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Central Nervous System (CNS) germinomas are rare, malignant germ cell tumors that
predominantly affect children, adolescents and young adults (AYA). These tumors are
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highly sensitive to irradiation and chemotherapy, making them one of the most curable
intracranial malignancies. This review provides a comprehensive overview of germi-
noma, covering epidemiology, pathogenesis, clinical presentation, diagnostic approa-
ches, treatment strategies, and long-term outcomes. We also discuss recent advances in
molecular biology and their implications on future therapeutic developments.

1. Introduction

Germ cell tumors (GCTs) are a heterogeneous group of neoplasms that
are hypothesized to arise from primordial germ cells (Gobel et al., 2000;
Jennings et al., 1985). While they most commonly occur in the gonads, they
can also develop in extragonadal sites, including the central nervous system
(CNS). CNS GCTs are broadly classified into two categories: germinomas
and non-germinomatous germ cell tumors (NGGCTs) (Louis et al., 2021).
Germinomas account for approximately 60—70 % of all CNS GCTs, and will
be the focus for this review.

Earlier studies on CNS germinomas classified these tumors as “atypical
teratomas” due to their histological resemblance to gonadal GCTs (Russell,
1954, 1944; Friedman, 1947). Over time, advances in diagnostics and accu-
mulation of clinical experience led to the recognition of germinomas as a distinct
entity. Commonly arising from midline structures including the pineal gland and
suprasellar region, and less commonly from the thalamus and basal ganglia, they
are most frequently diagnosed in AYA (Jennings et al., 1985). Despite their
malignant nature and propensity for dissemination, CNS germinomas are highly
radio- and chemo-sensitive, with long-term survival rates exceeding 90 % when
treated with approprate therapy. Ongoing research aims to elucidate the
mechanisms of oncogenesis, nature of the enriched immune responses, deter-
mine the lowest dose of radiation therapy (RT) that is essential for cure and
refine treatment stratification in order to preserve survivors’ quality of life.

2. Epidemiology and genetic predisposition

CNS GCTs are relatively uncommon in the Western hemisphere,
with an estimated annual incidence of 0.08 cases per 100,000 population
(Price et al., 2024). The median age at diagnosis of CNS GCT is 18 years,
with majority of cases occurring in individuals aged 1024 years (Fig. 1)
(Gittleman et al., 2019). CNS germinomas can also occur in older adults,
albeit less frequently. The pineal and suprasellar regions are the most
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Fig. 1 Distribution by (A) age of diagnosis, (B) tumor location and sex predilection
(blue: male, pink: female; size of pie-charts proportionate to frequency) for patients
with CNS germinomas. Overall male preponderance is observed in tumors from the

pineal region and basal ganglia, with the latter being enriched in patients of East
Asian descent.

common sites of origin, accounting for approximately 80-90 % of cases.
Occasionally, germinomas can arise in the basal ganglia, thalamus, or other
CNS locations. They exhibit a strong predilection for males, with a male-
to-female ratio of around 3:1, with such preponderance restricted largely to
tumors of pineal and basal ganglial origins.

The incidence of CNS GCTs varies geographically, with higher rates
reported in East Asia compared to Western countries. Reports from Japan,
Korea, Mainland China, Taiwan, and Hong Kong have described that
CNS GCTs account for 8=15% of all pediatric CNS tumors, with non-
midline tumors being disproportionately high (~20%) (Takami et al.,
2020a; Makino et al., 2014; Lee et al., 2017; Zhou et al., 2008; Wong
et al., 2005; Liu et al., 2020). Within the CBTRUS dataset of the United
States, incidence of CNS GCT remained to be the highest in Asians and
Pacific Islanders among all ethnic groups (Price et al., 2024). This disparity
may be attributed to genetic factors, such as polymorphisms in genes
involved in germ cell development, or environmental factors.

Indeed, germline variants involving JMJD1C, which codes for a histone
demethylase and is a coactivator of the androgen receptor, and poly-
morphism altering the expression of BAK1, have been demonstrated to be
enriched in Japanese cohorts of CNS GCT (Wang et al., 2014; Sonehara
et al,, 2022). Interestingly, CNS germinoma is the one of the most
common solid tumors in patients with Down syndrome, where treatment
toxicity represents a major concern, (Matsumura et al., 1998; Harris et al.,
2022) it has also been reported in Klinefelter syndrome, (Bonouvrie et al.,
2020) and anecdotally, Noonan, and Cornelia de Lange syndrome
(Murray, 2024; Sato et al., 1986).
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3. Clinical presentation

Presentation of CNS germinomas vary according to their anatomical
locations and may mimic other neoplastic or non-neoplastic conditions.
Patients with pineal region tumors present more acutely with features of
increased intracranial pressure (ICP) due to obstruction of the aqueduct.
Common symptoms include headache, nausea, vomiting, and papilledema.
Patients may experience Parinaud’s syndrome, characterized by upward
gaze palsy, convergence-retraction nystagmus, and light-near dissociation
of the pupils. Suprasellar germinomas typically present with endocrine
dysfunction, including diabetes insipidus, growth hormone deficiency, and
hypogonadism. Visual disturbance may also occur as these lesions become
sizable leading to compression of the optic chiasm. Bifocal tumors refer to
the co-existence of both pineal and suprasellar components, although the
suprasellar lesion can be subtle or radiographically occult and may therefore
be inferred by the presence of diabetes insipidus. Germinomas arising in
the basal ganglia often present with hemiparesis, spasticity, cognitive
impairment, and behavioral changes. Radiographically, hemiatrophy of the
ipsilateral cerebral hemisphere and brainstem may be seen (Ozelame et al.,
2006). Precocious puberty can occur due to pituitary stalk disruption, or as
a result of human chorionic gonadotropin (HCG) secretion from the
syncytiotrophoblastic component of the tumor (pseudo-precocious pub-
erty). In non-pineal tumors, diagnostic delays are frequent, with symptoms
that can predate the oncologic diagnosis for years (Bennett et al., 2024;
Li et al., 2023). A high index of suspicion and early consideration of
corresponding work-up to diagnose or exclude CNS GCT is warranted.

4. Pathogenesis

The pathogenesis of CNS germinomas remains incompletely under-
stood. The germ cell theory hypothesizes that these tumors arise from pri-
mordial germ cells migrating from the yolk sac wall to the genital ridges
during embryogenesis, when they become ectopically arrested in the CNS
(Oosterhuis & Looijenga, 2019). Such postulation is supported by the com-
monly midline location for these tumors, their expression of primordial germ
cell (PGC) antigens, phenotypic and molecular similarities to gonadal GCTs,
as well as the global hypomethylation signature aligning with the pattern for
migrating PGCs (Fukushima et al., 2017; Hoei-Hansen et al., 20006).
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Alternative theories include the proposal of neural stem cells transforming into
germinomas after cellular pluripotency maintained by OCT4 activation (Tan
& Scotting, 2013).

