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For brain tumors in adults that are located in motor 
or language eloquent areas, such as adjacent to the 
sylvian fissure or central sulcus, a large armamen-

tarium of perioperative techniques improves the extent 
of resection (EOR) while minimizing morbidity and still 
maintaining maximum possible progression-free survival 
(PFS).

Such techniques include not only intraoperative brain 
mapping by direct cortical stimulation (DCS) but also 
image guidance, fluorescent dyes, ultrasound, and intra-
operative MRI (iMRI). Over the last decade, noninvasive 

mapping modalities, such as functional MRI (fMRI), 
tractography, navigated transcranial magnetic stimulation 
(nTMS), and magnetoencephalography (MEG), have been 
established as valuable preoperative functional mapping 
protocols. Because of modern functional mapping capac-
ity, resection of tumors previously judged as unresectable 
has become a viable option in many cases.1 Mapping tech-
niques have enabled descriptions of functional reorganiza-
tion that accompanies brain tumors in adults.2,3

While the aforementioned techniques have been re-
petitively described and are established for adult patients 
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OBJECTIVE In adult patients, an increasing group of neurosurgeons specialize entirely in the treatment of highly 
eloquent tumors, particularly gliomas. In contrast, extensive perioperative neurophysiological workup for pediatric cases 
has been limited essentially to epilepsy surgery.
METHODS The authors discuss radio-oncological and general oncological considerations based on the current litera-
ture and their personal experience.
RESULTS While several functional mapping modalities facilitate preoperative identification of cortically and subcorti-
cally located eloquent areas, not all are suited for children. Direct cortical intraoperative stimulation is impractical in 
many young patients due to the reduced excitability of the immature cortex. Behavioral requirements also limit the utility 
of functional MRI and magnetoencephalography in children. In contrast, MRI-derived tractography and navigated trans-
cranial magnetic stimulation are available across ages. Herein, the authors review the oncological rationale of function-
guided resection in pediatric gliomas including technical implications such as personalized perioperative neurophysiol-
ogy, surgical strategies, and limitations.
CONCLUSIONS Taken together, these techniques, despite the limitations of some, facilitate the identification of elo-
quent areas prior to tumor surgery and radiotherapy as well as during follow-up of residual tumors.
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with high-grade gliomas (HGGs) and low-grade gliomas 
(LGGs) as well as arteriovenous and cavernous malfor-
mations, they have been poorly studied for supratentorial 
lesions, such as gliomas, in children.4

Development of functional areas of the brain in children 
and adolescents is highly variable, including the number 
of synapses depending on developmental stage (Fig. 1).5 
Synaptogenesis has not yet been proven to increase the 
chance of functional reorganization, but it probably con-
tributes to the much higher rate and degree of functional 
reorganization in young children.

In children and adolescents affected by CNS tumors, 
functional anatomy is subject to continuous change and 
thus an array of interindividual variations.6 Rapid growth 
and spread of neurons induces widespread reorganization 
of the CNS accompanied by an increased vulnerability to 
exogenous noxae such as radioactive irradiation. While 
neurogenesis and neuronal migration are primary pre-
natal events, some GABAergic neuronal migration and 
especially myelination continue postnatally to a large 
extent during childhood. The structural variation due to 
functional reorganization in the developing brain and the 
decisive nature of gross-total resection (GTR) in terms of 

prognosis in most, if not all, CNS tumors of childhood 
necessitate a thorough functional pre- and intraoperative 
workup.

In this article, we describe the potential of function-
guided resection in patients with pediatric LGG and HGG 
as a personalized multidisciplinary therapeutic approach, 
including oncological rationale, implications of periopera-
tive neurophysiology, and surgical and radiation oncology 
strategies, and we present limitations considering the most 
recent literature and based on our personal experience.

Methods
General Aspects

Modern pediatric neuro-oncology requires consider-
ation of all aspects of the patients’ care, including preex-
isting functional deficits due to the tumor and/or previous 
treatment. Very similar to adult trials, surgical aspects are 
frequently not considered, especially when it comes to de-
tails such as exact functional anatomy or treatment risks.

