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KEY POINTS

e Neurosurgery has evolved technically and conceptually over the years to accommodate
the expanding needs of the neuro-oncology team.

e The role of neurosurgery in the management of patients with brain tumor ranges from
basic clinical care to facilitation of clinical trials, tissue collection, radiological-molecular
correlates, and delivery of investigational and therapeutic agents.

e Oncologic neurosurgery is progressively shaping as a self-standing surgical subspecialty,
fully integrated within the larger multidisciplinary neuro-oncology team.

INTRODUCTION

Modern neuro-oncology relies on a multidisciplinary approach to the treatment of cen-
tral nervous system (CNS) malignancies, integrating tumor cytoreduction, histopatho-
logic analysis, advanced imaging, molecular and genetic profiling, administration of
novel therapies, and, with increasing frequency, the acquisition of tissue for pharma-
codynamics and pharmacokinetics studies of investigational agents. Furthermore,
over the years, there has been a significant evolution from a minimalistic approach
(ie, treating tumors when symptomatic) to a proactive approach, (ie, treating tumors
based on the prediction of their behavior).! In addition, there has been a growing
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need for frequent pathology reappraisals in order to guide appropriate second-tier
therapies.

As a consequence, neurosurgery had to progressively evolve to meet the challenges
posed by this increase in the complexity of the treatment of neuro-oncologic patients
and to respond to clinical and scientific questions, while maximizing safety, functional
preservation, and management of emergent/urgent scenarios.

Most of the technical and conceptual advances that have occurred in the field of
neurosurgical oncology over the past decades have been catalyzed by the still unful-
filled need to cure glioblastoma, the most common and lethal of CNS malignancies in
adults, and, at the same time, a paramount topic of basic and translational research
interest among brain tumors.

RELIEVING SYMPTOMS AND PROVIDING TISSUE

Neurosurgeons are often the first physicians to be involved in the care of patients with
brain tumors, due to the fact that usually the most crucial needs are symptomatic relief
from mass effect and tissue procurement for diagnosis. These have historically been
the 2 essential pillars of oncologic neurosurgery and remain its main purpose. The
importance of preserving patients’ functional status has long been recognized as
one of the most important prognostic factors; hence, the ability to perform well-
planned and well-executed surgeries remains a fundamental expectation from neuro-
surgeons. The growing evidence that steroids, used generously in the past as effective
“fixers” for surgery-related deficits, have important undesired effects, including an as-
sociation with decreased survival® and known immunosuppressive properties,® is
leading many to reconsider their use only when strictly necessary. This, in turn, has
pushed the evolution of safer surgical techniques, such as a more widespread use
of intraoperative neurophysiological and functional monitoring (motor evoked poten-
tials, somatosensory evoked potentials; direct cortical and subcortical stimulation;
awake surgery with language and/or motor mapping), together with progressively
more accurate real-time imaging systems, ranging from neuronavigation to intraoper-
ative MRI and ultrasounds. The gain in safety offered by these techniques has also
allowed neurosurgeons to become generally more aggressive with lesions that, in
the past, would have not been considered amenable to surgery. As a consequence,
there are presently very few regions in the brain that are not surgically accessible, if
the appropriate tools (imaging, equipment, magnification, and illumination), tech-
niques, and monitoring strategies are used.

In regard to the pillar of tissue procurement, requirements and expectations have
also evolved over time. This is in response to an increased level of complexity pertain-
ing to anatomic pathology, genomic, transcriptomic, and epitranscriptomic analysis of
tissue samples. This multilayered readout of tumor markers has become extremely
relevant to guide the choice of appropriate therapies and inform prognosis and is
now routinely performed in most of the centers with dedicated multidisciplinary
neuro-oncologic expertise. It has been established that larger tumor samples usually
provide a more complete representation of tumor heterogeneity, and the concordance
between specimens deriving from either needle biopsy samples or open resections
has been found to be as low as 50%.* Moreover, the need to provide additional tissue
is a frequent requirement to satisfy eligibility criteria for enrollment in many clinical tri-
als. As a consequence, significantly larger specimens are expected from the surgeon
in comparison to what was customary in the past, and this often influences the deci-
sion to perform open craniotomies as opposed to less invasive, but also less yielding,
needle biopsies.
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IMPACTING OUTCOMES: THE QUEST FOR MAXIMAL TUMOR RESECTION AND HOW
TO GET THERE

