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Pediatric neuro-oncology surgery continues to progress in sophistication, largely

driven by advances in technology used to aid the following aspects of surgery:

operative planning (advanced MRI techniques including fMRI and DTI), intraoperative

navigation [preoperative MRI, intra-operative MRI (ioMRI) and intra-operative ultrasound

(ioUS)], tumor visualization (microscopy, endoscopy, fluorescence), tumor resection

techniques (ultrasonic aspirator, micro-instruments, micro-endoscopic instruments),

delineation of the resection extent (ioMRI, ioUS, and fluorescence), and intraoperative

safety (neurophysiological monitoring, ioMRI). This article discusses the aforementioned

technological advances, and their multimodal use to optimize safe pediatric

neuro-oncology surgery.

Keywords: intraoperative magnetic resonance imaging, pediatric neuroimaging, technology in surgery,

neurooncology, pediatric brain tumors

INTRODUCTION

Following clinical and radiological diagnosis, the surgical management of pediatric brain
tumors involves tumor biopsy, tumor excision, and the management of perioperative surgical
complications including CSF diversion. There is a balance between maximizing surgical resection
whilst minimizing surgical morbidity. This has to be balanced with post-operative plans for further
oncological treatment, and the natural history of the tumor in question. Advances in preoperative
and operative tools and techniques help to optimize this process of perioperative decision making
and the operative intervention itself. A full discussion of pre-operative workup is beyond the scope
of this article. In short, MRI techniques & radiologist expertise have evolved such that preoperative
prediction of not only the tumor histology but also molecular subgroup is increasingly accurate
(1, 2).

OPERATIVE INTERVENTION

Tumor Biopsy
Biopsymay be performed with an open technique (through craniotomy), through a small burr hole,
or endoscopically.

The precision of biopsy has evolved over time with progression of technology: first open biopsy,
then stereotactic frame biopsy, then frameless biopsy which continues to evolve in sophistication,
including the use of robotic assisted biopsy which is now becoming mainstream (3).

Neuro-navigation is used to plan biopsy entry sites, trajectory and the intracranial target. This
can be done with precision to avoid eloquent gray or white matter and vessels within the trajectory.

Volume MRI is used alongside stereotactic frame, optical neuro-navigation, or electromagnetic
neuro-navigation (4). Stereotactic frame and optical techniques require pin fixation to the skull; this
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makes them more accurate, but contraindicated in infants.
Electromagnetic navigation allows head movement, is not
dependant on skull pin fixation, but as a consequence has less
precision. Optical and electromagnetic techniques allow real-
time tracking of the biopsy tip during the procedure (5).

In cases where the surgical target is small, intraoperative MRI
can be used to confirm the biopsy site’s accuracy to the planned
target prior to waking the patient, should further biopsy be
required.

Tumor Excision
Planning
The surgical plan may be for tumor debulking or complete
excision. Within this range, there is complex decision making
to maximize safe resection whilst minimizing morbidity which
depends on twomain factors: tumor type (influencing propensity
for recurrence, metastasis, overall survival and the need for
adjuvant therapies), and tumor location (proximity to eloquent
areas of brain and vital neurovascular, or neuroendocrine
structures).

Software can be used to mark out the tumor extent and a
resection plan which can be used intraoperatively to navigate
to the tumor. Functional MRI can be used to identify eloquent
areas involved in motor generation, speech and language (6).
The applicability of fMRI in pediatric neurosurgery is limited
because it needs patient cooperation and some form of sedation,
especially in children under 6 years (7). Diffusion weighted
MRI can be processed using diffusion tensor imaging based
tractography to map out white matter tracts in the vicinity of
the resection cavity (8). Tracts may be for example within tumor,
abutting the tumor, or split by the tumor, which may impact
the decision of both resection extent and direction of approach
(Figure 1). DTI has the disadvantage that it does not offer any
functional information, and based on the post-hoc analysis it can
be represented in several ways (9).

In complex intrinsic tumors, multi-voxel MR spectroscopy
is used to identify the most aggressive components and aid
resection planning (Figure 1).

Preoperative volume MRI, once registered for neuro-
navigation can be used to plan an optimal skin incision and
craniotomy on the patient on the table (10).

Operative Microscope
The history and vital role of the microscope in neuro-
oncology surgery is well described elsewhere (11). It provides
magnification and illumination, while allowing ergonomic
movement to resect tumors with increased precision. Each
successive iteration of microscope has improved their
functionality and utility. The most recent advances include
3D stereoscopic visualization to an external screen for the
operating surgeon if desired, assistant(s) and theater staff (12).
This is beneficial for safety, as the non-operating surgical team
can visualize the current surgical activity in real-time, and
respond promptly to problems such as hemorrhage. This also
benefits teaching within the department. Another development is
angled micro-endoscopy (12). This system permits visualization
around corners, and has been used with success in brainstem
tumor resection in our department.

