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Introduction and Epidemiology

Essential differences between adult and pediat-
ric solid tumors suggest that the two ought to, in
many regards, be considered distinct pathological
entities. This distinction is particularly profound
in the case of central nervous system (CNS)
metastases. While adult solid tumor brain metas-
tases occur in approximately 20-40% of primary
tumor cases, the frequency of solid tumor brain
metastases reported in children is only 1-10%,
or 6-13% reported at autopsy [1-14]. In adults,
CNS metastases occur most frequently in cases
of lung, breast, and gastrointestinal primary
tumors and melanoma [1, 15]. In contrast, the
most common solid primary tumor types to pres-
ent with CNS metastases in the pediatric popula-
tion are sarcomas (including soft tissue, Ewing,
and osteosarcoma), melanomas (up to 18% prev-
alence), retinoblastomas, neuroblastomas, kid-
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ney tumors [including Wilms tumors and clear
cell sarcomas of the kidney (CCSK), the latter
of which have been found to have a 5-11% inci-
dence of CNS metastases], and germ cell tumors
(with a particularly high rate of CNS metasta-
ses in choriocarcinoma, up to 43%), reflecting
an increased representation of undifferentiated
tumor types [3, 16-18]. Additionally, rare lung
tumors in children have been reported to have an
increased incidence of CNS metastases, includ-
ing pleuropulmonary blastoma (PPB), with up to
25% incidence, and alveolar soft part sarcoma,
with 15-29% incidence [6, 19, 20].

Pediatric solid tumors can enter the CNS
space via one of two mechanisms—direct exten-
sion, as with sinonasal tumors, or hematogenous
metastatic spread which necessitates penetrating
the blood-brain barrier (BBB). Treatments for
CNS metastases tend to vary based upon primary
tumor type, extent of intra- and extracranial dis-
ease, and goals of care. Decreased prevalence of
CNS metastases in pediatric versus adult tumors
suggests a difference in the BBB—the pediatric
BBB may be less permeable to tumor cells or,
more likely, have increased permeability to sys-
temic therapies used to treat the primary tumor
or extracranial metastatic spread. Additionally,
since tumor-instigated myeloid precursor cells
are believed to play a role in metastasis, the
increased tendency of children to receive mye-
loablative therapy for high-risk primary tumors,
particularly in the neuroblastoma population,
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may contribute to a reduction in CNS spread [21-
23]. Similarly to adult cases, however, pediatric
solid CNS metastases are generally associated
with a very poor prognosis, with survival times
of typically less than | year after diagnosis [17].

Tumor Characteristics
and Pathophysiology

The majority of pediatric solid tumor brain
metastases are solitary (approximately 60-90%
of cases), in contrast to adult cases where mul-
tiple CNS metastases are common. Pediatric
brain metastases are supratentorial in 85-100%
of cases in recently published series, in contrast
to primary pediatric brain tumors which present
with an infratentorial predominance [3, 4, 6, 10].
Solid brain metastases tend to most commonly
be located in the cerebral hemispheres (less fre-
quently in the cerebellum and basal ganglia), pre-
senting at the gray matter-white matter junction,
as in adults, or in border zones between major
cerebral vascular territories, suggesting an arterial
delivery mechanism [17, 24]. Interestingly, in our
surgical experience at Memorial Sloan Kettering
Cancer Center (MSKCC), we have found numer-
ous brain metastases at the pial interface, such as at
the depth of a sulcus, suggesting a possible venous
or cerebrospinal fluid (CSF) mechanism of tumor
cell seeding (Fig. 18.1, unpublished observations).