In addition to treating symptoms and providing diagnosis, surgery has a proven impact
on prognosis. The first data supporting aggressive tumor resection as a favorable pre-
dictor for prolonged survival in patients with malignant glioma date back to the early
70s, but, as late as the 90s there was still debate whether this was true.® In the following
decade, thanks to the widespread use of MR, it has become possible to accurately
measure tumor volumes and their postoperative residuals, particularly in regard to their
contrast-enhancing component, and generate prognostic categories accordingly. It is
now well accepted that survival in patients with high-grade glioma is positively affected
if at least 70% to 80% of enhancing tumor is resected, and a progressive benefit is
observed as the resection increases to the 98% to 100% range.® The impact of extent
of resection has been found to be generally true also for low-grade gliomas."

As the field continues to evolve, the concept of supratotal resection (ie, extending
beyond the standard radiologically accepted tumor boundaries) has been champ-
ioned by some: it has recently been proposed that younger patients (<65 year old)
with glioblastoma might actually benefit from more aggressive resections extending
past the contrast-enhancing component and into the fluid-attenuated inversion recov-
ery hyperintense region.” Along the same line, the concept of anatomic resection, that
is, a resection that is guided more by the structural and functional boundaries of spe-
cific regions of the brain affected by the tumor, rather than by the tumor itself, is pro-
gressively gaining traction, when safely feasible. For example, growing data suggest
that lobectomies are superior to focused tumor resection when the lesions are local-
ized in relatively “silent” brain regions, as the anterior temporal lobe.®

In the current era of tumor genomics, we are withessing a progressive integration of
molecular analysis with surgical decision making: specific biological and genetic fea-
tures of the tumor, such as IDH1-R132 mutation,® 1p/19q codeletion,’® and MGMT
methylation,”" have all been found to be associated with improved survival when com-
bined with gross total or supratotal resection.

These data will need to be confirmed over time and by multiple studies before being
accepted as universally true, but this has already started to change the approach to
patient care, with some advocating obtaining a preresection diagnosis (either by liquid
biopsy, imaging, or tissue biopsy) in order to first define the tumor’s genetic features to
proactively decide how radical a resection is to perform.®

Other important recommendations have been recently provided with regard to the
role of surgery in recurrent glioblastoma. Historically, the decision to reoperate on pa-
tients with glioblastomas progression after adjuvant therapy was mainly left to surgeon
preference rather than guided by data. Multiple studies now suggest that reresection
confers a survival advantage (as long as it does not come at the expense of functional
impairment)'? but also only if a complete or near complete resection of the contrast-
enhancing tumor is achieved, as subtotal resection has been associated with worse
outcome than medical treatment only.'® This, once more, puts the neurosurgeon in
the midst of therapeutic decision-making among the neuro-oncology team, as the
initial assessment on the feasibility (and safety) of an aggressive operation will deter-
mine the next steps in the treatment algorithm of this particularly challenging scenario.

The concept of safe radical resection and its therapeutic possibilities has evolved in
parallel to numerous technical advancements that have significantly facilitated this
goal.