Mapping before pediatric tumor surgery allows for a 
tailored patient consultation and surgical planning based 
on an assessment of risks to the individual functional 

FIG. 1. This figure by Huttenlochner and Dabholkar57 illustrates the mean synaptic density depending on the respective functional 
system and age. This demonstrates the chance for synaptic changes and restructure especially in the first years of life. Figure and 
legend from Huttenlocher PR, Dabholkar AS: Regional differences in synaptogenesis in human cerebral cortex. J Comp Neu-
rol. 1997;387:167-178. © 1997 WILEY-LISS, INC.
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anatomy. As opposed to intraoperative mapping, preop-
erative functional maps can be combined with an estima-
tion of the extent of resection (EOR) and risk stratification 
prior to tumor surgery and discussed with the patient and 
therapeutic team.7 Notably, functional reorganization may 
facilitate complete tumor resection during the course of 
the disease.3,8 Functional assessment at regular intervals 
should therefore be an integral part of modern pediatric 
(and adult) neuro-oncology.

Noninvasive functional mapping methods include elec-
trophysiological techniques, such as nTMS and MEG, but 
also imaging protocols such as fMRI and tractography. 
Evaluating such data especially for the motor system prior 
to surgery allows for guidance of intraoperative DCS or 
subcortical stimulation (SCS) of white matter tracts. As 
one of the most crucial issues in pediatric electrophysiol-
ogy, cortical stimulation can be much more difficult not 
only because of cooperation issues, especially during 
awake procedures, but also because of lower cortical ex-
citability as a result of incomplete myelination.9

Noninvasive Mapping
Functional MRI

While fMRI has its limitations in brain tumor com-
pared with epilepsy surgery, resting-state fMRI (rs-fMRI) 
might overcome these limitations. A larger series in pedi-
atric patients and proof as a mapping modality for pediat-
ric brain tumor patients are currently lacking.21 However, 
a recent series demonstrated that 6 of 20 children were not 
able to undergo MRI, and thus rs-fMRI without sedation, 
which reduces the current applicability of this technique 
considerably22 (Table 1).

Magnetoencephalography
Comparisons of MEG with invasive intraoperative 

DCS mapping have been repeatedly applied for motor 
and language functions, showing analogous results.12 In 
children, however, the technique is still limited by the re-
quired behavioral cooperation of the patient (Table 1).

Navigated Transcranial Magnetic Stimulation
The combination of transcranial magnetic stimulation 

with a neuronavigational device and the use of very fo-
cal coils allowed for a high-resolution mapping device. 
For motor mapping, nTMS leads to improved functional 
and oncological outcomes, reducing not only residual tu-
mor volumes from 42% to 22% but also permanent motor 
deficits.15,23 For language, nTMS combined with function-
based tractography replaces 2 out of 3 awake procedures 
in the adult population with comparable outcome in terms 
of EOR and deficit rates.16 Thus, pediatric cases per se re-
quiring awake intraoperative mapping and resection may 
now receive comparable mapping and care by extraop-
erative mapping even in rather young children.13,16 In line 
with our own experience, nTMS was reported to provide 
reliable data in patients as young as 4 to 6 years of age for 
language function.13,14 Mapping functions other than mo-
tor and language have been established as well.24,25

Apart from exclusive mapping approaches, repetitive 
nTMS allows for the treatment of postoperative deficits. 

While this is common clinical practice in patients with 
depression and chronic pain, several trials have demon-
strated its applicability in patients who have experienced 
stroke. Based on these trials, a recent randomized double-
blind trial revealed the efficacy of postoperative repetitive 
nTMS treatment for surgery-related paresis in patients 
with glioma.26 While this was demonstrated in adult pa-
tients, the plastic potential of the pediatric brain should be 
even higher. Chances of nTMS for rehabilitation or even 
prehabilitation with the induction of functional reorgani-
zation will be outlined in the discussion section; currently, 
there are no reliable data on record (Table 1).

Tractography
Tractography itself does not provide information on 

specific functions of reconstructed fibers. Thus, function-
based tractography is an increasingly used technique. 
Cortical mapping by MEG, fMRI, or nTMS can provide 
functional rather than anatomical regions of interest.7,27 
The same is true for language networks.7 For both motor 
and language, it allows for preoperative risk assessment 
based on neurophysiological measures, such as excitabili-
ty, combined with tumor-to-tract distance.7,18 Other studies 
also have proven the excellent specificity and sensitivity of 
corticospinal tract detection of 93%–95%19 (Table 1).

Invasive Mapping
Extraoperative Mapping

Especially in epilepsy surgery, extraoperative mapping 
is part of a state-of-the-art assessment. Individual cases 
have been reported in children as young as 4 years of age 
for motor mapping and 5 years of age for language map-
ping28 (Table 2).