Fig. 18.1 T1-weighted
MRI demonstrating a
left frontal
neuroblastoma
metastasis at the pial
interface. Pre- (left) and
post-contrast (right) T1
MRI images of a
neuroblastoma
metastasis in a
7-year-old male patient
illustrate the presence of
tumor along the pial
margin, a pattern
commonly manifested in
our cohort

Although the CNS is a common site of extra-
medullary spread in pediatric leukemia, it is
rarely seeded by solid tumors in children [6, 25].
Because the occurrence of pediatric solid tumor
CNS metastases is so infrequent, surveillance
imaging in children diagnosed with a primary
solid tumor is not routinely performed. Thus,
most CNS metastases are diagnosed from imag-
ing in the setting of presenting symptoms such
as headache, nausea, vomiting, seizures, apha-
sia, visual field deficits, focal motor or sensory
deficits, cranial neuropathies, ataxia, and altered
mental status. These symptoms reflect the loca-
tion and size of the tumor, extent of edema, pres-
ence of intratumoral hemorrhage, and occurrence
of obstructive or communicating hydrocephalus
[3-7,9-11, 17]. Pediatric solid tumor CNS metas-
tases are rarely the sole or initial metastases and,
when they occur, are often a late disease finding.

Multiple retrospective studies have suggested
that there may be a direct correlation between
the occurrence of pulmonary metastases and
brain metastases, across several different pri-
mary tumor types, with up to 70% of cases hav-
ing a known pulmonary metastasis at the time
of brain metastatic diagnosis [2—4, 6, 9, 13, 26].
Mechanistically, it is plausible that tumor cells
shed into the pulmonary circulation from a lung
metastasis have a direct route to the brain via
the left atrium, with a subsequent direct arterial
conduit to brain circulation; this is supported
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by the presence of parenchymal metasta-
ses in major cerebral arterial border zones [2,
24]. Additionally, Kramer and colleagues at
MSKCC found in their review of neuroblas-
toma cases with bone marrow involvement an
association of lumbar punctures (LP) performed
near the time of primary disease diagnosis with
the development of CNS metastases, suggesting
a possible direct hematogenous to CSF seeding
mechanism [8].

Cumulatively across all histological subtypes,
solid brain metastases in the pediatric population
occur at a median age between 11 and 13 years
and at a median interval of 8-16 months fol-
lowing the diagnosis of the primary tumor
(Table 18.1) [2, 3, 6]. It has been suggested in
multiple prior studies that the incidence of pedi-
atric solid tumor CNS metastases is increas-
ing [3, 6, 8]. However, the largest case series
reported to date by Suki and colleagues from
MD Anderson Cancer Center found that the pro-
portion of patients with primary solid tumors
developing CNS metastases remained relatively
low at 1.4%, which was consistent with previ-
ously reported values from earlier studies [3].
Since pediatric CNS metastases are so rare and
case studies have been limited to small cohorts,
it has not yet been determined whether patients
with this diagnosis have experienced an overall
improvement in survival over time.

Treatment Options

Largely limited by small cohort sizes, evidence
for the efficacy of different treatment regimens
for pediatric solid tumor metastases remains
sparse. Treatment options generally include
surgical resection, radiation, chemotherapy, or
primary tumor-specific immunotherapy. Brain
edema can usually be managed with steroids dur-
ing treatment.

Surgical Considerations

Surgical treatment depends upon multiple con-
siderations, including tumor size, presence of

hemorrhage, the type of primary tumor (spe-
cifically, whether it is radiosensitive or radio-
resistant), location, and neurologic symptoms.
Surgical options for brain metastases can include
resection, debulking (as with lesions extending
into eloquent areas or deep brain structures),
CSF diversion with shunting or endoscopic third
ventriculostomy (ETV), or implantation of an
intraventricular reservoir for therapeutic delivery.
Long-term use of ventricular access reservoirs
has been found to be safe—a recent study from
our center reported a 4% rate of acute and rela-
tively minor complications, including catheter
migration and pericatheter cyst formation [28]. As
some of these patients may develop hydrocepha-
lus and require conversion of the intraventricular
reservoir to a shunt, a programmable shunt can
be implanted for both therapeutic CSF diversion
and drug delivery (by increasing shunt resistance
to the highest setting and thus effectively turning
it “off” during the time of drug infusion).