e Brain mapping: this technique is usually reserved for tumors located in eloquent
regions of the brain, such as speech areas, primary sensory/motor cortex, or
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subcortical tracts. Several techniques can be used during surgery to define the
exact location of these structures and thus avoid iatrogenic injury. One such op-
tion is the so-called awake craniotomy, where the patient remains conscious dur-
ing the operation and kept engaged to perform tasks such as naming objects,
and moving extremities to command, whereas transient currents are applied sys-
tematically with a handheld stimulator to small surfaces of the brain in a system-
atic fashion. These electrical pulses briefly and reversibly interfere with the
function of the touched brain, and when this affects eloquent brain, it results in
observable changes in the patient’s ability to perform the corresponding
task.' Alternatively, for lesions affecting the motor pathway, a direct electrical
stimulation can be applied to the brain during a standard operation under general
anesthesia. In this case, the readout is obtained by analyzing the presence,
amplitude, and muscle specificity of motor evoked potentials triggered by the
stimulation.'® Both techniques help define a “map” of silent versus eloquent brain
regions, allowing to use safe surgical corridors, and maximize resection while
minimizing functional impairment.

Neuronavigation: computerized, neuronavigation systems, which allow real-time
localization of anatomic intracranial structures into a preoperative (or intraoper-
ative) image set, are a relatively recent introduction, dating back to the late
80s,'® although only gaining broad clinical adoption in the last 20 years. Substan-
tially working as a GPS tracker for the brain, these devices allow the neurosur-
geon to remain oriented within the operative field and facilitate the recognition
of areas involved by tumor. Integration of preoperative advanced imaging such
as functional MRI and tractography into the navigation dataset, known as func-
tional neuronavigation, can facilitate the estimation of the location of critical
cortical and subcortical areas (Fig. 1). Neuronavigation, however, is limited by

Fig. 1. Functional MRI (fMRI): in the left panels, axial and sagittal T1 sequences with gado-
linium show the location of a right frontal tumor (green lines). The right primary motor cor-
tex is underlined in yellow and the corticospinal tract in blue. These data can be further
integrated via neuronavigation software to build 3-dimensional models (panel on right)
that help the neurosurgeon orienting within the operative field, maximizing tumor resec-
tion and avoiding critical brain structures.
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its reference to a static set of images, which renders it unable to account for tis-
sue resection and other sources of brain shift occurring during the procedure.

e Intraoperative MRI: dating back to the early 1990s, intraoperative MRI (iMRiI) al-
lows to obtain detailed brain imaging during a neurosurgical operation. iIMRI is
used to confirm intraoperatively whether a lesion has been completely resected
or if residual abnormal tissue is still present in the resection cavity. The new infor-
mation provided by the updated intraoperative imaging helps the surgeon in
deciding whether further resection is warranted. Its use has been consistently
associated with higher frequency of gross total resections of intrinsic brain
tumors. 1718

e Fluorescence-guided surgery: this strategy takes advantage of the fluorescent
properties of metabolic byproducts of chemicals that can be administered orally
before surgery (5’ aminolevulinic acid [5-ALA]) or chemicals that are themselves
fluorescent following intravenous administration during surgery (fluorescein, in-
docyanine green). After administration, these chemicals are preferentially taken
up by tumor cells and become visible within the operating field under appropriate
lighting conditions with specialized filters (Fig. 2). When using 5-ALA, normal
brain appears dark, whereas tumor tissue appears a red-pink color, facilitating
visualization and removal.'® Issues still remain regarding sensitivity and speci-
ficity of these methods, particularly regarding their use in low grade tumors.

e In situ tissue optical sampling: a novel, still experimental technology in neurosur-
gery, Raman spectroscopy,?° consists of a laser-emitting probe that scans the
tumor resection cavity in real time. The differences in chemical composition be-
tween the tumor and the brain can be determined by the different Raman optical
spectra collected by the probe. A sophisticated analysis of these data using ma-
chine learning techniques provides a nondisruptive tissue analysis whose spec-
ificity and sensibility is comparable to standard histopathological processing?’
and can be used to inform surgical decision-making in real time.

In situations where tumors are deemed unresectable, when they have recurred
beyond a reasonable control by standard means, or in patients too frail to undergo sur-
gery, the minimally invasive option of laser interstitial thermal therapy (LITT) is a rela-
tively new tool within the neurosurgeon’s armamentarium used to delay tumor growth
and/or provide symptomatic treatment of symptomatic radionecrosis.

