diagnosed in 2003-2017 were derived from the population-based Netherlands Cancer Registry (NCR). We

included the International Classification of Diseases for Oncology (ICD-O) morphology codes: M9380/3 (malignant glioma, NOS), M9381/3

(gliomatosis cerebri), M9382/3 (anaplastic oligoastrocytic tumors), M9385/3 (H3K27M-mutant diffuse midline glioma), M9400/3 (diffuse astro-

cytoma), M9401/3 (anaplastic astrocytoma), M9420/3 (fibrillary astrocytoma), M9440/3 (glioblastoma and variants), M9441/3 (giant cell glio-

blastoma), M9442/3 (gliosarcoma), M9445/3 (glioblastoma IDH-mutant), M9451/3 (anaplastic oligodendroglioma) and M8000/3-M8002/3

(malignant, unspecified tumors) located in the brain stem (C71.7).

Unspecified tumors like malignant gliomas, NOS (9380/3) were checked for their diagnoses based on imaging. If there was a high prob-

ability of a low-grade tumor (WHO grade I-II) we removed the tumor from the dataset (n=54). However, radiologically seemingly low grade,

diffuse infiltrative tumors located in the pons were included in the dataset as the vast majority of these are nowadays known to represent the

highly malignant diffuse midline gliomas, H3 K27-altered (n=16).

Throughout the manuscript we use Roman numericals to reflect theWHO grade assigned to tumors at initial diagnosis. This in contrast to

the fifth edition of the World Health Organization Classification of Tumors of the Central Nervous System (WHO CNS5) published in 2021

where Arabic numerals are employed.33

ICD-O-3 topography codes such as cerebrum (71.0) are non-specific as they include tumors in the cerebral cortex but also the thalamus.35

Therefore, a more detailed tumor location was extracted from the diagnoses text field. The diagnoses text field contained a short summary of

the pathology and/or radiology diagnoses and were specifically collected for this project. In case of uncertainty on tumor location the full

pathology report was reviewed by the first author (RH). Using the detailed tumor location, tumors were classified as midline or hemispheric.

Midline tumors were defined as having their primary location in the thalamus, brain stem (e.g. pons, mesencephalon) and spinal cord. Addi-

tionally, we’ve included a basket category with the title ‘‘other’’ which includes medulla oblongata and cerebellum.

Details on the final patient selection are presented in the supplemental information (Table S1).

METHOD DETAILS

Data sources

The NCR contains all patients with malignancies in the Netherlands since 1989 and has showed a completeness in capture of at least 96%.36

Case notifications are provided through the Nationwide Network and Registry of Histopathology and Cytopathology (PALGA ), and the

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Clinical data This study N/A

Software and algorithms

R (version 4.2.2) R foundation https://www.r-project.org/

tidyverse Wickham et al.34 https://www.tidyverse.org/

survminer N/A https://github.com/kassambara/survminer

survival N/A https://github.com/therneau/survival

SAS/STAT� software SAS Institute Inc. N/A
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National Registry of Hospital Discharges.37 Detailed clinical data for all pediatric patients with a high-grade CNS tumor were collected

through retrospective medical records review by dedicated data managers trained in neuro-oncology. In addition, we linked our database

with the PALGA database to gather full pathology reports for review purposes.

Information on vital status (i.e., alive, dead or emigrated) is obtained through annual linkage of the NCR with the Nationwide Personal

Record Database (BRP) that holds vital statistics on all Dutch residents. The last linkage for this study was on 1 February 2021. This project

was submitted to theMRECUtrecht for approval, but as theMedical Research Involving Human Subjects Act (WMO) does not apply, a waiver

was provided (reference number MvdLmb/20/500572).

QUANTIFICATION AND STATISTICAL ANALYSIS

Included patients were analyzed according to three groups - overall, midline and hemispheric pHGGs and stratified by sex. In this study sex is

defined as the sex assigned at birth. Differences in characteristics of the study population were tested by using the Chi-squared or Fisher’s

exact test for categorical variables and the Wilcoxon rank test for continuous variables.

Incidence rates were calculated as the average annual number of cases per million person-years, using the mid-year population size as

obtained from Statistics Netherlands (CBS).38 Rates for the age range 0-17 years were age-adjusted according to the Segi world standard

population.39 Age-specific rates were calculated for the age groups 0-4, 5-9, 10-14, and 15-17 years. Differences in incidence rates between

boys and girls were expressed as the standardized rate ratio (SRR) using girls as the reference group. SRRs were calculated according to Roth-

man et al.40

Overall Survival (OS) was calculated instead of Relative Survival (RS) as competing causes of death are rare in childhood.41 OS was defined

as the time from date of diagnosis until death from any cause (i.e., event), date of emigration (i.e., censored) or to February 1, 2021 (i.e., study

endpoint). Progression Free Survival (PFS) was defined as the time period from date of diagnosis until progression, death from any cause (i.e.,

event), date of emigration (i.e., censored) or to February 1st, 2021 (i.e., study endpoint). If progression date was not available we used the start

date of second line therapy. In cases where no second line therapy was given, we used the date of death from any cause. Median, 1-, 2-, and

5-year OS and PFS were estimated by Kaplan-Meier method. Cox-proportional hazard models were used to test for differences in OS and

PFS. Age, tumor location, WHO grade and first line treatment (i.e., neurosurgical intervention, radiotherapy and systemic therapy) were

entered in uni- and multivariable cox-proportional hazard models limited to deaths within 5 years from diagnosis to evaluate the effect of

sex on OS.

Two-sided tests with a =0.05 level of statistical significance were used throughout the analyses. Descriptive and survival analyses were per-

formed using R: A language and environment for statistical computing using the tidyverse,34 survival and survminer packages. Analyses on

incidence rates were performed with SAS/STAT� software.
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