Intraoperative Mapping
DCS and SCS mapping in unconscious patients are 

most frequently used to map the motor system. In a series 
by Berger et al., in pediatric patients with brain tumors, 
the language cortex and sensorimotor system were safely 
and reliably mapped.60 Language especially was report-
ed to be very variable and anatomically unpredictable in 
children when compared with adults. The largest series 
reported intraoperative motor evoked potentials (MEPs) 
in children as young as 3 months but also mentioned the 
need for high stimulation currents, which impair the reso-
lution and sensitivity of MEP mapping and monitoring29 
(Table 2). Awake surgery is currently mainly indicated for 
highly eloquent tumors within the left insula, operculum, 
supramarginal gyrus, angular gyrus, and dorsal superior 
temporal gyrus to map areas essential for language pro-
duction and perception. A further advantage is the pos-
sibility of monitoring subcortical connections during 
resection. Depending on the respective function, other 
neuropsychological functions, such as arithmetic process-
ing, visuospatial attention, categorization, or face recogni-
tion, may be examined.

In children with brain tumors, intraoperative awake 
mapping is only feasible in a subset of patients aged 8 to 
10 years and older, mostly because of anesthesia issues 
and patients’ collaboration, but also because of lower ex-

Unauthenticated | Downloaded 12/08/22 03:11 PM UTC



Krieg et al.

Neurosurg Focus Volume 53 • December 20224

TA
BL

E 
1. 

Su
m

m
ar

y o
f n

on
in

va
siv

e m
od

ali
tie

s f
or

 co
rti

ca
l a

nd
 su

bc
or

tic
al 

m
ap

pi
ng

 o
f f

un
ct

io
na

l-a
na

to
m

ic
al 

st
ru

ct
ur

es

Lo
ca

tio
n

Au
th

or
s &

 Y
ea

r
M

od
ali

ty
M

ec
ha

nis
m

Su
rro

ga
te

Ad
va

nt
ag

es
Di

sa
dv

an
ta

ge
s

Cl
ini

ca
l C

on
clu

sio
n

Co
rti

ca
l

Gi
us

sa
ni 

et 
al.