Recent advances in molecular biology have shed light on the genetic
drivers associated with CNS GCTs (Wang et al., 2014; Schulte et al., 2016;
Li et al., 2024; Ichimura et al., 2016; Fukushima et al., 2014). Genome-
wide sequencing studies have identified recurrent alterations in genes
activating the MAPK/ERK and PI3K/AKT/mTOR signaling pathways,
accompanied by chromosomal instability and frequent chromosomal copy-
number aberrations (Fig. 2). Germinomas exhibit a particularly high fre-
quency (60 %) of activating mutations in KIT, KRAS, and NRAS, as well
as frequent coactivation of the PI3K/AKT/mTOR pathway members
(AKT1, AKT3, mTOR), and/or loss of function mutation of the negative
regulator CBL (Wang et al., 2014; Fukushima et al., 2014). In addition to
mutations, KIT and KRAS are also activated via high level copy-number
amplifications (Schulte et al., 2016; Li et al., 2024; Fukushima et al., 2014).

KIT

4
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Loss-of-function alterations

\’ Proliferation 4/

Fig. 2 Molecular alteration driving tumorigenesis in patients with CNS germ cell
tumors converges on the RAS/MAPK and PI3K/mTOR pathways.
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Further to the resulting proliferative effects of pathway upregulation,
persistent KIT expression may play a key role in enabling PGCs to evade
apoptosis during embryogenesis (Runyan et al., 2006).

5. Histopathology

Macroscopically, germinomas are solid, tan-white, and friable tumors,
with occasional focal cystic changes, and are usually infiltrative. Under the
microscope, germinoma cells resemble seminomas or dysgerminomas from
gonads, and are characterized by large, undifferentiated-looking cells that
have round, vesicular, and centrally positioned nuclei with prominent
nucleoli, and clear, wispy cytoplasm (Fig. 3). Tumor cells are disposed in
sheets, lobules, or regimented cords and trabeculae, with variable mitosis.
Germinomas are noted for their high immune infiltrates, with nests of
lymphoplasmacytic, histiocytic, or even granulomatous reactions potentially
obscuring neoplastic cells, sometime referred to as a “two-cell pattern”

Fig. 3 Typical histopathologic characteristics of germinoma. (A) H&E stained slides
showing large germinomatous cells with clear cytoplasm. (B) Low-power field
depicted the mix between tumor and immune cells. (C) Occasionally excessive
immune infiltrates may obscure germinomatous cells (arrows). (D) c-Kit immunohis-
tochemical staining highlighting tumor but not immune cells.
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(Moon et al., 2005; Zapka et al., 2018). It is imperative that germinomatous
cells be scoured for in specimens that would otherwise be considered as
hypophysitis (Ghorbani et al., 2018; Pal et al., 2020). Moreover, studies have
reported that extensive lymphocytic infiltration correlates with favorable
prognosis (Takami et al., 2020b). Around one-fifth of germinomas harbor
syncytiotrophoblastic giant cells (STGCs), (Takami et al., 2024) which are
multinucleated syncytial atypical giant cells and account for the elevated
HCG levels in these patients. Such cases are collectively termed HCG-
producing germinomas. Germinoma can also present as part of a mixed
GCT.

Immunophenotypically, germinomatous cells are immunoreactive to
KIT/CD117 (membranous and golgian), OCT4 (nuclear), and PLAP,
while negative for CD30 (embryonal carcinoma) and AFP (yolk sac tumor)
(Gao et al., 2014). STGCs are stained positive for HCG (versus diftuse
positivity in choriocarcinoma). The repertoire of immune infiltrates within
germinomas include CD4+ and CD8+ T cells, B cells, plasma cells, his-
tiocytes, and macrophages (Zapka et al., 2018; Takami et al., 2020b).

E 6. Diagnostic and staging evaluations

The diagnosis of CNS germinomas requires coordination of clinical
evaluation, imaging studies, tumor marker analysis, and histopathological
examination. Delineation from the non-germinomatous counterparts is key
for treatment stratification and prognostication.

6.1 Neuroimaging

Majority of diagnoses are initially suspected based on abnormalities on neu-
roimaging. Patients who present with acute symptoms such as those attributed
to raised ICP are often imaged with non-contrast computed tomography
(CT). Sizable tumorous lesion with accompanying ventriculomegaly may be
evident. Pineal germinomas can be associated with calcification in an engulfed
pattern, in contrast to the exploded pattern in patients with pineal par-
enchymal tumors (Liu et al., 2024). Heavily calcified suprasellar lesions on the
other hand are more commonly observed in craniopharyngiomas.
Contrast-enhanced magnetic resonance imaging (MRI) is the imaging
modality of choice for evaluating and staging CNS lesions including ger-
minomas (Osorio & Allen, 2015). Diffusion-weighted imaging are useful in
assessing cellularity, while CISS or FIESTA sequences are particularly
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relevant for the imaging of midline structures. On MRI, germinomas from
the midline typically appear as well-defined, homogeneously enhancing
masses, which may be associated with calcification (pineal) and/or cystic
formation (Fig. 4). Loss of the posterior pituitary bright spot on
T1-weighted images is associated with diabetes insipidus and can be an
indicator of bifocality for patients with obvious pineal lesions, even without
evident pituitary lesion. Basal ganglia and thalamic germinomas may pre-
sent as more infiltrative lesions, that are possibly subtle, and with variable
enhancement (Fig. 5). Cerebral atrophy of the ipsilateral side with pro-
minence of sulci, as well as Wallerian degeneration resulting in asymmetry

Fig. 4 Radiographic features of midline CNS germinomas. (A) Plain CT scan for a
patient with pineal germinoma showing typical “engulfed” pattern of calcification. (B)
Axial section of MRI for the same patient depicted the pineal lesion and hydro-
cephalus. (C) Sagittal section in a patient with pineal germinoma after endoscopic
third ventrculostomy. (D) Sagittal imaging for a patient with sizable suprasellar ger-
minoma.
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Fig. 5 Magnetic resonance imaging of (A) left basal ganglia germinoma associated
with ipsilateral cerebral hemiatrophy and (B) Wallerian degeneration of brainstem
depicted by asymmetry at the midbrain level.

of the brainstem are supportive evidence of such atypically-located ger-
minomas. Ventriculomegaly with transependymal edema can be observed
in obstructive hydrocephalus or ventricular entrapment. The propensity of
CNS germinomas to spread to the ventricular linings and leptomeninges
mandates imaging of the whole brain and spinal cord as part of disease
staging in all patients. Bifocal tumors without additional foci are not
considered to be evidence of dissemination. Moreover, contiguous ven-
tricular lesions with the primary lesion are not considered to be metastatic.

6.2 Tumor markers

Measurement of tumor markers in serum and cerebrospinal fluid (CSF),
namely alpha-fetoprotein (AFP) and HCG, are integral to the diagnosis and
surveillance for CNS GCTs. Pure germinomas are associated with normal
AFP, and normal to mildly elevated HCG. CNS germinomas can be
diagnosed without histology based on typical radiographic appearance and
compatible HCG levels. Nonetheless, normal reference range for tumor
markers varies among laboratories or sensitivity of assay, (Takami et al., 2015)
and thresholds for calling germinoma versus NGGCT remain controversial.
Proposed HCG cut-offs for the latter range from <50 IU/L (International
Society of Paediatric Oncology [SIOP], Europe), to <100 IU/L (Children’s
Oncology Group [COG], North America and Australasia); (Calaminus et al.,
2013; Bartels et al., 2022) and to <200 IU/L (Korean SMC-G13 trial and
Brazil); whereas the multi-institutional Japanese study did not incorporate
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HCG level as part of the diagnostic criteria (Takami et al., 2024; Lee et al.,
2020; Cappellano et al., 2023). Raised AFP, which is seen in some patients
with NGGCT, is defined as levels >10 ng/mL by COG, and >25 ng/mL by
SIOP. Serum and CSF placental alkaline phosphatase (PLAP) levels are also
elevated in patients with CNS germinomas, although the marker has not
been widely utilized (Shinoda et al., 1988; Aihara et al., 2019).