Radiation

Radiation treatment may serve as a monotherapy
or supplement surgical resection and/or systemic
therapy; however, this is avoided if possible in
children under 3 years of age, due to the likeli-
hood of disruption of normal neurocognitive
function during this critical period of brain devel-
opment and the possibility of developing latent
radiation-induced tumors such as meningiomas,
gliomas, or sarcomas [29]. Whole brain radiation
therapy (WBRT) remains the most common radi-
ation treatment, delivered in fractionated doses,
often totaling 10-50 Gy [2].

Stereotactic radiosurgery (SRS), however,
is increasingly used and commonly preferred
at our institution even for multiple metastases,
offering the option of effective focal treatment
while minimizing side effects, particularly in
this vulnerable population. Recent studies have
suggested that there is little to no survival benefit
of WBRT over SRS, and in fact, that SRS alone
may improve survival in select patient popula-
tions under 50 years of age and with less than
four brain metastases [2, 30, 31]. This may be
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due in part to the fact that SRS allows delivery of
higher focal doses of radiation, rather than frac-
tionated or hypofractionated doses, overcoming
the radioresistance of certain primary cancer sub-
types such as melanomas and sarcomas [2, 38,
39]. Importantly, SRS may be associated with
fewer neurocognitive side effects than WBRT. In
a Phase 3 randomized control trial comparing
the outcomes of SRS alone to those of SRS plus
WBRT, Chang and colleagues demonstrated
decreased deficits in learning and memory in the
group treated with SRS alone [40].

To date, the efficacy of SRS for metastases in
the pediatric population has not been reported
outside of case reports; however, this technique
has been evaluated and found to be likely effec-
tive in cases of pediatric arteriovenous malforma-
tions (AVMs) and primary brain tumors, such as
juvenile pilocytic astrocytomas (JPAs), recurrent
ependymomas, and pineocytomas [2, 41-43].
The development of frameless, optically guided
stereotactic systems has helped to overcome
many of the difficulties of SRS in the pediatric
population, such as intolerance of the headframe
and the risk that movement could result in off-
target effects, making this now a much more pal-
atable treatment option [42].

Proton Therapy

Though not yet widely described for use in pedi-
atric CNS metastases, proton therapy has been
shown to be effective in both pediatric primary
brain tumors (including astrocytic, embryonal,
and ependymal tumors) and adult CNS metas-
tases [44-46]. Characteristics of proton delivery
optimize the risk-benefit profile, particularly for
the pediatric population. Compared to photon
therapy, protons can deposit more precisely at a
desired depth in the oncologic target, reducing
entry and exit doses and thus sparing surrounding
normal tissues and enabling treatment of targets
adjacent to critical structures [45]. Additionally,
comparisons of proton therapy-treated primary
pediatric CNS malignancies to historical photon
beam-treated cohorts have shown non-inferiority
or superiority in local control, progression-free

survival, and overall survival while minimizing
side effects, particularly in medulloblastoma
patients receiving craniospinal irradiation (CSI)
[46-50]. Given the reduction in the risk of neu-
rocognitive deficits associated with proton ther-
apy, it is a particularly appealing option in the
susceptible pediatric population. With a favor-
able risk-benefit profile of proton versus photon
beam therapy, proton therapy appears promising
for the treatment of pediatric CNS metastases as
well and will likely become more popular as a
treatment option as specialized proton centers
become more widespread.