, 2
01

010

Az
ad

 &
 D

uf
fau

, 2
02

011
fM

RI
Re

du
ce

d v
en

ou
s o

xy
ge

na
tio

n l
ev

els
 as

 
a s

ign
 of

 in
cr

ea
se

d c
or

tic
al 

ac
tiv

ity
 &

 
ox

yg
en

 co
ns

um
pti

on

Ye
s

Av
ail

ab
ilit

y
• L

ow
 sp

ati
al 

re
so

lut
ion

 
• C

an
no

t d
iffe

re
nti

ate
 bt

wn
 es

-
se

nti
al 

& 
no

ne
ss

en
tia

l a
re

as
• O

xy
ge

n-
co

ns
um

ing
 tu

mo
rs

 
or

 m
alf

or
ma

tio
ns

 m
ay

 m
as

k 
ne

ur
ov

as
cu

lar
 co

up
lin

g &
 

im
pa

ir a
cc

ur
ac

y

• U
nr

eli
ab

le 
fo

r r
es

ec
tio

n p
lan

nin
g 

in 
tum

or
s b

ec
au

se
 of

 in
co

ns
is-

ten
t m

ap
pin

g r
es

ult
s

• H
igh

 de
fic

it r
ate

s i
n p

ed
iat

ric
 &

 
ad

ult
 se

rie
s 

• r
s-

fM
RI

 m
igh

t o
ve

rc
om

e t
he

se
 

lim
ita

tio
ns

Ta
ra

po
re

 et
 al

., 2
01

212
M

EG
M

ea
su

re
s d

ire
ct 

ne
ur

on
al 

ac
tiv

ati
on

 du
rin

g 
ta

sk
 pe

rfo
rm

an
ce

 cr
ea

ted
 by

 bi
oe

lec
tri

c 
cu

rre
nts

No
Hi

gh
 te

mp
or

al 
re

so
lut

ion
• L

ow
 sp

ati
al 

re
so

lut
ion

• L
im

ite
d a

va
ila

bil
ity

 du
e t

o 
hig

hly
 sp

ec
ial

ize
d s

ta
ff 

& 
co

sts

Co
mp

ar
iso

ns
 of

 M
EG

 w
/ in

va
siv

e 
int

ra
op

 D
CS

 m
ap

pin
g h

av
e 

be
en

 re
pe

ate
dly

 ap
pli

ed
 fo

r 
mo

tor
 &

 la
ng

ua
ge

 fu
nc

tio
ns

, 
sh

ow
ing

 an
alo

go
us

 re
su

lts
Na

ra
ya

na
 et

 al
., 2

02
113

Ro
se

ns
toc

k e
t a

l., 
20

19
14

Kr
ieg

 et
 al

., 2
01

415

Ille
 et

 al
., 2

02
116

Le
hti

ne
n e

t a
l., 

20
18

17

nT
M

S
• T

he
 co

il-i
nd

uc
ed

 m
ag

ne
tic

 fie
ld 

ge
ne

ra
tes

 
an

 in
tra

cr
an

ial
 el

ec
tri

c fi
eld

 th
at 

ca
us

es
 

de
po

lar
iza

tio
n o

f n
ea

rb
y n

eu
ro

ns
• O

ve
r t

he
 pr

im
ar

y m
oto

r c
or

tex
, c

om
pa

-
ra

ble
 to

 D
CS

 it 
all

ow
s e

lic
ita

tio
n o

f M
EP

s
• F

or
 la

ng
ua

ge
 m

ap
pin

g, 
re

pe
titi

ve
 &

 th
er

e-
fo

re
 fu

nc
tio

na
lly

 in
hib

ito
ry

 (=
 di

sr
up

tiv
e)

 
nT

M
S 

ca
us

es
 a 

so
-c

all
ed

 “v
irt

ua
l le

sio
n”

No
Hi

gh
 sp

ati
al 

re
so

lut
ion

Cu
rre

nt 
dis

tri
bu

tio
n &

 av
ail

-
ab

ilit
y

W
hil

e l
an

gu
ag

e m
ap

pin
g i

s l
im

ite
d 

by
 la

ng
ua

ge
 ca

pa
bil

itie
s, 

mo
tor

 
ma

pp
ing

 m
ay

 be
 pe

rfo
rm

ed
 in

 
ch

ild
re

n <
3 y

rs;
 in

 lin
e w

/ o
ur

 
ow

n e
xp

er
ien

ce
 nT

M
S 

wa
s 

re
po

rte
d t

o p
ro

vid
e r

eli
ab

le 
da

ta
 do

wn
 to

 4
–6

 yr
s o

f a
ge

 fo
r 

lan
gu

ag
e f

un
cti

on
s

Su
bc

or
tic

al
So

llm
an

n e
t a

l., 
20

20
7

Ro
se

ns
toc

k e
t a

l., 
20

17
18

Be
llo

 et
 al

., 2
00

819

Sa
ku

ma
 et

 al
., 1

99
120

Tr
ac

to
gr

ap
hy

Vi
su

ali
za

tio
n o

f th
e c

ou
rs

e o
f s

ub
co

rti
ca

l 
wh

ite
 m

at
ter

 tr
ac

ts 
by

 di
re

cti
on

 of
 w

ate
r 

dif
fu

sio
n i

n p
ar

all
el 

to 
wh

ite
 m

at
ter

 fib
er

s

Ye
s

• A
va

ila
bil

ity
• H

igh
 ac

cu
ra

cy
 

if f
un

cti
on

 
ba

se
d

Af
fec

ted
 by

 tu
mo

r e
de

ma
• F

or
 m

oto
r &

 la
ng

ua
ge

, it
 al

low
s f

or
 

pr
eo

p r
isk

 as
se

ss
me

nt 
ba

se
d o

n 
ne

ur
op

hy
sio

log
ica

l m
ea

su
re

s, 
su

ch
 as

 ex
cit

ab
ilit

y, 
co

mb
ine

d w
/ 

tum
or

-to
-tr

ac
t d

ist
an

ce
 

• O
th

er
 st

ud
ies

 al
so

 pr
ov

ed
 th

e 
ex

ce
lle

nt 
sp

ec
ific

ity
 &

 se
ns

itiv
ity

 
of 

CS
T 

de
tec

tio
n o

f 9
3–

95
%

 

CS
T 

= 
co

rti
co

sp
ina

l tr
ac

t.

Unauthenticated | Downloaded 12/08/22 03:11 PM UTC



Krieg et al.

Neurosurg Focus Volume 53 • December 2022 5

citability of the incompletely myelinated brain by direct 
electrical stimulation.30,31

Intraoperative Monitoring
While all other functions require an awake and respon-

sive patient for monitoring, motor function can be moni-
tored continuously via MEPs by a strip electrode directly 
placed onto the primary motor cortex and an additional 
needle electrode at Fpz as the cathodic pole or via trans-
cranial electrical stimulation at C3 and C4 as determined 
by the 10–20 EEG system. Any decline in amplitude < 
50% of the baseline is considered significant if technical 
problems or anesthesia reasons have been ruled out. For 
more precise transcranial electrical stimulation results 
and larger amplitudes, navigated placement of the stimu-
lation electrodes rather than by the 10–20 system should 
be considered (Table 2).