6.3 Histopathologic and cytologic examination

Histopathologic examination is essential for confirming the diagnosis of CNS
germinoma that are non-secreting. Typically, biopsy or limited resection is
advocated due to the anticipated sensitivity of CNS germinoma to adjuvant
therapy. Wider resections that may impact the patient’s quality of life are
discouraged. Tissue sampling can often be performed endoscopically, in
conjunction with CSF diversion procedures if necessary. Microscopic fea-
tures of germinoma have been described in the previous section. As part of
tumor staging, CSF cytologic examination may reveal scattered fragments or
individual large, pleomorphic and polygonal cells, featuring cytoplasm filled
with vacuoles, enlarged oval-shaped nuclei, and noticeable nucleoli. The
implications of positive CSF cytology will be discussed in the Treatment
section. It is worth noting that a biopsy diagnostic of germinoma in the
presence of elevated tumor markers beyond the HCG and AFP cutoffs can
occur, given that a biopsy does not reflect the whole tumor, these patients
should therefore be treated as NGGCT.

7. Treatment strategies
7.1 Emergency management

The objectives of initial management are to stabilize the patient while orga-
nizing relevant diagnostic investigations. When possible, patients should be
transferred to a tertiary referral center for further treatment. As pineal region
primaries often present with increased ICP, precautions to avoid transtentorial
herniation, and prompt consultation with the Neurosurgical and Critical Care
teams for CSF diversion procedures are important first steps. Although patients
with suprasellar germinomas have more indolent symptomatology, adrenal
insufficiency due to hypopituitarism, hypernatremia caused by adipsic diabetes
insipidus or inadvertent fluid restriction, and refeeding syndrome related to
extreme emaciation are examples of medical emergencies that may arise during
the early phase of care. Hence, input from Endocrinology upfront is essential.
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7.2 Surgery

Potential roles for neurosurgical intervention in patients with CNS ger-
minomas include CSF diversion, diagnostic tissue acquisition, and resection
of growing teratomas in those with mixed pathology (germinoma + mature
teratoma). For the unstable patient, insertion of external ventricular drain
(EVD) would allow rapid ICP stabilization. Definitive CSF diversion can
be achieved via endoscopic third ventriculostomy (ETV), or insertion of
ventriculoperitoneal shunt (VPS). If deemed feasible based on tumor
anatomy, ETV is favored as it allows tumor biopsy to be performed during
the same procedure, has possibly lower procedural complication rate than
VPS, and does not carry the risk of peritoneal dissemination (Dewan et al.,
2017). While surgery is indicated — even during or at the end of therapy —
for growing teratoma syndrome from known or unsuspected teratomatous
components, (Michaiel et al., 2020) second-look surgery for radiographic
residual in a responding germinoma is not of prognostic relevance, and thus
not recommended (Calaminus et al., 2013; Bartels et al., 2022). Second-
look surgery is not indicated in germinoma except in the setting of
increasing tumor size (indicative of growing teratoma syndrome) or rising
tumor markers (indicative of a NGGCT component).

7.3 Adjuvant therapy

Up till the 1970s, post-operative radiotherapy has been the only adjuvant
modality for the management of patients with CNS germinomas (Sung et al.,
1978; Jenkin et al.,, 1978; Sano & Matsutani, 1981). With distant failures
following focal radiation to patients with localized disease, craniospinal irra-
diation (CSI) has consequentially become standard therapy that resulted in cure
for >90 % of patients with CNS germinoma (Calaminus et al., 2013; Maity
et al., 2004; Bamberg et al., 1999). Despite the radiosensitivity of these tumors,
use of CSI predisposes these young individuals to debilitating, long-term
adverse effects, and aggravation of pre-treatment tumor-related morbidities.
Neurocognitive impairments, endocrinopathies, vasculopathy, metabolic
syndrome, and subsequent neoplasms are among the chronic health deficits
that are more prevalent in this cohort of survivors. Analysis of the US SEER
database indicated that survivors of germinoma treated between 1973 and
2005 experienced a 10-fold increase in mortality risk compared to their peers,
in addition to a 59-fold increase in risk of stroke-related death, and a 25-year
cumulative incidence of death due to subsequent malignancy of 6 % (Acharya
et al., 2015). Similarly, long-term follow-up data from 111 CNS GCT
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patients, including 74 with germinomas, treated in Japan between 1970 and
1995 indicate frequent late effects, and one-third of patient with performance
score of less than 80. Sixty-eight percent of patients required hormone
replacement therapy, and only one male patient was able to father children.
More than one-fifth of patients demonstrated generalized or focal encepha-
lomalacia, among which one-third had learning difficulties with IQ ranging
from 65-83 (Sawamura et al., 1998).

In view of the morbidities and impact on quality of life after a radiation-
only strategy, neoadjuvant chemotherapy was introduced during the 1980s
in attempt to reduce the radiation dose and volume (Allen et al., 1987,
1994). CNS germinomas were proven to be exquisitely sensitive to cyto-
toxic agents, including monotherapy of carboplatin and cyclophosphamide.
This inspired a multi-national clinical trial to evaluate the efficacy of a
chemotherapy-only regimen, where patients with CNS GCTs were treated
with six cycles of carboplatin, etoposide, bleomycin, with or without
cyclophosphamide, and complete omission of radiotherapy (Balmaceda et al.,
1996). While the complete response (CR) rate for patients with germinoma
was 84 %, half of the patients eventually progressed. Such experience
established chemotherapy and radiotherapy as indispensable components for
germinoma therapy. Clinical studies over the subsequent quarter of century
represented a global effort in attempt to determine the optimal intensity of
therapy required for these patients (Table 1).

7.4 The European experience

While the German cooperative group-led study series GPOH-MAKEI83/
86/89 adopted a CSI only approach for patients with CNS germinomas, it
is of relevance that 4 out of 60 patients developed extra-CNS metastatic
relapse, suggesting the role of chemotherapy in eradicating microscopic
spread as such pattern of failure is rarely seen in current cohorts treated with
chemo-irradiation (Bamberg et al., 1999). In 1990, the French cooperative
group Société Francaise d’Oncologie Pédiatrique (SFOP) initiated a study
where patients were treated with four induction cycles of chemotherapy
(alternating between carboplatin+etoposide, and ifosfamide+etoposide),
followed by focal RT (40 Gy) or CSI (25-30 Gy + 10 Gy boost) for
patients with localized or metastatic disease respectively. While the overall
outcome is encouraging with 3-year EFS of 96 %, all 10 patients with
localized disease who relapsed failed with a periventricular (n = 8) or distant
component (n=2) (Bouftet et al., 1999; Alapetite et al., 2010). Such
evidence for the inadequacy of focal RT for patients with localized
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germinoma is supported by a similar observation from the first multi-
national European study, the SIOP CNS-GCT-96 protocol, where the
GPOH and SFOP strategies were compared in a non-randomized fashion,
with the CSI dose reduced to 24 Gy plus 16 Gy of boost in the RT-only
arm for patients with localized disease (Calaminus et al., 2013). Inferior
5-year PFS was observed in the combined therapy arm (88 % vs 97 %),
again, with most relapses after chemotherapy and focal RT occurring in the
ventricles, confirming the necessity of whole ventricular irradiation (WVI).
Patients with metastatic germinoma on this trial had a 5-year PFS of 98 %
after 24 Gy of CSI and 16 Gy of boost, with or without induction che-
motherapy (Calaminus et al., 2013).