Multimodal Treatment

Although pediatric solid tumor CNS metastases
generally confer a grim prognosis, with survival
in case studies described in months (Table 18.1),
there are rare reports of long-term survivors,
usually with patients who have received aggres-
sive multimodal therapy incorporating surgical
resection, radiation (often focal combined with
craniospinal), chemotherapy, immunotherapy,
and/or stem cell transplantation. Osawa and
colleagues reported two cases of rhabdomyo-
sarcoma achieving disease freedom at 8 and
10 months, respectively (whereas most rhab-
domyosarcoma CNS cases succumb in under
1 year), through a combination of surgical resec-
tion, radiation to the tumor bed, ifosfamide/
carboplatin/etoposide (ICE) chemotherapy, and
additional CSI and allogenic stem cell transplan-
tation in one of the patients [51]. Hauser and col-
leagues also reported a case of long-term survival
of 44.8 months after CNS diagnosis in a patient
undergoing surgery and receiving radiation, high-
dose chemotherapy, and stem cell transplantation
[7]. Notably, this was the patient in their reported
cohort of 14 cases who received the most aggres-
sive treatment regimen. Additionally, a few cases
of long-term survivors with CNS osteosarcoma
metastases treated with multimodal therapy have
been reported to survive beyond 5 years (this dis-
ease is otherwise associated with a 6-month sur-
vival) [4, 27, 52]. Rare long-term survival with
multimodal therapy has also been reported in
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cases of CNS metastases from germ cell tumors,
hepatoblastoma, melanoma, Wilms tumor, clear
cell sarcoma of the kidney, and neuroblastoma
[4, 11, 16, 53-56]. Croog and colleagues from
our center demonstrated a survival advantage for
CSI and intraventricular radio-immunotherapy
in neuroblastoma patients with CNS relapse,
postulating that neuroblastoma cells disseminate
through CSF along the neuraxis, necessitating
full craniospinal radiation [55]. Specifically, they
advocate for simultaneous radiation of cranial
and spinal fields to avoid potential reseeding
and for treatment with either intrathecal or intra-
ventricular delivery of therapeutics or systemic
delivery of BBB-penetrating compounds such
as irinotecan or temozolomide. With the advent
of increasingly effective biological therapies for
metastatic disease (such as the combination of
nivolumab and ipilimumab checkpoint inhibi-
tors), multimodal treatment options must always
be considered [57].

Consideration of Prophylaxis

In contrast to the adult tumor and pediatric liquid
tumor populations, pediatric solid tumors rarely
develop CNS metastases, and thus, prophylaxis
is generally not considered and is of unknown
efficacy. Interestingly, in a comparison of Ewing
sarcoma patients who received CNS prophylaxis
(n =92, WBRT and a single dose of intrathecal
methotrexate) to those who did not (n = 62), Trigg
and colleagues found no significant difference
in the incidence of developing CNS metastases
between the cohorts, suggesting prophylaxis may
not be effective in preventing CNS spread, at
least in this primary tumor type [58]. However,
specific risk factors, such as a breach in the BBB,
may render CNS prophylaxis warranted in cer-
tain cases. As mentioned, Kramer and colleagues
found that prior LP in a neuroblastoma popula-
tion was significantly associated with the devel-
opment of CNS metastases; it may be beneficial
to prophylactically treat such cases (undergoing
LP for primary tumors known to have high risk
of hematogenous spread and CNS seeding) with
intrathecal chemotherapy [8].

Predicting the Occurrence
of Pediatric CNS Metastases

While rare in incidence, pediatric solid tumor
metastases tend to be associated more frequently
with certain primary subtypes and metastatic dis-
ease characteristics. Certain rare primary tumors
such as PPB, CCSK, and alveolar soft part sar-
coma have been reported to have a higher inci-
dence of CNS metastasis, approximately 25%,
5-11%, and 15-29%, respectively [18-20].
Additionally, although cases of choriocarcinoma
comprised a small subset of their cohort, Suki and
colleagues found that these were associated with
a 43% incidence of brain metastases, suggesting
that this germ cell subtype may have a particu-
lar predilection for the CNS [3]. Furthermore, as
pulmonary metastases often predate or co-occur
with CNS metastasis (as described previously),
they appear to be a risk factor for CNS disease.

It remains to be determined whether there
may be a role for CNS screening imaging in
diagnosed pediatric solid tumor cases. This con-
sideration remains controversial, as previous
studies have found a high rate of false positives
with computerized tomography (CT) imaging
to survey for brain metastases in the melanoma
population [59]. Risk factors such as primary
tumor type (as those listed above are more neu-
rotropic) and presence of pulmonary or other vis-
ceral metastases should be taken into account in
determining whether CNS screening is warranted
[16]. Although CNS metastasis has generally
been considered a late-stage finding, continuing
development of novel biological treatments, che-
motherapies, and radiation regimens yields hope
for combatting metastatic disease. With this,
CNS screening should be performed for primary
malignancy subtypes that have an effective sys-
temic therapy, like melanoma [57].