Anesthesia
For intraoperative neurophysiology, total intravenous 

anesthesia (propofol, remifentanil) is used, and volatile 
anesthetics are to be strictly avoided in children as well as 
adults.31 For awake surgery, pediatric laryngeal masks can 
be used. Further special considerations apart from those 
regularly required for awake surgery (close contact be-
tween the anesthesiologist and surgeon, trained team, and 
neuropsychologist) are not required. However, to address 
the child’s need for a trusted person, a longer and more ex-
tensive preoperative preparation together with neuropsy-
chologists and associated disciplines is reasonable.

Illustrative Cases
Case 1

A 7-year-old patient presented with a biopsy-proven 
right-sided insular pilocytic astrocytoma and another right 
central lesion (Fig. 2). After nTMS mapping and function-
based tractography, resection of the insular lesion and re-
evaluation of the therapeutic approach of the right-sided 
lesion were recommended. Surgery resulted in GTR of 
the insular lesion and a transient paresis of the left upper 
extremity, which resolved following 6 weeks of rehabili-
tation. A slight British Medical Research Council grade 
4+/5 paresis of the left arm remained. During follow-up, 
resection of the left central tumor was discussed, but the 
family decided against this option during consultation, 
and adjuvant treatment was scheduled.

Case 2
A right parietal lesion was resected in a 5-year-old 

patient at another hospital that was later diagnosed as an 
MGMT-negative, H3k27-negative glioblastoma (GBM). 
After early regrowth of a residual tumor 3 months after 
surgery, the neurologically completely intact patient was 
presented for further consultation to our department. 
MRI revealed a large mass adjacent to the precentral gy-
rus (Fig. 3A and B). Following functional workup with 
nTMS mapping and function-based tractography (Fig. 3C 
and D), resection was recommended because of the loca-
tion of motor areas in the adjacent gyrus only. Risk as-
sessment concluded a very low chance of surgery-related TA
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deficits. GTR was then achieved with no functional dete-
rioration, and adjuvant treatment was scheduled within the 
HIT-HGG trial. The final integrated diagnosis was GBM 
CNS grade 4, IDH 1 wild type, MYCN amplification, 
CDKN2A/B deletion.

Discussion
Cases

Both cases clearly demonstrate the options offered by 

a comprehensive noninvasive preoperative workup. From 
the treatment team’s perspective, proper risk assessment 
can be done, improving the reliability of patient consul-
tation and selection.7,18 From the patients’ and families’ 
perspectives, such data allow for much improved involve-
ment in decision-making based on reliable functional data, 
which is otherwise only possible during surgery and inva-
sive DCS mapping. Participation in the evaluation of such 
data not only helps to improve the consent process but also 
allows for a tailored function-based surgical therapy in a 
very personalized way.

Implications of Different Functional Anatomy in Children
Cortical and subcortical anatomical maturation pro-

ceeds in the developing brain via a series of events (neu-
rogenesis, neuronal migration, synaptogenesis, A and my-
elination) that overlap in time. While most neurogenesis 
and neuronal migration is complete at birth, some aspects 
of these processes as well as synaptic reorganization and 
myelination continue throughout childhood and into young 
adulthood.32,33 This translates into a continuous dynamic 
remodeling of brain networks, especially for higher-order 
functions. An optimistic glass-half-full interpretation of 
such developmental biology is that much of the damage 
to the pediatric brain can be compensated for quite well, 
as incomplete brain maturation allows uninjured cortical 
areas to acquire functions that may be lost during injury. 
Although stated more precisely, cortical function is rela-
tively diffuse in the developing brain and coalesces to the 
adult functional map only with maturation. For instance, 
arm motor cortical representation is bilateral in the neo-
nate and infant and matures to a more contralateral adult 
organization only in later childhood. Thus, corticospinal 
tract injury in one hemisphere corresponds to preserva-
tion of bilateral motor representation in the contralesional 
hemisphere.34 While neuroplasticity is limited mainly by 
subcortical white matter tract connectivity in adults, this 
is only partially true in children.