These results informed the design of the succeeding SIOP CNS-GCT-II
study, which recruited 194 patients between 2012 and 2018 (Calaminus
et al., 2022). Patients with localized germinoma were treated with the same 4
cycle induction, followed by WVI of 24 Gy, with additional RT boost
(16-30 Gy) reserved for patients who were not in CR after chemotherapy.
Interim analysis suggested that 65 of 167 protocol patients achieved CR with
chemotherapy, while the remaining patients had partial remission (n = 91),
stable disease (n =8), or progressive disease (n = 3). Four-year EFS rates for
patients in CR and non-CR were 97 % and 95% respectively, with
6/7 relapses representing local failures. Such results suggest 24 Gy of WVI
suffice as consolidation for patients with localized germinoma achieving CR
after induction chemotherapy.

7.5 The North American and Australian experience

The first national CNS GCT study in the United States was the then
Pediatric Oncology Group (POG) 9530 trial, where patients with germi-
nomas received alternating cisplatin+etoposide and vincristine+cyclopho-
sphamide, consolidation was focal RT of 50.4 Gy for patients with localized
disease, which was decreased to 30.6 Gy for patients who achieved CR
(Kretschmar et al., 2007). Those with dissemination received added 23.4 Gy
CSl ifin CR, or 45 Gy to spine + 36 Gy neuraxis not in CR. For low-risk
patients with pure germinoma, 11 of 12 children were progression-free at
median 66 months (range, 61-73 months). One patient in CR after che-
motherapy, whose parents refused RT, recurred at 10 months, then received
craniospinal RT and was progression-free at 56 months.

The subsequent North American study, COG ACNS0232, which
tested CSI alone versus chemotherapy followed by response-based CSI for
newly-diagnosed primary CNS germinoma, closed early in 2009 due to
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poor accrual (Shatara et al., 2024a). Between 2012 and 2018, the ensuing
COG ACNS1123 study (Stratum 2) recruited 151 patients with germi-
noma from the US, Canada, and Australia (Bartels et al., 2022). Patients
were treated with four cycles of carboplatin and etoposide, and were then
assessed for response to receive either a reduced dose of WVI (18 Gy)
+ RT boost (12Gy) in those in CR or had second-look surgery con-
firming absence of viable tumor, or a standard WVI (24 Gy) + RT boost
(12 Gy) in those with a PR but no second-look surgery. Patients with less
than a PR and no second-look surgery were removed from the study.
Respective 3-year PFS were 94.5 % and 93.8 % the 18 Gy and 24 Gy WVI
cohorts (two of four failures at biopsy/shunt track). While encouraging,
this fell short of the pre-defined criteria for non-inferiority of 95 %,
although such analysis could have been undermined by the conservative
approach to define patients non-evaluable at 3 years as failures (6 patients
were considered as failures despite being lost to follow up or withdrew
consent). Besides, potentially toxicities from cisplatin or ifosfamide were
effectively avoided by the ACNS1123 induction regimen.

In parallel, the Toronto group approached RT de-escalation by
omitting primary tumor boost, akin to the European CNS-GCT-II
strategy for localized germinoma in CR after induction (Foo et al., 2023).
Notably, similar strategies have been employed in Japanese clinical trials
since as early as 1995. Five-year PFS was 91 % and OS 100 %; 24 patients
with midline tumors received WVI only and the two patients who failed
relapsed outside of the RT field.

7.6 The East Asian experience

Key insights in the management of CNS germinoma could be garnered by
the Japanese collaborative group experience, where more comprehensive
tissue sampling upfront was historically favored (Takami et al., 2024). Based
on histology and tumor-markers, CNS GCTs have been classified into
three risk categories in an inaugural, Consortium-wide Phase II study that
ran between 1995 and 2003. Patients with germinoma received three
cycles of carboplatin+etoposide followed by extended local RT of 24 Gy
(equivalent coverage to WVI other than the lower part of fourth ventricle),
while germinomas with STGC received the same three cycles of induction,
followed by 30 Gy extended local RT plus tumor bed boost 20 Gy, and
five cycles of carboplatin+etoposide as maintenance. The 10- and 20-year
EFS rates for patients with germinoma (with or without STGC) were 82 %
and 73 %, respectively, while the corresponding OS rates were 97 % and
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92 % - such mature data indicated that more than one-quarter of relapses
occurred beyond 10 years from diagnosis, cautioning the need for con-
tinued surveillance for these salvageable events beyond the conventional
five-year mark. No difference in survival was observed between patients
with germinoma and those with germinoma and STGC, leading to the
current strategy to include patients with germinoma and STGC as favor-
able-risk patients.

The prospective Korean trial SMC-G13 has also demonstrated excellent
results when attempting to reduce RT dose. The induction regimen
comprised four cycles of chemotherapy (carboplatin+etoposide alternating
with cyclophosphamide+etoposide), whereas 18 Gy WVI and 12.6 Gy
primary site boost was used regardless of response to induction. Among the
30 patients with localized disease, all remained event-free during a median
follow-up of 3.4 (range, 0.3-7.0) years. In the SMC G-18 trial that is
currently accruing, efficacy of further de-intensified RT prescription
(10.8 Gy WVI + 10.8 Gy tumor bed boost for localized disease) will be
evaluated after an induction regimen that is prolonged to six cycles.

7.7 Basal ganglia and metastatic germinoma

The strategy for treatment de-escalation is less studied for patients with
basal ganglia, or metastatic germinoma (including patients with positive
CSF cytology from lumbar puncture). Basal ganglia primaries were for
example excluded from the COG ACNS1123 and SIOP CNS-GCT-II
studies. The approach of radiation therapy for patients with basal ganglia
primaries have been variable, ranging from focal, whole-ventricular,
whole-brain, and to craniospinal irradiation. No statistical difference in
outcome was observed based on RT prescription in an international multi-
institutional study of 43 patients with localized, basal ganglia germinoma,
describing 5-year EFS and OS of 86 % and 100 % respectively (Graham
et al., 2021). From the aforementioned Japanese consortium study that
included 20 patients with basal ganglia tumors, relapses occurred in patients
with more restricted RT field (5/5 with focal RT, 4/12 with extended
local RT, 0/3 with whole brain irradiation [WBI] failed), with 7/9 failures
occurring outside of the RT field (Takami et al., 2024). The largest cohort
of patients with basal ganglia tumors to date have been reported by Capital
Medical University in China, where retrospective analysis of 161 patients
with localized disease indicated superiority of WBI with tumor boost over
focal RT (5-year disease free survival of 97 % vs 74 %), and similarly,
failures after focal RT was documented either in the periventricular area or
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frontal lobes (Li et al., 2021). Currently enrolling trials by the COG
(ACNS2321) and Japanese consortium (CNSGCT2021) adopt WBI with
or without boost for patients with basal ganglia primaries.