Navigation
Neuro-navigation can be used for tumor biopsy as discussed
above, and for operative planning for resection as described
above. Intraoperatively, it is used to confirm the location of tumor
alongside normal anatomy. Plans made preoperatively which
include anatomical regions of interest, fMRI, or tractography can
be used in real-time to ensure maximal safety.

A navigated “pointer” is the most commonly used tool. In
addition, the operative microscope can be integrated with the
neuro-navigation system such that the point of maximal focus
(indicated by the convergence of two laser pointers in the
operative field) becomes visible on the navigation screens. It is
also possible to overlay navigation onto the microscope view to
the surgeon (Figure 2). Recently, a navigable suction catheter
has been developed to allow synchronous tumor resection with
navigation, reducing the need to continually re-site a navigation
pointer.

Navigation has become a standard technique for pediatric
neuro-oncological surgery, and indeed much of all cranial
neurosurgery. However it is not without limitations: It is subject
to error during the fusion of different image sequences, and at
the point of registration to the patient. Once craniotomy and
durotomy have been performed, the brain will be permitted to
shift. The variable degree to which this occurs can unpredictably
diminish navigation’s accuracy to the intracranial anatomy. This
inaccuracy increases with progressive tumor resection as the
brain shifts more. Operating theaters can be crowded with staff
and equipment; it can be challenging to ensure the navigation
camera’s field of view can see the optical reference points at all
times.

Furthermore, two recent Cochrane reviews have highlighted
the lack of evidence for intraoperative neuro-navigation in terms
of tumor resection and quality of life (13, 14).While there is a lack
of evidence in support of these techniques, there is no evidence
against, and most surgeons would agree, this is an invaluable
resource that is a mainstay of neuro-oncology surgery (11).

There is anticipated to be a greater role for “augmented
reality” techniques in neuro-navigation as technology progresses
(15).

Intraoperative MRI
Tejada et al provide a comprehensive summary of intraoperative
MRI at our center, with the largest published series of ioMRI
tumor resections (16).

The patient’s head is placed in a non-magnetic frame with
(or without) pin fixation. The patient is registered to their
preoperative volume MRI and the operation is performed.
After tumor resection, at a point of safety with adequate
hemostasis, the skin is loosely approximated, and the wound
is draped to ensure sterility. The MRI coil head is placed
over the drapes and secured. The patient is then transferred
to the neighboring ioMRI room, scanned, and returned to the
operative theater. Optical markers on the MRI coil allows the
patient to be automatically re-registered to the new intraoperative
scan.

The choice of MR sequence is determined by the pre-
operative findings. For example, a low grade tumor that does not
enhance on T1 MRI with gadolinium, but is visible on FLAIR
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FIGURE 1 | Neuro-navigation guided surgical approach: Top left: microscope view with navigation overlaid. Top right (axial), Bottom left (sagittal), and bottom right

(coronal): Views of target lesion with planned trajectory (green) and microscope line of sight (blue).

sequences, would have this sequence performed intraoperatively,
and then mapped onto an intraoperative volume T1 sequence for
intraoperative navigation. Images are reviewed with a consultant
neuro-radiologist familiar with the case and intraoperative MRI
alongside the operating surgeon.

IoMRI may occasionally be performed after the wound has
been closed: this occurs in cases when the surgeon is confident
of the surgical resection, or if further resection is thought to be
too high risk for post-operative morbidity. This is logistically
advantageous for theater efficiency, but still preserves sterility of
the field, in case the MRI identifies anything requiring further
surgery (for example unexpected resectable residual tumor or
haematoma). If as predicted, no further surgery is required, the
patient can then simply be undraped and woken. This technique
can also be done for biopsy cases, to confirm the target site.

In most cases, this will serve as the immediate post-operative
scan, and the patient will proceed to extubation and recovery.
However, the patient remains within the ioMRI frame, to permit
automatic re-registration to the ioMRI, for re-opening of the
wound if deemed necessary (for example for further tumor
resection, repeat biopsy or hemorrhage control).

There are multiple advantages to ioMRI: It allows diagnosis of
residual tumor and surgical damage (ischemia, or hemorrhage).
It allows automatic reregistration to an accurate scan to correct
for brain shift, and the anatomic distortion after tumor resection.
This means the surgeon can then navigate to the area of residual
tumor quickly and efficiently. This is particularly helpful in
tumors where there is no overt tumor plane, or where the
appearances are similar to that of normal tissue (for example low
grade glioma).
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FIGURE 2 | Preoperative imaging for planning surgical approach and resection extent: Top Left: Axial post gadolinium T1 MRI. Top Right: DTI derived tractography

to map white matter bundles in vicinity of tumor. Bottom: Multi-voxel MR Spectroscopy to define resection target.