Conclusions

CNS metastases in pediatric solid tumors
remain a relatively rare and late-stage occur-
rence. This may reflect, in part, the early use
of myeloablative therapy for pediatric primary
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tumors, depleting the myeloid precursor pool, or
an increased permeability of the pediatric BBB,
thus facilitating delivery of systemic therapy
into the brain. However, certain primary tumor
subtypes, as well as the presence of pulmonary
metastases, are associated with increased inci-
dence of CNS pathology in the pediatric pop-
ulation. Previous studies have suggested that
aggressive multimodal therapy may confer a
survival advantage. Taken together, we propose
that careful screening of select cases with risk
factors for CNS metastasis, particularly in cer-
tain tumor subtypes and those with effective
therapies available for metastatic disease, may
enable better outcomes.

References

1. Nayak L, Lee EQ, Wen PY. Epidemiology of brain
metastases. Curr Oncol Rep. 2012;14(1):48-54.

2. Sreeraman Kumar R, Rotondo RL. Pediatric brain
metastases. In: Mahajan A, Paulino A, editors.
Radiation oncology for pediatric CNS tumors. Cham:
Springer International Publishing; 2018. p. 393-410.

3. Suki D, Khoury Abdulla R, Ding M, Khatua S, Sawaya
R. Brain metastases in patients diagnosed with a solid
primary cancer during childhood: experience from
a single referral cancer center. J] Neurosurg Pediatr.
2014;14(4):372-85.

4. Wiens AL, Hattab EM. The pathological spectrum of
solid CNS metastases in the pediatric population. J
Neurosurg Pediatr. 2014;14(2):129-35.

5. Kebudi R, Ayan I, Gorgun O, Agaoglu FY, Vural S,
Darendeliler E. Brain metastasis in pediatric extra-
cranial solid tumors: survey and literature review. J
Neuro-Oncol. 2005;71(1):43-8.

6. Stefanowicz J, Izycka-Swieszewska E, Szurowska E,
Bien E, Szarszewski A, Liberek A, et al. Brain metas-
tases in paediatric patients: characteristics of a patient
series and review of the literature. Folia Neuropathol.
2011;49(4):271-81.

7. Hauser P, Jakab Z, Lang O, Kondas O, Muller J,
Schuler D, et al. Incidence and survival of central
nervous system involvement in childhood malignan-
cies: Hungarian experience. J Pediatr Hematol Oncol.
2005;27(3):125-8.

8. Kramer K, Kushner B, Heller G, Cheung
NK. Neuroblastoma metastatic to the central ner-
vous system. The Memorial Sloan Kettering Cancer
Center experience and a literature review. Cancer.
2001;91(8):1510-9.

9. Bouffet E, Doumi N, Thiesse P, Mottolese C, Jouvet
A, Lacroze M, et al. Brain metastases in children with
solid tumors. Cancer. 1997;79(2):403-10.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Paulino AC, Nguyen TX, Barker JL Jr. Brain metas-
tasis in children with sarcoma, neuroblastoma,
and Wilms’ tumor. Int J Radiat Oncol Biol Phys.
2003;57(1):177-83.

. Spunt SL, Walsh MF, Krasin MJ, Helton KJ, Billups

CA, Cain AM, et al. Brain metastases of malignant
germ cell tumors in children and adolescents. Cancer.
2004:101(3):620-6.

Tasdemiroglu E, Patchell RA. Cerebral metasta-
ses in childhood malignancies. Acta Neurochir.
1997;139(3):182-7.

Graus F, Walker RW, Allen JC. Brain metastases in
children. J Pediatr. 1983;103(4):558-61.