For patients with metastatic germinoma, CSI of 24 Gy with boost to
metastatic deposits alone has been shown to be highly eftective in the SIOP
CNS-GCT-96 study (no relapse among 45 patients with metastatic dis-
ease), and represent the current standard of care (Calaminus et al., 2013).
The Korean SMC-G13 trial included 11 patients with metastatic disease
were treated with 18 Gy CSI and 12.6 Gy boost following chemotherapy,
reporting one failure (Lee et al., 2020). Further approaches for safe dose-
reduction with the use of induction regimen are being assessed pro-
spectively in patients with metastatic germinoma. In the COG ACNS2321
study, patients are treated with response-adapted CSI (18-24 Gy) and
12 Gy boost following four cycles of carboplatin and etoposide.

7.8 Relapsed germinoma

Recurrent germinomas are treatable entities. Salvage regimens commonly
include re-irradiation, with potential role of high-dose chemotherapy and
stem cell rescue (Kanamori et al., 2023; Callec et al., 2020; Shatara et al.,
2024b; Hu et al., 2012). Based on the SFOP and French National Registry
experience, the 5-year EFS and OS for patients with histologically proven
germinoma who relapsed were 79 % and 86 % respectively, with only one
out of 11 patients relapsing after second RT (Callec et al., 2020). An earlier
meta-analysis including 88 patients with recurrent germinomas from
13 studies demonstrated that 5-year survival rates after recurrence was
92.9 % for all patients receiving salvage CSI (Hu et al., 2012). While CSI is
known to be an effective salvage strategy, it remains unclear whether WVI
is an alternative, or whether high-dose chemotherapy can serve as a sub-
stitute for RT.

E 8. Recent advances and future directions

Current and planned clinical trials build on results from the past
decades in formulating treatment protocols that are more encompassing
and refined. The ongoing COG ACNS2321 study is currently enrolling
patients with localized midline, basal ganglia/thalamic and metastatic ger-
minoma, with response-adapted radiation prescription after four induction
cycles of carboplatin and etoposide — where the best responders with
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midline primaries will receive merely 12 Gy of WVI and 12 Gy of primary
site. boost. The Japanese CNSGCT-2021 trial randomizes patients with
localized midline or basal ganglia tumors to receive 23.4 Gy versus 18 Gy of
WVI or WBI respectively. In the United Kingdom, MonoGerm is a
Phase 1II trial that investigates the feasibility of decreasing the intensity of
chemotherapy, using vinblastine or carboplatin monotherapy (Kirton et al.,
2024). Further studies may unveil novel therapeutic avenues that target the
MAPK/ERK and PI3K/AKT/mTOR signaling pathways, or in lever-
aging the rich immune milieu of the tumor microenvironment. Devel-
opment of CSF-based biomarkers, starting with microRNAs (miRINA)
and then circulating tumor DNA (ctDNA), will enable a non-invasive
approach for tumor classification, monitoring of tumor response, and
detection of minimal residual disease (Nakano et al., 2024; Schonberger
et al., 2023). Expression of serum and CSF miRNAs, namely miR-371a
(=3p), miR-372-3p, miR367(—3p), and miR-302d-3p, were dis-
criminatory between patients with CNS GCT and control (Schonberger
et al., 2023). Furthermore, the analysis of CSF-derived cell-free DNA
using low-pass whole genome sequencing has revealed a high detection
rate of ctDNA (~90 %) in patients with CNS GCT, indicating its potential
for non-invasive diagnosis and disease monitoring by tracking treatment
responses and clarifying ambiguous imaging results (Nakano et al., 2024).
The availability of such complementary markers can enhance the objec-
tiveness in treatment stratification, allowing patients with good-risk disease
to be managed with minimal risk of short and long-term toxicities.

E 9. Conclusion

CNS germinomas are highly curable malignancies that pre-

dominantly affect children and young adults. International eftorts in con-
ducting prospective multi-center studies have resulted in major progress in
reducing long-term side effects surrounding the use of chemotherapy and
RT. The minimum dose of WVI and the necessity of a tumor bed boost
remain areas of active investigation. Similarly, the optimal RT dose fol-
lowing neoadjuvant chemotherapy for patients with metastatic and basal
ganglia germinoma is still being studied. Ongoing research into the
molecular biology of CNS germinomas, as well as development of novel
biomarkers, are paving the way for development of more personalized
approach for patient management.



298 Anthony Pak-Yin Liu, Hirokazu Takami and Mohamed Abdelbaki

Acknowledgement

The authors acknowledge Professor Ho-Keung Ng, Department of Anatomical and
Cellular Pathology, Chinese University of Hong Kong for sharing the histopathologic
illustrations in Fig. 3.

References

Acharya, S., DeWees, T., Shinohara, E. T., & Perkins, S. M. (2015). Long-term outcomes
and late eftects for childhood and young adulthood intracranial germinomas. Neuro-
Oncology, 17, 741-746.

Aihara, Y., et al. (2019). Placental alkaline phosphatase levels in cerebrospinal fluid can have
a decisive role in the differential diagnosis of intracranial germ cell tumors. Journal of
Neurosurgery, 131, 687—694. https://doi.org/10.3171/2018.3.Jns172520.

Alapetite, C., et al. (2010). Pattern of relapse and outcome of non-metastatic germinoma
patients treated with chemotherapy and limited field radiation: The SFOP experience.
Neuro-Oncology, 12, 1318-1325. https://doi.org/10.1093/neuonc/noq093.

Allen, J. C., DaRosso, R. C., Donahue, B., & Nirenberg, A. (1994). A phase II trial of
preirradiation carboplatin in newly diagnosed germinoma of the central nervous system.
Cancer, 74, 940-944. https://doi.org/10.1002/1097-0142(19940801)74:3<940::aid-
cncr2820740323>3.0.co;2-u.

Allen, J. C., Kim, J. H., & Packer, R. ]J. (1987). Neoadjuvant chemotherapy for newly diag-
nosed germ-cell tumors of the central nervous system. Journal of Neurosurgery, 67, 65=70.

Balmaceda, C., et al. (1996). Chemotherapy without irradiation—a novel approach for
newly diagnosed CNS germ cell tumors: results of an international cooperative trial. The
first international central nervous system germ cell tumor study. Journal of Clinical
Oncology: Official Journal of the American Society of Clinical Oncology, 14, 2908-2915.
https://doi.org/10.1200/jc0.1996.14.11.2908.

Bamberg, M., et al. (1999). Radiation therapy for intracranial germinoma: Results of the
German cooperative prospective trials MAKEI 83/86/89. Journal of Clinical Oncology:
Official Journal of the American Society of Clinical Oncology, 17, 2585-2592. https://doi.org/
10.1200/jc0.1999.17.8.2585.

Bartels, U., et al. (2022). Phase II trial of response-based radiation therapy for patients with
localized germinoma: A children’s oncology group study. Neuro-Oncology, 24, 974-983.
https://doi.org/10.1093/neuonc/noab270.

Bennett, J., et al. (2024). Stalking the stalk: Isolated pituitary stalk thickening and predictive
factors for proliferative disease. Neuro-Oncology Advances, 6, vdae214. https://doi.org/10.
1093/noajnl/vdae214.

Bonouvrie, K., van der Werft ten Bosch, J., & van den Akker, M. (2020). Klinefelter
syndrome and germ cell tumors: Review of the literature. International Journal of Pediatric
Endocrinology, 2020, 1-7.