IoMRI can also identify hemorrhage not immediately visible
in the operative field; since the introduction of ioMRI, there have
been no returns to theater for post-operative hemorrhage in our
unit.

Nevertheless, ioMRI also has limitations: setup and running
cost is a major prohibitory factor. A two room setup (as in our
unit) can offset this, as the scanner can be used as a routine
diagnostic tool when not in use intraoperatively (11). Another
ioMRI suite option involves a ceiling mounted, moveable ioMRI
scanner between two operating theaters (17).

While there is limited evidence in support of ioMRI in the
pediatric neuro-oncology practice, an RCT in adults receiving
craniotomy for glioma resection has been performed: the ioMRI
group had 96% complete resection vs. 68 in the non ioMRI group
(p= 0.02) (18).

Endoscopy
Technological advances in neuro-endoscopy have
improved illumination, image resolution, and field of
view (19). Recent technological developments include
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the use of smartphone integrated endoscopes (20), and
the exoscope (21). The role and applicability of these
emerging techniques in pediatric neuro-oncology surgery
will become clearer as technology becomes more widely
available.

The range of neuro-endoscopes offer different qualities
making each one more appropriate for certain procedures. In
our center, rigid endoscopy is performed exclusively. However,
flexible neuro-endoscopy has been described for use in tumor
excision (22).

Endoscopic (or endoscopic assisted) surgery may be used
during the following: intraventricular surgery [tumor biopsy (23)
tumor resection (24), perioperative hydrocephalus management
including endoscopic third ventriculostomy (25)], endoscopic
endo-nasal-trans-sphenoidal surgery (for resection of sella
lesions) (26, 27), supra-cerebellar infra-tentorial endoscopic
approaches to pineal region tumors, (28) and as an adjunct to the
microscope during open craniotomy.

Pure endoscopic tumor resection is described for select cases,
but is seldom performed in our practice, and is better described
elsewhere (29, 30). The dexterity of endoscopic instruments and
techniques is improving; the advent of endoscopic lasers, and
ultrasonic aspirators has expanded the capability of endoscopic
tumor resection (31). Endoscopy can be combined in a
multimodal approach for example alongside neuronavigation
and ioMRI (Figure 3).

Ultrasound
2D or 3D ultrasound can be used as a standalone tool (32),
or in tandem with MRI for neuro-navigation (33). It allows
real-time visualization of the parenchymal and ventricular
anatomy. Doppler USS can be performed to assess vessels if
required. US is also helpful in identifying normal ventricular
anatomy which may be dynamic. It has limitations, being user
dependent with a learning curve, susceptibility to artifact and
non-uniform resolution (33). Echogenicity of tumors can vary
depending on their type, meaning ioUS may sometimes be of
little use. Furthermore, the walls of the resection cavity may
be hyperechoic which can lead to overestimation of tumor
residual (11).

Intraoperative Fluorescence
Intra-operative fluorescence techniques can occasionally be used
in pediatric neuro-oncology surgery. Orally administered 5-
aminolevulinic acid (5-ALA) induces fluorescent porphyrin
accumulation within certain tumors, which can be visualized
with a modified microscope (34). The use of 5-ALA in pediatric
patients is off label, but has been described (11, 35). An RCT in
adults found 5-ALA improved the extent of tumor resection and
benefitted progression free survival (36), however evidence in
pediatric surgery is limited. Roth et al. noted that fluorescence is
only seen in a small proportion of pediatric brain tumors (outside
of glioblastoma multiforme), and therefore advise against the
routine use of 5-ALA (35).

Indocyanine green is used in vascular neurosurgery to provide
fluorescence to vessels directly visible in the operativemicroscope
(11). This can be useful in pediatric neuro-oncology surgery if the

tumor is especially vascular, or in close proximity to vital vascular
structures (11).

The use of other fluorescence agents has also been described,
including fluorescein, hypericin, 5-aminofluorescein-human
serum albumin, and endogenous fluorophores, albeit with less
evidence, especially in pediatrics (37).

Intraoperative Raman spectroscopy is an emerging technique
with promise in distinguishing normal from pathological
tissue (38). It has recently been described in vivo for
core needle “biopsy” and delineation of pathological vs.
normal tissue within resection cavity margins in a pig
model (39).

Ultrasonic Aspirator
There are various ultrasonic aspirators available that utilize
ultrasound to emulsify and aspirate tissues (11). The weak
intracellular bonds and high liquid content of tumor tissue make
it susceptible to ultrasonic aspiration. Conversely, vessels and
nerves with higher elastin and collagen content are less likely to
be damaged (11).