Fig. 2. Intraoperative visualization of tumor with 5-ALA. (A) Magnified view of the oper-
ating field using a Zeiss Pentero microscope shows the resection cavity with no obvious
visible tumor. (B) Same view through a BLUE400 filter (670-710 nm wavelength) shows 2
small areas in pink that suggest residual tumor.
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LITT consists of a fiberoptic probe, which is stereotactically inserted into the tumor,
and produces tumor ablation using laser thermal energy, whose delivery is controlled
in real time using MR thermography and that causes coagulative necrosis of the tissue
surrounding the probe as well as cell death based on the time-temperature area under
the curve over a larger region up to approximately 1 cm from the probe?? (Fig. 3). Ma-
jor applications of LITT in neuro-oncologic patients include treatment of deep-seated
lesions or radiation necrosis.?® In the latter, it is used as a possible second-line alter-
native to steroids or bevacizumab in unresponsive patients or those who cannot
tolerate those drugs. In recurrent glioblastoma, LITT treatment resulted in
progression-free survival of 5 to 5.7 months and overall survival of 7 to 10 months.?425
Interesting novel use of this technique concern its reported ability to temporarily open
the blood brain barrier and thus improve drug delivery®® and also to activate both the
innate and adaptive immune system by causing local inflammation and release of tu-
mor antigens.?’

ENABLING THERAPEUTIC AND SCIENTIFIC ADVANCEMENTS

There has been a widespread trend in the design of modern oncologic phase 0 and
phase 1 clinical trials to investigate and quantify tumor pharmacokinetics and pharma-
codynamics after drug administration. As a consequence, tissue procurement during
experimental treatments is becoming a well-established practice, often required in
robustly designed protocols, and this applies to CNS malignancies as well, which,
due to the limitations imposed by the blood brain barrier (BBB), are frequently imper-
meable to systemic drugs unless proven otherwise. In contrast to many other cancers,
which can be easily biopsied by interventional radiologists, the access to CNS malig-
nancies is a neurosurgery prerogative. The involvement of neurosurgeons in these tri-
als is thus crucial, particularly in circumstances where granular details, such as

i

Fig. 3. MRI-guided LITT-based ablation of a recurrent left frontoparietal GBM. (A) Coronal
and sagittal T1-weighted images after gadolinium administration showing placement of the
electrode in the region of contrast enhancement. (B) Real-time MRI measurement of the
area of the tumor receiving the therapeutic thermal coagulation (blue line).
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differential drug penetration in contrast-enhancing versus nonenhancing areas of the
tumor, are sought.

Targeted tissue sampling has fundamental value both for the sake of providing cor-
rect diagnoses (eg, appropriate grading of heterogeneously enhancing lesions) as well
as for providing necessary tissue correlations with other experimental, less invasive
diagnostic means. Targeted sampling of tumor regions that have different MRI char-
acteristics has allowed, for example, the development of molecular-radiological cor-
relates and the validation of MR spectroscopy and other novel MRI protocols®®2°
for noninvasive tissue profiling.

In recent years there has also been a progressive interest in using stereotactic mass
spectrometry sampling as a more immediate and accurate tissue readout for intrao-
perative molecular diagnosis.®° Similarly, a growing number of clinical trials nowadays
resort to the use of mass spectrometry from fresh intraoperative specimens to quantify
drug penetration in different parts of the tumor, analyze its pharmacodynamics, and
thus help characterizing important parameters of experimental drugs, including their
effective bioavailability to the tumor tissue, and the degree of their effectiveness.®

Another major contribution by neurosurgeons continues to be the regular collection
of tumor specimens, cerebrospinal fluid, and adjacent brain samples, which over the
past 20 years has allowed the thriving of consortia such as the Tumor Cancer Genome
Atlas program (https://portal.gdc.cancer.gov/projects/TCGA-GBM), which have revo-
lutionized our understanding of the genetic landscape of tumors. It is expected that
neurosurgical interventions that are not immediately related to patient care, but that
are vital for the optimization of new treatment or diagnostic protocols, will continue
to grow in number and significance, while respecting the necessary safety
requirements.