Bouffet, E., et al. (1999). Combined treatment modality for intracranial germinomas:
Results of a multicentre SFOP experience. Société Frangaise d Oncologie Pédiatrique. Br ]
Cancer, 79, 1199-1204. https://doi.org/10.1038/5).bjc.6690192.

Calaminus, G., et al. (2013). SIOP CNS GCT 96: Final report of outcome of a prospective,
multinational nonrandomized trial for children and adults with intracranial germinoma,
comparing craniospinal irradiation alone with chemotherapy followed by focal primary
site irradiation for patients with localized disease. Neuro-Oncology, 15, 788=796. https://
doi.org/10.1093/neuonc/not019.

Calaminus, G, et al. (2022). GCT-11. 24 gy whole ventricular radiotherapy alone is sufficient for
disease control in localised germinoma in CR after initial chemotherapy — final of the SIOP
CNS GCT II study. Neuro-Oncology, 24, i56. https://doi.org/10.1093/neuonc/noac079.205.


http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref1
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref1
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref1
https://doi.org/10.3171/2018.3.Jns172520
https://doi.org/10.1093/neuonc/noq093
https://doi.org/10.1002/1097-0142(19940801)74:3<940::aid-cncr2820740323>3.0.co;2-u
https://doi.org/10.1002/1097-0142(19940801)74:3<940::aid-cncr2820740323>3.0.co;2-u
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref5
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref5
https://doi.org/10.1200/jco.1996.14.11.2908
https://doi.org/10.1200/jco.1999.17.8.2585
https://doi.org/10.1200/jco.1999.17.8.2585
https://doi.org/10.1093/neuonc/noab270
https://doi.org/10.1093/noajnl/vdae214
https://doi.org/10.1093/noajnl/vdae214
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref10
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref10
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref10
https://doi.org/10.1038/sj.bjc.6690192
https://doi.org/10.1093/neuonc/not019
https://doi.org/10.1093/neuonc/not019
https://doi.org/10.1093/neuonc/noac079.205

Germinoma: Presentation, Management, and Recent Advances 299

Callec, L., et al. (2020). Relapsing intracranial germ cell tumours warrant retreatment.
European Journal of Cancer, 136, 186—194. https://doi.org/10.1016/j.¢jca.2020.06.012.

Cappellano, A. M., et al. (2023). Outcome of children and adolescents with primary
intracranial germinoma treated with chemotherapy and reduced dose-field irradiation: A
prospective Brazilian experience. JCO Global Oncology, 9, €2200257.

Dewan, M. C., Lim, J., Shannon, C. N., & Wellons, J. C., 3rd (2017). The durability of
endoscopic third ventriculostomy and ventriculoperitoneal shunts in children with
hydrocephalus following posterior fossa tumor resection: A systematic review and time-
to-failure analysis. Journal of Neurosurgery: Pediatrics, 19, 578-584. https://doi.org/10.
3171/2017.1.Peds16536.

Foo, J. C., et al. (2023). Time to dismiss boost? Outcomes of children with localized and
metastatic germinoma. Journal of Neuro-Oncology, 162, 443—448.

Friedman, N. (1947). Germinoma of the pineal. Its identity with germinoma (“seminoma’)
of the testis. Cancer Research, 7, 363-368.

Fukushima, S., et al. (2014). Mutually exclusive mutations of KIT and RAS are associated
with KIT mRNA expression and chromosomal instability in primary intracranial pure
germinomas. Acta Neuropathologica, 127, 911-925. https://doi.org/10.1007/s00401-
014-1247-5.

Fukushima, S., et al. (2017). Genome-wide methylation profiles in primary intracranial
germ cell tumors indicate a primordial germ cell origin for germinomas. Acta
Neuropathologica, 133, 445-462. https://doi.org/10.1007/s00401-017-1673-2.

Gao, Y., Jiang, J., & Liu, Q. (2014). Clinicopathological and immunohistochemical features
of primary central nervous system germ cell tumors: A 24-years experience. International
Journal of Clinical and Experimental Pathology, 7, 6965—6972.

Ghorbani, M., et al. (2018). A case of pituitary germinoma misdiagnosed as lymphocytic
hypophysitis. Journal of Endocrinology and Metabolism, 8, 113—118.

Gittleman, H., et al. (2019). Descriptive epidemiology of germ cell tumors of the central
nervous system diagnosed in the United States from 2006 to 2015. Journal of Neuro-
Oncology, 143, 251-260.

Gobel, U., et al. (2000). Germ-cell tumors in childhood and adolescence. Annals of
Oncology, 11, 263-272.

Graham, R. T., et al. (2021). Multi-institutional analysis of treatment modalities in basal
ganglia and thalamic germinoma. Pediatric Blood & Cancer, 68, €29172. https://doi.org/
10.1002/pbc.29172.

Harris, M. K., et al. (2022). Multi-institutional analysis of central nervous system germ cell
tumors in patients with down syndrome. Pediatric Blood & Cancer, 69, €29830. https://
doi.org/10.1002/pbc.29830.

Hoei-Hansen, C. E., et al. (2006). New evidence for the origin of intracranial germ cell
tumours from primordial germ cells: Expression of pluripotency and cell differentiation
markers. The Journal of Pathology, 209, 25-33. https://doi.org/10.1002/path.1948.

Hu, Y.-W., et al. (2012). Salvage treatment for recurrent intracranial germinoma after
reduced-volume radiotherapy: A single-institution experience and review of the lit-
erature. International Journal of Radiation Oncology** Biology** Physics, 84, 639—647.

Ichimura, K., et al. (2016). Recurrent neomorphic mutations of MTOR  in central nervous
system and testicular germ cell tumors May be targeted for therapy. Acta Neuropathologica,
131, 889-901. https://doi.org/10.1007/500401-016-1557-x.

Jenkin, R. D., Simpson, W. J., & Keen, C. W. (1978). Pineal and suprasellar germinomas.
Results of radiation treatment. Journal of Neurosurgery, 48, 99-107. https://doi.org/10.
3171/jns.1978.48.1.0099.

Jennings, M. T., Gelman, R., & Hochberg, F. (1985). Intracranial germ-cell tumors:
Natural history and pathogenesis. Journal of Neurosurgery, 63, 155-167. https://doi.org/
10.3171/jns.1985.63.2.0155.


https://doi.org/10.1016/j.ejca.2020.06.012
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref15
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref15
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref15
https://doi.org/10.3171/2017.1.Peds16536
https://doi.org/10.3171/2017.1.Peds16536
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref17
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref17
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref18
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref18
https://doi.org/10.1007/s00401-014-1247-5
https://doi.org/10.1007/s00401-014-1247-5
https://doi.org/10.1007/s00401-017-1673-2
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref21
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref21
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref21
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref22
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref22
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref23
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref23
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref23
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref24
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref24
https://doi.org/10.1002/pbc.29172
https://doi.org/10.1002/pbc.29172
https://doi.org/10.1002/pbc.29830
https://doi.org/10.1002/pbc.29830
https://doi.org/10.1002/path.1948
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref28
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref28
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref28
https://doi.org/10.1007/s00401-016-1557-x
https://doi.org/10.3171/jns.1978.48.1.0099
https://doi.org/10.3171/jns.1978.48.1.0099
https://doi.org/10.3171/jns.1985.63.2.0155
https://doi.org/10.3171/jns.1985.63.2.0155

300 Anthony Pak-Yin Liu, Hirokazu Takami and Mohamed Abdelbaki

Kanamori, M., et al. (2023). Salvage craniospinal irradiation for recurrent intracranial
germinoma: A single institution analysis. Journal of Radiation Research, 64, 428—437.
https://doi.org/10.1093/jrr/rrac095.