Neuroplasticity
In adult patients affected by gliomas, an increasing 

number of studies have revealed the potential of tumor-

FIG. 2. Case 1. Bilateral pilocytic astrocytoma. A and B: Coronal T1-weighted MR images showing the two lesions without any 
functional data (A), and motor regions (green) and the function-based tractography (yellow and blue) of the corticospinal tract with 
its relation to the two lesions (orange) (B). C: Three-dimensional view.

FIG. 3. Case 2. Right parietal GBM. Preoperative axial contrast-en-
hanced T1-weighted MR images showing the displaced anatomy (A and 
B), and functional data of the motor area (green) and function-based 
tractography (yellow) of the corticospinal tract with its relation to the 
GBM in the same slices (C and D).
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induced functional reorganization. This has been demon-
strated for functions with a particular interest in neurosur-
gery, such as motor and language. Functional anatomy of 
the motor system has shown a shift in the anteroposterior 
direction of up to 1 cm or one gyrus during postoperative 
follow-up investigations.1,2,8 Language, as a more global 
network function, exhibits broader patterns, such as wider 
spread or even partial shifting to the nondominant hemi-
sphere.3,8 Clinically, the degree of a functional shift to the 
nondominant hemisphere correlates with a reduced risk of 
surgery-related aphasia after perisylvian tumor removal.35 
Comparable findings have been observed in the small 
collection of pediatric cases. Reports have demonstrated 
that children exhibit not only different cortical patterns of 
function, such as language, but also altered connectivity 
profiles.36

Apart from the detection of functional reorganization, 
its induction may open new avenues for pediatric neuro-
oncology and especially neurosurgery. As outlined above, 
repetitive nTMS induces functional reorganization in adult 
glioma patients.26 Under physiological conditions, upper-
extremity movement is coordinated by both hemispheres 
and bilateral communication. This avoids mirror move-
ments and enables bilateral coordination. In the damaged 
brain, transcallosal inhibition (TCI) was shown to aggra-
vate motor recovery by causing pathological overinhibi-
tion of the damaged hemisphere by the healthy contralat-
eral motor cortex.37 Thus, various stroke trials, as well as 
a recent trial in gliomas, demonstrated improved motor 
recovery by decreasing TCI via noninvasive downregula-
tion of the contralesional motor cortex.38 While this has 
not yet been proven in children affected by glioma, the 
basic principle of TCI is not different. A randomized trial 
in pediatric stroke patients has demonstrated the efficacy 
of contralesional repetitive TMS in the chronic phase us-
ing almost the same stimulation protocol as in the current 
adult glioma trial.26,39

Multimodal Surgical Approach
Preoperative Functional Workup

Preoperative functional workup with mapping and 
function-based tractography is crucial for an optimized 
function-guided neuro-oncological approach. It allows the 
treatment team and tumor board to estimate EOR and as-
sociated risks of subtotal resection, GTR, or even supra-
marginal resection.7,18 It has also been demonstrated that 
the presence of reliable functional data leads to a consider-
able translation from planned biopsy toward the decision 
of tumor resection.40 In a modern approach, intraoperative 
neurophysiology starts with presurgical mapping.

Intraoperative Assessment
As prognosis relies in almost any CNS tumor on maxi-

mal safe resection, it remains the most important goal re-
gardless of the patient’s age. While fluorescent dyes, es-
pecially 5-aminolevulinic acid (5-ALA), help to identify 
tumor tissue of the infiltration zone in HGGs, other mea-
sures, such as iMRI, help to update the aforementioned 
continuous balancing between risk of further resection and 
oncological impact of tumor remnant. While the beneficial 
effects of iMRI have been reported repeatedly, its infra-

structural difficulties and associated costs still slow down 
its distribution. Ultrasound, for an intraoperative update of 
neuronavigation, is another option. Fluorescent dyes have 
been in neurosurgical use for more than 1 decade, and the 
evidence for better EOR and survival has been shown in 
several trials. These dyes usually help in the intraoperative 
identification of tumor tissue, especially in HGGs. While 
5-ALA has been a well-established modality in adult gli-
oma patients for over a decade, its use in children remains 
off label and its usefulness is currently rare.41 A multi-
center trial evaluating the efficiency of 5-ALA in children 
is currently recruiting (EuDraCT no. 2014-005669-54).