Vannucci RC, Baten M. Cerebral metastatic disease in
childhood. Neurology. 1974;24(10):981-5.

Klos KJ, O’Neill BP. Brain metastases. Neurologist.
2004;10(1):31-46.

Rodriguez-Galindo C, Pappo AS, Kaste SC, Rao BN,
Cain A, Jenkins JJ, et al. Brain metastases in children
with melanoma. Cancer. 1997;79(12):2440-5.
Kumar R, Liu APY, Orr BA, Northcott PA, Robinson
GW. Advances in the classification of pediatric
brain tumors through DNA methylation profiling:
from research tool to frontline diagnostic. Cancer.
2018;124(21):4168-80.

Seibel NL, Li S, Breslow NE, Beckwith JB, Green
DM, Haase GM, et al. Effect of duration of treat-
ment on treatment outcome for patients with
clear-cell sarcoma of the kidney: a report from the
National Wilms” Tumor Study Group. J Clin Oncol.
2004;22(3):468-73.

Priest JR, Magnuson J, Williams GM, Abromowitch
M, Byrd R, Sprinz P, et al. Cerebral metastasis
and other central nervous system complications of
pleuropulmonary blastoma. Pediatr Blood Cancer.
2007;49(3):266-73.

Wang CH, Lee N, Lee LS. Successful treatment for
solitary brain metastasis from alveolar soft part sar-
coma. J Neuro-Oncol. 1995;25(2):161-6.

Gao D, Mittal V. The role of bone-marrow-derived
cells in tumor growth, metastasis initiation and pro-
gression. Trends Mol Med. 2009;15(8):333—43.
Matthay KK, Villablanca JG, Seeger RC, Stram DO,
Harris RE, Ramsay NK, et al. Treatment of high-risk
neuroblastoma with intensive chemotherapy, radio-
therapy, autologous bone marrow transplantation, and
13-cis-retinoic acid. Children’s Cancer Group. N Engl
J Med. 1999;341(16):1165-73.

Berthold F, Boos J, Burdach S, Erttmann R, Henze
G, Hermann J, et al. Myeloablative megatherapy with
autologous stem-cell rescue versus oral maintenance
chemotherapy as consolidation treatment in patients
with high-risk neuroblastoma: a randomised con-
trolled trial. Lancet Oncol. 2005;6(9):649-58.

Sul J, Posner JB. Brain metastases: epidemiology
and pathophysiology. Cancer Treat Res. 2007;136:
1-21.

Laningham FH, Kun LE, Reddick WE, Ogg RIJ,
Morris EB, Pui CH. Childhood central nervous sys-
tem leukemia: historical perspectives, current therapy,



Management of Solid Tumor CNS Metastases in Children

267

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

and acute neurological sequelae. Neuroradiology.
2007;49(11):873-88.

Deutsch M, Wollman MR. Radiotherapy for metas-
tases to the mandible in children. J Oral Maxillofac
Surg. 2002;60(3):269-71.

Marina NM, Pratt CB, Shema SJ, Brooks T, Rao B,
Meyer WH. Brain metastases in osteosarcoma. Report
of a long-term survivor and review of the St. Jude
Children’s Research Hospital experience. Cancer.
1993;71(11):3656-60.

Kramer K, Smith M, Souweidane MM. Safety profile
of long-term intraventricular access devices in pediat-
ric patients receiving radioimmunotherapy for central
nervous system malignancies. Pediatr Blood Cancer.
2014;61(9):1590-2.

Aherne NJ, Murphy BM. Radiation-induced gliomas.
Crit Rev Oncog. 2018;23(1-2):113-8.

Soon YY, Tham IW, Lim KH, Koh WY, Lu
JJ. Surgery or radiosurgery plus whole brain radio-
therapy versus surgery or radiosurgery alone for brain
metastases. Cochrane Database Syst Rev. 2014;(3):
CD009454.

Sahgal A, Aoyama H, Kocher M, Neupane B, Collette
S, Tago M, et al. Phase 3 trials of stereotactic radio-
surgery with or without whole-brain radiation ther-
apy for 1 to 4 brain metastases: individual patient
data meta-analysis. Int J Radiat Oncol Biol Phys.
2015;91(4):710-7.