Intraoperative Neuromonitoring (ION)
Neuromonitoring intraoperatively is considered to be the gold
standard in localizing brain function in brain tumor surgery
(40). Mapping is the process of identifying the proximity to
eloquent areas in the brain and avoiding damage to these
regions (41). Both cortical and subcortical mapping can be
performed (42). In pediatric neurosurgery where most of
the supratentorial tumors are low grade lesions, the use of
neuromonitoring helps inmaximizing the extent of safe resection
with least possible morbidity. Continuous, dynamic subcortical
mapping with a suction monopolar device has recently been
described (43).

Neurophysiological monitoring can also be used during
resection of intramedullary spinal tumors by acquisition of data
to confirm the integrity of neural pathways in the form of Motor
evoked potentials (MEPs), D-waves and Somatosensory evoked
potentials (SSEPs) (41, 44).

When using these techniques, total intravenous anesthesia
is preferred, with avoidance of neuromuscular paralysis (11).
Intraoperative neurophysiology is different in children to adults
(especially infants), and requires and age adjustment to the
stimulation techniques and interpretation of results because of
the immaturity of the developing brain (41).

Awake craniotomy can be performed to allow real-time
monitoring of neurological deficit alongside with cortical and
subcortical mapping (45). However, this is seldom performed in
children, although it has been described (46, 47).

Though there is sufficient evidence to support the use of ION
in predicting neurological injury, there isn’t much evidence for
injury prevention (40).

IMPROVED UNDERSTANDING OF
NEUROSCIENCE AND NEUROANATOMY

Neuroanatomy education has benefitted from the capability
of both 3D digital, and 3D printed models (48). In general,
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FIGURE 3 | Multimodal use of technology: The use of intraoperative endoscopy for an extended endo-nasal approach, in tandem with neuro-navigation and

intraoperative MRI was vital in maximizing resection of this complex recurrent atypical meningioma.

the interest in, and sophistication of general neurosurgical
simulation is continually increasing (49), however there remains
a need for more sophisticated tools to accurately replicate the
challenges of pediatric neuro-oncology surgery.

Recent deeper understanding of the mechanisms behind
cerebellar mutism following posterior fossa surgery have led
to refinements in surgical technique to avoid damage to the
proximal efferent cerebellar pathway (50).

DISCUSSION

Surgery has progressed through advances in the following areas:
visualization (microscopes, endoscopes), Navigation (ioUS,
MRI), and delineation of tumor resection (ioMRI, ioUS, 5ALA),
all of which, in tandem can improve the ability to carry out
maximal safe resection. However, many more major advances
in pediatric neuro-oncology are non-surgical: the molecular
classification of tumors, and the advances in chemotherapy
and radiotherapy. The impact of these on surgical decision
making is complex, and a full discussion of is beyond the
scope of this article. However, one notable paradigm shift is
seen in with molecular subcategorization of Medulloblastoma:
gross total resection conferred no survival advantage in
comparison with near total resection when taking into account
molecular subgroups (51). Therefore, re-look surgery for residual
disease is now not necessarily recommended if the risk of
neurological morbidity from complete excision is high (51, 52).
In contrast, the survival benefit from complete resection of
Ependymoma is established (53, 54), and current consensus
opinion is that molecular subcategorization should not change

this surgical decision making (52, 55) As a result, re-look
surgery for residual disease is recommended, and may involve
referral to a quaternary center such as ourselves for second
opinion.

In our unit, we use a combination of the following imaging
modalities to delineate tumor resection: pre-operative MRI,
intraoperative macroscopic, and microscopic assessment of
tissues, intraoperative ultrasound, and intraoperative MRI. Since
the introduction of the ioMRI in our unit, there have been
no returns to theater for post-operative haematoma following
craniotomy for tumor.

The best methodology for ensuring maximal safe tumor
resection continues to be debated; however it is clear that no
operative tool is flawless in isolation. MRI (preoperative or
intraoperative) has superior anatomical resolution to ultrasound,
but is a static, historic image. Conversely, ultrasound is in
real-time, but is very user dependant, with variable tumor
echogenicity. Advanced pediatric neuro-oncology surgery
therefore utilizes a multimodal approach with navigation,
microscopy, endoscopy if appropriate, and ioUS. The
combination of tools with varying strengths can offset the
limitations of tools also in use.

While the use of state of the art equipment discussed
here has advanced pediatric neuro-oncology surgery, the
importance of the perioperative and intraoperative MDT cannot
be understated: without a complete, competent team (neuro-
anesthetists, theater staff, nursing staff, neuro-radiologists,
physiotherapy, occupational therapy, speech and language
therapy, oncologists, endocrinologists, neurologists), outcomes
would be compromised.
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