Supramarginal Resection
The infiltrative nature of gliomas collides with the 

functional borders within the brain when it comes to opti-
mal treatment. While it is currently clear that the degree of 
surgical tumor reduction correlates with malignant trans-
formation and PFS, data on the resection far beyond vis-
ible tumor borders are not available to date.42 Yet there is 
increasing evidence in adult patients that such supramar-
ginal resection improves the course of the disease consid-
erably, leading to better PFS, overall survival, and reduced 
malignant transformation independently from molecular 
markers.43

Multimodal functional mapping and monitoring al-
low for a much better definition of resection margins far 
beyond tumor borders. Looking at the plastic potential of 
the pediatric brain and the overall oncological potential, 
supramarginal resection needs to be considered as a valid 
treatment option. However, pediatric data are currently not 
available.

Morbidity
Data on surgical morbidity are particularly rare in 

children and often restricted to tumors of the posterior 
fossa.44 The currently largest series refers to ependymo-
mas rather than gliomas. However, sufficient data exist 
on functional impairments, such as vision, and consecu-
tive negative effects on quality of life (QOL) in children.45 
Long-term data in rather small cohorts of pediatric brain 
tumor patients have demonstrated the aggravating effects 
of treatment-related morbidity on QOL during long-term 
follow-up.46

Oncological Impact
Neurosurgery serves several important functions in pe-

diatric neuro-oncology 1) as a potentially lifesaving emer-
gency procedure to alleviate intracranial pressure (e.g., 
due to hydrocephalus), 2) establishing a tissue diagnosis, 
and 3) producing an optimal minimal residual disease sce-
nario for adjuvant treatment including chemo- as well as 
radiotherapy.47

EOR has repeatedly been demonstrated to be an impor-
tant prognostic factor for event-free and overall survival. 
In a large retrospective evaluation of early mortality in 
more than 5000 children with gliomas, resection was a 
significant predictor of positive outcome.48

Regarding long-term morbidity, gliomas, especially 
in eloquent areas of the brain, should under any circum-
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stances only be operated on by an experienced team with 
abundant experience in neuromonitoring. Within an inter-
disciplinary tumor board, the indication for biopsy versus 
an attempt at a complete resection involving novel pre- and 
intraoperative techniques must be discussed, weighing 
factors such as development of the child, eloquent areas 
of the brain, the ability to resect a majority of the tumor, 
and the potential of combinatory approaches of radio- and 
chemotherapy following neurosurgery.

Future Directions
Surgery

Overall, the evidence of various aspects of surgical 
glioma treatment in children needs to be improved consid-
erably as outlined above and below. Likewise, approaches 
already established or in incipient clinical studies in adult 
patients should be assessed for the pediatric population. 
This starts with fluorescent dyes, such as 5-ALA or fluo-
rescein, and proceeds with intravital confocal microscopy 
to estimate the extent of tumor infiltration in a real-time 
manner.

As a handful of groups start to evaluate neuroplasti-
city and functional reorganization as a new approach in 
neuro-oncology, the induction and the potential of func-
tional reorganization rather than mere detection could be 
high potential targets of modern pediatric neuro-oncology 
research.

Radiation Oncology
With technical improvements of multimodality therapy 

and new advantages in systemic therapies, survival rates 
have increased over the last decades. Thus, QOL preser-

vation and neurocognitive functions become even more 
crucial. The degree of neurotoxicity due to radiotherapy 
is related to the volume and dose of normal brain tissue 
exposure. Recent studies, however, have suggested that 
increased radiotherapy conformality, achieved via inten-
sity-modulated radiation therapy, stereotactic radiosurgery 
such as Gamma Knife radiosurgery, or proton radiothera-
py, may improve neurocognitive function compared with 
less conformal techniques.49 The technical developments 
in radiation oncology have the ability to precisely deliver 
radiation doses to target volumes while avoiding sensitive 
organs at risk. Many contouring guidelines for target de-
lineation grow from a historical context rather than being 
evidence based and are often based on a simple uniform 
margin with respect to larger anatomical barriers. The tar-
get areas of the current glioma guidelines emphasize the 
presence of edema or areas of T2-weighted/FLAIR hy-
perintensity, and the irradiation volume is relatively large. 
However, there is a continuous aim to reduce and optimize 
pediatric brain target volumes by a better understanding 
of areas at risk for early recurrence or involvement and 
patterns of spread. Utilization of these advances requires 
accurate delineation of avoidance structures. New and 
noninvasive methods, such as fMRI and tractography, and 
neurophysiological methods such as nTMS facilitate the 
identification of eloquent areas prior to radiotherapy and 
provide the potential to improve and challenge current tar-
get volumes (Fig. 4).