DRIVING THERAPEUTIC AND SCIENTIFIC ADVANCEMENTS

The limit imposed by the BBB to reaching CNS malignancies with therapeutic agents
continues to be a major factor supporting the need to develop and perfect locore-
gional administration strategies. This explains why neurosurgeons, by virtue of their
direct access to brain tumors, have been at the forefront in the quest for new strategies
to treat these tumors.

A noticeable example includes the ideation of biodegradable, drug-releasing poly-
mer wafers impregnated with the DNA alkylating agent carmustine.>> These are
applied in the tumor resection cavity at the end of a standard operation, where,
over the course of the following days, while being degraded, they release high concen-
tration of chemotherapy in the surrounding tissue, to directly kill invasive tumor cells at
the tumor-brain interface. Updated iterations of such local delivery methods continue
to be proposed, including hydrogel-based formulations engineered to release chemo-
therapeutics, nucleic acids, or engineered stem cells with antitumor properties.**34

Another significant endeavor is the growing field of oncolytic virotherapy, which is
based on the use of genetically engineered viruses that can selectively replicate and
kill tumor cells but not normal cells.®® Several different virus strains, including polio,*®
herpes simplex virus 1 (HSV1)®” and adenoviruses,>® have shown encouraging, albeit
preliminary, evidence of survival benefit in subgroups of patients with recurrent high-
grade glioma. In recent developments, new-generation viruses have been additionally
armed with transgenes to expand their mechanisms of action and augment their anti-
tumor efficacy: noticeable examples are the use of prodrug-activating genes such as
the herpes thymidine kinase gene®® or genes encoding immune stimulating cytokines,
such as interleukin-12.4°
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Convection-enhanced delivery (CED) is another example of a neurosurgery-led
effort to increase the delivery of therapeutics to brain tumors. CED is a minimally inva-
sive technique whereby highly active but poorly penetrant antitumor agents (such as
antibodies),*! toxins,*? large cytotoxic chemotherapeutics,*® or virus particles,*®
which are not suitable for systemic administration, are delivered into the tumor through
one or more cannulas that are stereotactically inserted into the tumor. The cannulas
are then connected to a pump that generates a continuous pressure gradient, forcing
the compounds to diffuse into the tumor in a way that is unaffected by the BBB.**

EMBRACING DIFFERENT TOOLS

The neurosurgical armamentarium extends beyond the standard invasive procedures
commonly used with brain tumors (ie, open craniotomies and stereotactic biopsies).
One interesting and potentially relevant strategy borrowed from vascular neurosur-
geons is the use of endovascular techniques to selectively administer chemotherapy
drugs directly in the arteries that are in close proximity to the tumor. Intraarterial drug
delivery dates back to the 1960s and was envisioned as a tool to limit systemic toxicity
derived from the common intravenous or oral administration routes.*®> Because mate-
rial and technical progress has ensued in the following decades, intracranial arteries
can be selectively cannulated up to the tiny branches that directly feed the tumor
(superselective intraarterial infusion), thus further decreasing the amount of drug deliv-
ered to other parts of the CNS, as well as to the rest of the body.*® This administration
modality can be further combined with temporary disruption of the BBB by concurrent
administration of mannitol or other hyperosmolar solutions.*” Some evidence of clin-
ical and radiological response has been observed with recurrent glioblastoma.*®
Another noninvasive technique, MRI-guided focused ultrasound (MRgFUS) was bor-
rowed from the functional neurosurgery world, where it has been successfully used for
selective brain lesioning®® and initially experimented, with little effect, as a direct anti-
tumor strategy to induce tumor coagulative necrosis.*° In recent advances, MRIgFUS
is used to produce temporary and spatially localized permeabilization of the BBB and
thus augment chemotherapy delivery.®' Low-energy FUS is able to disrupt the BBB
when combined with the intravenous delivery of microbubbles (an ultrasound contrast
agent) that oscillate inside of the blood vessels to temporarily disrupt the tight junctions
and likely several other mechanisms.®? A clinical trial studying the safety and radiolog-
ical response of this approach followed by systemic temozolomide administration in
patients with newly diagnosed glioblastoma (GBM) is currently ongoing and has so
far proved to be well tolerated with encouraging radiological correlates
(NCT03551249). Future clinical trials are envisioned in recurrent GBM and low-grade
glioma, also investigating permeabilization to different drugs, such as carboplatin.