Kirton, L., et al. (2024). GCT-03. Monogerm, a Novel proof-of-principle Bayesian Phase
II trial design of carboplatin or vinblastine monotherapy induction prior to radiotherapy
for intracranial germinoma. Neuro-Oncology, 26. https://doi.org/10.1093/neuonc/
noae064.259 0.

Kretschmar, C., et al. (2007). Pre-radiation chemotherapy with response-based radiation
therapy in children with central nervous system germ cell tumors: A report from the
children’s oncology group. Pediatric Blood & Cancer, 48, 285-291. https://doi.org/10.
1002/pbc.20815.

Lee, J. W., et al. (2020). Induction chemotherapy reduces radiation therapy dose and
volume in the treatment of intracranial germinoma: Results of the SMC-G13 trial.
International Journal of Radiation Oncology* Biology* Physics, 108, 649—656. https://doi.org/
10.1016/j.ijrobp.2020.05.051.

Lee, S. H., et al. (2017). Nationwide population-based incidence and survival rates of
malignant central nervous system germ cell tumors in Korea, 2005-2012. Cancer Research
and Treatment: Official Journal of Korean Cancer Association, 49, 494-501.

Li, B., et al. (2021). Relapse pattern and quality of life in patients with localized basal ganglia
germinoma receiving focal radiotherapy, whole-brain radiotherapy, or craniospinal irradia-
tion. Radiotherapy and Oncology, 158, 90-96. https://doi.org/10.1016/j.radonc.2021.02.009.

Li, B., et al. (2024). Novel molecular subtypes of intracranial germ cell tumors expand
therapeutic opportunities. Neuro-Oncology, 26, 1335-1351. https://doi.org/10.1093/
neuonc/noae038.

Li, M. W. T, et al. (2023). Incidence and predictors for oncologic etiologies in Chinese
children with pituitary stalk thickening. Cancers (Basel), 15. https://doi.org/10.3390/
cancers15153935.

Liu, A. P., et al. (2020). Incidence and outcomes of CNS tumors in Chinese children:
Comparative analysis with the surveillance, epidemiology, and end results program. JCO
Global Oncology, 6, 704=721.

Liu, A. P. Y., et al. (2024). SNO-EANO-EURACAN consensus on management of pineal
parenchymal tumors. Neuro-Oncology, 26, 2159-2173. https://doi.org/10.1093/
neuonc/noael28.

Louis, D. N, et al. (2021). The 2021 WHO classification of tumors of the central nervous
system: A summary. Neuro-Oncology, 23, 1231-1251.

Maity, A., et al. (2004). Craniospinal radiation in the treatment of biopsy-proven intra-
cranial germinomas: Twenty-five years” experience in a single center. International Journal
of Radiation Oncology** Biology** Physics, 58, 1165-1170.

Makino, K., Nakamura, H., Yano, S., Kuratsu, J.-i, & Group, K. B. T. R. (2014).
Incidence of primary central nervous system germ cell tumors in childhood: A regional
survey in kumamoto prefecture in Southern Japan. Pediatric Neurosurgery, 49, 155—158.

Matsumura, N., Kurimoto, M., Endo, S., Fukuda, O., & Takaku, A. (1998). Intracranial
germinoma associated with down’s syndrome. Report of 2 cases. Journal of Neurosurgery.
Pediatrics. 29, 199-202. https://doi.org/10.1159/000028721.

Michaiel, G., et al. (2020). Intracranial growing teratoma syndrome (iGTS): An interna-
tional case series and review of the literature. Journal of Neuro - Oncology, 147, 721-730.
https://doi.org/10.1007/s11060-020-03486-9.

Moon, K.-S., et al. (2005). Two cases of pineal germinoma with granulomatous inflam-
mation. Journal of Clinical Neuroscience, 12, 310-313.

Murray, M. (2024). A diagnosis of noonan syndrome through routine whole genome
sequencing in a child with an intracranial nongerminomatous germ cell tumor. Pediatric
Blood & Cancer, 71(12).


https://doi.org/10.1093/jrr/rrac095
https://doi.org/10.1093/neuonc/noae064.259
https://doi.org/10.1093/neuonc/noae064.259
https://doi.org/10.1002/pbc.20815
https://doi.org/10.1002/pbc.20815
https://doi.org/10.1016/j.ijrobp.2020.05.051
https://doi.org/10.1016/j.ijrobp.2020.05.051
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref36
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref36
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref36
https://doi.org/10.1016/j.radonc.2021.02.009
https://doi.org/10.1093/neuonc/noae038
https://doi.org/10.1093/neuonc/noae038
https://doi.org/10.3390/cancers15153935
https://doi.org/10.3390/cancers15153935
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref40
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref40
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref40
https://doi.org/10.1093/neuonc/noae128
https://doi.org/10.1093/neuonc/noae128
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref42
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref42
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref43
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref43
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref43
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref44
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref44
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref44
https://doi.org/10.1159/000028721
https://doi.org/10.1007/s11060-020-03486-9
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref47
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref47
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref48
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref48
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref48

Germinoma: Presentation, Management, and Recent Advances 301

Nakano, Y., et al. (2024). High detection rate of circulating-tumor DNA from cerebrospinal
fluid of children with central nervous system germ cell tumors. Acta Neuropathologica
Communications, 12, 178. https://doi.org/10.1186/s40478-024-01886-w.

Oosterhuis, J. W., & Looijenga, L. H. (2019). Human germ cell tumours from a devel-
opmental perspective. Nature Reviews. Cancer, 19, 522-537.

Osorio, D. S., & Allen, J. C. (2015). Management of CNS germinoma. CNS Oncology, 4,
273-279. https://doi.org/10.2217/cns.15.13.

Ozelame, R. V., et al. (2006). Basal ganglia germinoma in children with associated ipsilateral
cerebral and brain stem hemiatrophy. Pediatric Radiology, 36, 325-330. https://doi.org/
10.1007/500247-005-0063-4.

Pal, R., et al. (2020). Intracranial germinoma masquerading as secondary granulomatous
hypophysitis: A case report and review of literature. Neuroendocrinology, 110, 422—429.

Price, M., et al. (2024). CBTRUS statistical report: Primary brain and other central nervous
system tumors diagnosed in the United States in 2017-2021. Neuro-Oncology, 26, vil—vi85.

Runyan, C., et al. (2006). Steel factor controls midline cell death of primordial germ cells
and is essential for their normal proliferation and migration. Development (Cambridge,
England), 133, 4861-4869. https://doi.org/10.1242/dev.02688.

Russell, D. (1944). The pinealoma: Its relationship to teratoma. The Journal of Pathology and
Bacteriology, 56, 145—150. https://doi.org/10.1002/path.1700560202.

Russell, D. (1954). “Ectopic pinealoma:” its kinship to atypical teratoma of the pineal gland.
Report of a case. The Journal of Pathology and Bacteriology, 68, 125—129. https://doi.org/
10.1002/path.1700680115.