A recent report investigating the effects of proton ther-
apy on neurocognition in pediatric patients found that 
domains of processing speed and visuospatial construc-
tion were compromised after less conformal radiotherapy 
techniques compared with highly conformal proton radio-
therapy. While white matter tracts are particularly suscep-
tible to radiation-induced damage, brain surgery was also 
found to alter white matter functionality.50 Because of the 
similar pathophysiological effect on white matter struc-
tures independent of the actual cause, the authors conclud-
ed that localized damage to white matter tracts impairs 
overall processing speed to the same extent, irrespective 
of the treatment approach.51 Domains dependent on intact 
white matter structures appear to be especially vulnerable 
to brain tumor treatment independent of treatment modal-
ity. This is also well known from awake surgery and map-
ping. Even very minor injury to respective tracts can cause 
severe neuropsychological deficits in contrast to cortical 
injury, which can be quite considerable without any clini-
cal effect. We hypothesize that the use of advanced neuro-
physiological testing/mapping can further improve treat-
ment planning and eventually (neurocognitive) outcomes 
in pediatric patients comparable to those achieved with 
surgical/perioperative use. Neurophysiological methods 
such as nTMS could help to improve the balance of tumor 
control versus normal tissue toxicity or cognition.52,53 Fur-
ther trials are warranted to investigate this potential.

Medical Oncology
The advent of targeted treatments holds great promise 

for the therapy of refractory or unresectable HGG. Re-
cent clinical trials have demonstrated responses to small 
molecules such as the MEK inhibitors, even in refractory 

FIG. 4. Case 2. Axial contrast-enhanced MR image showing radio-
therapy planning according to the HIT-HGG protocol. While the planning 
target volume is shown in yellow, red demonstrates the function-sparing 
approach as described in earlier works of our group. Green indicates 
motor function.
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LGGs.54 The role of neurosurgery is thus being continu-
ously reevaluated, as previously seemingly untreatable 
tumors may soon be amenable to operative removal fol-
lowing treatment with novel compounds that reduce the 
volume of respective lesions in a neoadjuvant setting.55

Further Application of Noninvasive Methods
Refinement of noninvasive mapping methods is re-

quired to accommodate very young and uncooperative 
patients (i.e., those unable to tolerate current fMRI, MEG, 
or nTMS protocols) and to better mimic an anatomical 
injury (i.e., identifying stimulation parameters that gen-
erate a virtual lesion with minimal activation of nearby 
structures), and prehabilitation. In particular, prehabilita-
tion by preoperative network modulation via repetitive 
nTMS has high therapeutic potential. Prehabilitation as a 
strategy to optimize function, or its location in the brain, 
prior to surgery is undergoing active exploration in adult 
neuro-oncology. While this approach is more likely to be 
successful in functions involving larger networks, such as 
language rather than motor networks, the developing brain 
seems to present an even more suitable structure for this 
approach. Especially for motor function, TCI represents a 
rational prehabilitation target in the pediatric population 
since its strength was shown to correlate with hand func-
tion per se.56 Given its safety and tolerability in children 
and its demonstrated capacity to modulate TCI, nTMS is a 
suitable tool for this endeavor.26,39

Research Summary
In contrast to most adjuvant treatment options for pedi-

atric glioma patients, surgical treatment lacks high-quality 
data and results from multicentric trials. Topics such as 
induction of functional reorganization, supramarginal re-
sections, fluorescent dyes, and intraoperative radiotherapy 
of the resection cavity have a considerable potential to 
avoid morbidity and increase QOL and survival. Current 
registries and biobanking take neither functional locations 
nor surgery-related data, such as resection limits or minor 
residual tumor, into account. In this context, the neuro-
oncological team needs to be clearly defined in guidelines.

On another note, enhanced functional pre- and intraop-
erative evaluation of the child with a CNS tumor should 
be performed as part of any prospective clinical trial in 
pediatric neuro-oncology, especially in tumors for which 
surgery remains the most important factor for prognosis. 
Putting a focus on these issues is one major objective of 
this article.

Conclusions
While functional mapping has a great potential for the 

improvement of EOR and functional outcome, it opens a 
completely new approach to personalized neuro-oncology 
for the entire treatment team. Moreover, functional map-
ping allows strong involvement of patients and their fami-
lies, especially when it comes to risk assessment of GTR 
or the planning of supramarginal resections. With such 
comprehensive approaches, even very young children can 
undergo extraoperative mapping and resection comparable 
to the awake intraoperative mapping and resection that is 

performed in adults. Pediatric neuro-oncology becomes 
an even more interdisciplinary field with more disciplines 
and more treatment and diagnostic options but also the 
need for reliable referrals to such highly specialized cen-
ters.
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