TOWARD A LAB-IN-A-PATIENT REVOLUTION

Neurosurgery has a rich tradition for advancing science directly from the operating
room. The understanding of brain circuitry, for example, has significantly benefitted
from the collection of neuronal firing patterns during otherwise standard neurosurgical
procedures such as deep brain stimulation. Adapting this approach to neuro-
oncology, neurosurgeons have championed the use of intratumoral microdialysis,
which entails the stereotactic insertion of specialized cannulas into the tumor. The
lumen of the cannula is separated by a semipermeable membrane that allows the se-
lective filtration and continuous collection of the tumor’s interstitial fluid.®® This strat-
egy is used to obtain important information concerning tissue penetration of systemic
chemotherapy agents across the BBB,%* characterization of tumor metabolites,>® and,
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more recently, changes in the tumor’s cytokine profile in response to
immunotherapy.®®

Finding strategies to inform effective chemotherapy in a personalized manner re-
mains a major goal in neuro-oncology. Currently, chemotherapy selection is based
on an inferential process whereby it is assumed that certain genetic mutations
observed from the analysis of tumor specimens (eg, EGFR or CDK4 amplification)
will result in sensitivity to drugs targeting those molecules. This approach has currently
not resulted in any significant therapeutic breakthrough for GBM,*” and the only clin-
ically relevant and generally accepted predictor of response to a specific drug (temo-
zolomide) to date remains the methylation status of the MGMT gene promoter.>® A
neurosurgery-driven clinical trial is currently exploring the feasibility to test an array
of many different chemotherapeutics simultaneously in situ and directly on patients,
and this is done using a drug-releasing microdevice,*® which is inserted into the tumor
at the time of surgery (Fig. 4). The device is filled with microdoses of many different
drugs, which are released into the tumor in a spatially defined fashion. After an appro-
priate incubation time, the device is removed together with a cuff of surrounding tu-
mor, and the specimen is analyzed to establish which drugs have resulted in the
most relevant antitumor effect and how each drug has affected the tumor microenvi-
ronment. These data can then inform the most effective compound to be used system-
ically for any individual patient, in an “ultrapersonalized” manner (NCT04135807).

FINAL CONSIDERATIONS

Since its inception, greater than a century ago, neurosurgery has represented the
fundamental trait-d’union between clinical management, scientific investigation, and
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Fig. 4. Intraoperative comparison of chemotherapy efficacy by implanted microdevices. (A)
Small microdevices filled with different drugs are inserted into the tumor. (B) Microdevices
release their drug content in a locoregional fashion within the tumor. (C) The recovered
specimen at the end of surgery is processed, and markers of cell death are analyzed
(pink = activated caspase 3; blue = cell nuclei; green = Ki-67). (D) Comparison chart with
relative antitumor efficacy among 8 different drugs tested in the same tumor specimen.
CC3, cleaved caspase 3.
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therapeutic advancements in the field of brain tumors. During the years, oncological
neurosurgery has evolved as a self-standing subspecialty, due to technical progress,
equipment improvement, evolution of therapeutic paradigms, and the progressively
crucial role that it plays in the execution of complex therapeutic strategies and modern
clinical trials.

CLINICS CARE POINTS

e Extent of tumor resection is associated with improved survival in patients with brain tumor.

e Emerging technologies have significantly improved safety of surgical resection and
functional outcomes.

e Ad-hoc, guided tumor sampling has significantly facilitated the molecular characterization
of brain tumors.

e Neurosurgeons continue to be fundamental to the advancement of new therapies for brain
tumors.
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