Gobel U, von Kries R, Teske C, Schneider DT,
Beyerlein A, Bernbeck B, et al. Brain metastases
during follow-up of children and adolescents with
extracranial malignant germ cell tumors: risk adapted
management decision tree analysis based on data of
the MAHO/MAKEI-registry. Pediatr Blood Cancer.
2013;60(2):217-23.

Postovsky S, Ash S, Ramu IN, Yaniv Y, Zaizov
R, Futerman B, et al. Central nervous system
involvement in children with sarcoma. Oncology.
2003;65(2):118-24.

Parasuraman S, Langston J, Rao BN, Poquette CA,
Jenkins JJ, Merchant T, et al. Brain metastases in
pediatric Ewing sarcoma and rhabdomyosarcoma: the
St. Jude Children’s Research Hospital experience. J
Pediatr Hematol Oncol. 1999;21(5):370-7.

Lowis SP, Foot A, Gerrard MP, Charles A, Imeson J,
Middleton H, et al. Central nervous system metastasis
in Wilms’ tumor: a review of three consecutive United
Kingdom trials. Cancer. 1998;83(9):2023-9.
Weyl-Ben Arush M, Stein M, Perez-Nachum M,
Dale J, Babilsky H, Zelnik N, et al. Neurologic
complications in pediatric solid tumors. Oncology.
1995;52(2):89-92.

Baram TZ, van Tassel P, Jaffe NA. Brain metastases in
osteosarcoma: incidence, clinical and neuroradiologi-
cal findings and management options. J Neurooncol.
1988;6(1):47-52.

Brown PD, Brown CA, Pollock BE, Gorman DA,
Foote RL. Stereotactic radiosurgery for patients with
“radioresistant” brain metastases. Neurosurgery.
2008;62(Suppl 2):790-801.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Selek U, Chang EL, Hassenbusch SJ 3rd, Shiu AS,
Lang FF, Allen P, et al. Stereotactic radiosurgical
treatment in 103 patients for 153 cerebral mela-
noma metastases. Int J Radiat Oncol Biol Phys.
2004;59(4):1097-106.

Chang EL, Wefel JS, Hess KR, Allen PK, Lang
FF, Kornguth DG, et al. Neurocognition in patients
with brain metastases treated with radiosurgery or
radiosurgery plus whole-brain irradiation: a ran-
domised controlled trial. Lancet Oncol. 2009;10(11):
1037-44.

Saran FH, Baumert BG, Khoo VS, Adams EJ, Garre
ML, Warrington AP, et al. Stereotactically guided
conformal radiotherapy for progressive low-grade
gliomas of childhood. Int J Radiat Oncol Biol Phys.
2002;53(1):43-51.

Keshavarzi S, Meltzer H, Ben-Haim S, Newman CB,
Lawson JD, Levy ML, et al. Initial clinical experience
with frameless optically guided stereotactic radiosur-
gery/radiotherapy in pediatric patients. Childs Nerv
Syst. 2009;25(7):837—-44.

Kano H, Yang HC, Kondziolka D, Niranjan A, Arai
Y, Flickinger JC, et al. Stereotactic radiosurgery
for pediatric recurrent intracranial ependymomas. J
Neurosurg Pediatr. 2010;6(5):417-23.

Gondi V, Yock TI, Mehta MP. Proton therapy for pae-
diatric CNS tumours - improving treatment-related
outcomes. Nat Rev Neurol. 2016;12(6):334-45.
Kirkpatrick JP, Laack NN, Halasz LM, Minniti G,
Chan MD. Proton therapy for brain metastases: a
question of value. Int J Radiat Oncol Biol Phys.
2018;101(4):830-2.

Sreeraman R, Indelicato DJ. Proton therapy for the
treatment of children with CNS malignancies. CNS
Oncol. 2014;3(2):149-58.