Sano, K., & Matsutani, M. (1981). Pinealoma (Germinoma) treated by direct surgery and
postoperative irradiation. A long-term follow-up. Childs Brain, 8, 81-97. https://doi.
org/10.1159/000119970.

Sato, A., et al. (1986). Cornelia de lange syndrome with intracranial germinoma. Acta
Patholigica Japonica, 36, 143—149.

Sawamura, Y., Ikeda, J., Shirato, H., Tada, M., & Abe, H. (1998). Germ cell tumours of the
central nervous system: Treatment consideration based on 111 cases and their long-term
clinical outcomes. European Journal of Cancer, 34, 104-110. https://doi.org/10.1016/
S0959-8049(97)10045-4.

Schoénberger, S., et al. (2023). MicroRNA-profiling of miR-371-373- and miR-302/367-
clusters in serum and cerebrospinal fluid identify patients with intracranial germ cell
tumors. Journal of Cancer Research and Clinical Oncology, 149, 791-802. https://doi.org/
10.1007/500432-022-03915-4.

Schulte, S. L., et al. (2016). CNS germinomas are characterized by global demethylation,
chromosomal instability and mutational activation of the Kit-, Ras/Raf/Erk- and Akt-
pathways. Oncotarget, 7, 55026-55042. https://doi.org/10.18632/oncotarget.10392.

Shatara, M., et al. (2024a). GCT-06. The outcomes of patients with disseminated germi-
noma treated on acns0232: A report from the children’s oncology report. Neuro-
Oncology, 26(0), https://doi.org/10.1093/neuonc/noac064.261.

Shatara, M., et al. (2024b). Final report of the phase II NEXT/CNS-GCT-4 trial: GemPOx
followed by marrow-ablative chemotherapy for recurrent intracranial germ cell tumors.
Neuro-oncology Practice, 11, 188—198. https://doi.org/10.1093/nop/npad067.

Shinoda, J., et al. (1988). Placental alkaline phosphatase as a tumor marker for primary intracranial
germinoma. Journal of Neurosurgery, 68, 710-720. https://doi.org/10.3171/jns.1988.68.5.0710.

Sonehara, K., et al. (2022). A common deletion at BAK1 reduces enhancer activity and
confers risk of intracranial germ cell tumors. Nature Communications, 13, 4478. https://
doi.org/10.1038/s41467-022-32005-9.

Sung, D. 1., Harisiadis, L., & Chang, C. H. (1978). Midline pineal tumors and suprasellar
germinomas: Highly curable by irradiation. Radiology, 128, 745-751. https://doi.org/
10.1148/128.3.745.


https://doi.org/10.1186/s40478-024-01886-w
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref50
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref50
https://doi.org/10.2217/cns.15.13
https://doi.org/10.1007/s00247-005-0063-4
https://doi.org/10.1007/s00247-005-0063-4
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref53
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref53
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref54
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref54
https://doi.org/10.1242/dev.02688
https://doi.org/10.1002/path.1700560202
https://doi.org/10.1002/path.1700680115
https://doi.org/10.1002/path.1700680115
https://doi.org/10.1159/000119970
https://doi.org/10.1159/000119970
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref59
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref59
https://doi.org/10.1016/S0959-8049(97)10045-4
https://doi.org/10.1016/S0959-8049(97)10045-4
https://doi.org/10.1007/s00432-022-03915-4
https://doi.org/10.1007/s00432-022-03915-4
https://doi.org/10.18632/oncotarget.10392
https://doi.org/10.1093/neuonc/noae064.261
https://doi.org/10.1093/nop/npad067
https://doi.org/10.3171/jns.1988.68.5.0710
https://doi.org/10.1038/s41467-022-32005-9
https://doi.org/10.1038/s41467-022-32005-9
https://doi.org/10.1148/128.3.745
https://doi.org/10.1148/128.3.745

302 Anthony Pak-Yin Liu, Hirokazu Takami and Mohamed Abdelbaki

Takami, H., et al. (2015). Human chorionic gonadotropin is expressed virtually in all
intracranial germ cell tumors. Journal of Neuro-Oncology, 124, 23-32. https://doi.org/10.
1007/s11060-015-1809-y.

Takami, H., et al. (2020a). Comparison on epidemiology, tumor location, histology, and
prognosis of intracranial germ cell tumors between mayo clinic and Japanese consortium
cohorts. Journal of Neurosurgery, 134, 446—456.

Takami, H., et al. (2020b). Intratumoural immune cell landscape in germinoma reveals
multipotent lineages and exhibits prognostic significance. Neuropathology and Applied
Neurobiology, 46, 111-124. https://doi.org/10.1111/nan.12570.

Takami, H., et al. (2024). Phase II trial of pathology-based tripartite treatment stratification
for patients with CNS germ cell tumors: A long-term follow-up study. Neuro-Oncology.
https://doi.org/10.1093/neuonc/noae229.

Tan, C., & Scotting, P. J. (2013). Stem cell research points the way to the cell of origin for
intracranial germ cell tumours. The Journal of Pathology, 229, 4-11. https://doi.org/10.
1002/path.4098.

Wang, L., et al. (2014). Novel somatic and germline mutations in intracranial germ cell
tumours. Nature, 511, 241-245. https://doi.org/10.1038/nature13296.

Wong, T. T., et al. (2005). Primary pediatric brain tumors: Statistics of Taipei VGH,
Taiwan (1975-2004). Cancer: Interdisciplinary International Journal of the American Cancer
Society, 104, 2156-2167.

Zapka, P., et al. (2018). Type, frequency, and spatial distribution of immune cell infiltrates
in CNS germinomas: Evidence for inflammatory and immunosuppressive mechanisms.
Journal of Neuropathology & Experimental Neurology, 77, 119-127.

Zhou, D., et al. (2008). Epidemiology of nervous system tumors in children: A survey of
1,485 cases in Beijing tiantan hospital from 2001 to 2005. Pediatric Neurosurgery, 44,
97-103.


https://doi.org/10.1007/s11060-015-1809-y
https://doi.org/10.1007/s11060-015-1809-y
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref69
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref69
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref69
https://doi.org/10.1111/nan.12570
https://doi.org/10.1093/neuonc/noae229
https://doi.org/10.1002/path.4098
https://doi.org/10.1002/path.4098
https://doi.org/10.1038/nature13296
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref74
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref74
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref74
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref75
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref75
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref75
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref76
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref76
http://refhub.elsevier.com/S0065-230X(25)00057-0/sbref76

	Germinoma: Presentation, Management, and Recent Advances
	1 Introduction
	2 Epidemiology and genetic predisposition
	3 Clinical presentation
	4 Pathogenesis
	5 Histopathology
	6 Diagnostic and staging evaluations
	6.1 Neuroimaging
	6.2 Tumor markers
	6.3 Histopathologic and cytologic examination

	7 Treatment strategies
	7.1 Emergency management
	7.2 Surgery
	7.3 Adjuvant therapy
	7.4 The European experience
	7.5 The North American and Australian experience
	7.6 The East Asian experience
	7.7 Basal ganglia and metastatic germinoma
	7.8 Relapsed germinoma

	8 Recent advances and future directions
	9 Conclusion
	Acknowledgement
	References