Miralbell R, Lomax A, Russo M. Potential role of
proton therapy in the treatment of pediatric medul-
loblastoma/primitive neuro-ectodermal tumors: spi-
nal theca irradiation. Int J Radiat Oncol Biol Phys.
1997;38(4):805-11.

St Clair WH, Adams JA, Bues M, Fullerton BC,
La Shell S, Kooy HM, et al. Advantage of protons
compared to conventional X-ray or IMRT in the
treatment of a pediatric patient with medulloblas-
toma. Int J Radiat Oncol Biol Phys. 2004;58(3):
727-34.

Yuh GE, Loredo LN, Yonemoto LT, Bush DA,
Shahnazi K, Preston W, et al. Reducing toxicity
from craniospinal irradiation: using proton beams to
treat medulloblastoma in young children. Cancer J.
2004;10(6):386-90.

Jimenez RB, Sethi R, Depauw N, Pulsifer MB,
Adams J, McBride SM, et al. Proton radiation ther-
apy for pediatric medulloblastoma and supratento-
rial primitive neuroectodermal tumors: outcomes
for very young children treated with upfront chemo-
therapy. Int J Radiat Oncol Biol Phys. 2013;87(1):
120-6.

. Osawa S, Kumabe T, Saito R, Sonoda Y, Niizuma

H, Watanabe M, et al. Infratentorial brain metas-



268

W. E. Parker et al.

52.

53.

54.

55.

tases of pediatric non-epithelial malignant tumors:
three case reports. Brain Tumor Pathol. 2011;28(2):
167-74.

Wexler LH, DelLaney TF, Saris S, Horowitz
ME. Long-term survival after central nervous sys-
tem relapse in a patient with osteosarcoma. Cancer.
1993;72(4):1203-8.

Robertson PL, Muraszko KM, Axtell RA.
Hepatoblastoma metastatic to brain: prolonged sur-
vival after multiple surgical resections of a solitary
brain lesion. J Pediatr Hematol Oncol. 1997;19(2):
168-71.

Radulescu VC, Gerrard M, Moertel C, Grundy PE,
Mathias L, Feusner J, et al. Treatment of recur-
rent clear cell sarcoma of the kidney with brain
metastasis. Pediatr Blood Cancer. 2008;50(2):
246-9.

Croog VJ, Kramer K, Cheung NK, Kushner BH,
Modak S, Souweidane MM, et al. Whole neuraxis
irradiation to address central nervous system relapse

56.

57.

58.

59.

in high-risk neuroblastoma. Int J Radiat Oncol Biol
Phys. 2010;78(3):849-54.

Kellie SJ, Hayes FA, Bowman L, Kovnar EH,
Langston J, Jenkins JJ 3rd, et al. Primary extracranial
neuroblastoma with central nervous system metasta-
ses characterization by clinicopathologic findings and
neuroimaging. Cancer. 1991;68(9):1999-2006.
Wolchok JD, Kluger H, Callahan MK, Postow MA,
Rizvi NA, Lesokhin AM, et al. Nivolumab plus ipi-
limumab in advanced melanoma. N Engl J Med.
2013;369(2):122-33.

Trigg ME, Makuch R, Glaubiger D. Actuarial risk
of isolated CNS involvement in Ewing’s sarcoma
following prophylactic cranial irradiation and intra-
thecal methotrexate. Int J Radiat Oncol Biol Phys.
1985;11(4):699-702.

Buzaid AC, Tinoco L, Ross MI, Legha SS, Benjamin
RS. Role of computed tomography in the staging of
patients with local-regional metastases of melanoma.
J Clin Oncol. 1995;13(8):2104-8.



	18: Management of Solid Tumor CNS Metastases in Children
	Introduction and Epidemiology
	Tumor Characteristics and Pathophysiology
	Treatment Options
	Surgical Considerations
	Radiation
	Proton Therapy
	Multimodal Treatment
	Consideration of Prophylaxis

	Predicting the Occurrence of Pediatric CNS Metastases
	Conclusions
	References


