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Abstract
To ensure excellent postoperative clinical outcomes while preserving critical neurologic function, neurosurgeons 
who manage patients with intra-axial brain tumors can use intraoperative technologies and tools to achieve max-
imal safe resection. Neurosurgical oncology revolves around safe and optimal extent of resection, which further 
dictates subsequent treatment regimens and patient outcomes. Various methods can be adapted for treating both 
primary and secondary intra-axial brain lesions. We present a review of recent advances and published research 
centered on different innovative tools and techniques, including fluorescence-guided surgery, new methods of 
drug delivery, and minimally invasive procedural options.
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Neurosurgical oncology revolves around safe and optimal 
extent of brain tumor resection, which further affects and 
dictates subsequent treatment regimens and patient out-
comes. More than 700 000 Americans currently live with a 
brain tumor diagnosis.1 Maximal safe resection has gained 
traction recently as the goal of brain tumor surgery. For ex-
ample, previously published studies on cohorts of patients 
with low- and high-grade glioma point to survival benefits 
conferred by high degree of extent of resection.2,3 However, 
intra-axial tumors, particularly diffuse and infiltrating le-
sions, located in eloquent areas present challenges in maxi-
mizing extent of resection.

With technological advances in intraoperative imaging, sur-
gical tools, and other adjuncts, neurosurgeons can achieve 
better tumor control, with excellent clinical outcomes and 
safety profiles as well. With an overview of recent devel-
opments in intraoperative technologies aimed to safely 
increase margins of resection, this review also discusses 
neurosurgery’s role in providing local tumor control beyond 
surgical resection, from minimally invasive modalities to crea-
tive drug delivery methods, such as blood-brain barrier (BBB) 
disruption or intracavitary treatment.

Strategies to Reduce Surgical Risk

Surgical planning and approach influence the safety of intri-
cate operations required to remove infiltrating tumors or le-
sions located in eloquent regions. We present an overview and 
updates in research on awake craniotomies and functional 
brain mapping and their roles in reducing surgical complica-
tions while increasing extent of tumor resection.

Awake Craniotomies

Awake craniotomies have been one of the mainstays of 
intraoperative techniques for enhanced brain lesion con-
trol while maintaining patient safety. Eligible patients 
have supratentorial tumors located near eloquent cor-
tical regions, involved in language, sensory or motor func-
tions. Contraindications to offering awake craniotomies 
include severe neurological deficits precluding participation 
in intraoperative neurologic testing, large tumor volume with 
midline shift, anxiety disorder, and persistent cough. The 
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procedure itself is an orchestrated effort that involves not 
only the neurosurgical team but also coordinated input by 
anesthesiologists and neurologists.

A randomized controlled trial compared awake crani-
otomy and neurosurgery under general anesthesia (GA) 
for patients with brain lesions located within eloquent 
cortex (Table 1).4,5 However, the control group had greater 
extent of tumor resection (>90% tumor resection: 57.2% 
in awake group vs 73.6% in GA group) and more neuro-
logic improvement in the immediate postoperative period, 
though techniques have improved since 2007. A  system-
atic review of seven studies published between 2001 and 
2017 about patients with brain metastases demonstrated 
rates of gross total resection (GTR) in 61% of patients and 
supratotal resection in 32% of patients.6 A  series of 82 
patients with eloquent glioblastoma (GBM) also demon-
strated greater extent of resection with awake cranioto-
mies and allowed for more T2-FLAIR region excision than 
with GA, leading to lower risks of recurrence.7 Awake cra-
niotomies do not lead to significant adverse events like 
linguistic impairments or executive dysfunction.8 Another 
case series compared patients who underwent awake cra-
niotomy against those under GA; both groups also had 
intraoperative MRI. There were no statistically significant 
differences in surgical complications between the two sur-
gical groups, although the patients who underwent awake 
craniotomies had lower rates of permanent postopera-
tive neurologic deficit (5% vs 20%) and higher rates of un-
changed or enhanced neurologic status after surgery (80% 
vs 65%).9

Connectomes and Functional Pathway Maps for 
Surgical Planning

With increasingly sophisticated MRI, diffusion tensor im-
aging (DTI), and tractography, neurosurgeons can study 
brain lesions’ relations to critical functional pathways be-
fore operating. Respecting surgical margins defined by 
functional tracts enhances extent of resection and pres-
ervation of functional status. However, interpretation of 
these tracts may be muddled by imaging quality and any 
inherent characteristics of parenchyma altered by the 
tumor, such as overlapping fibers and edema. The Human 
Connectome Project was a multi-institutional effort to im-
prove diffusion imaging, ultimately resulting in an impres-
sive map of functional tracts and connections within the 
human brain.17 Even so, for practical purposes, neuro-
surgeons benefit from utilizing DTI, functional MRI, and 
connectome analysis as adjuncts to surgical planning, par-
ticularly for infiltrative tumors.

Brain mapping techniques include cortical stimulation or 
functional MRI, although these are limited by area. There 
are two major types of functional MRI, task-oriented and 
resting state, the latter of which is more commonly used 
for preoperative planning.18 Unfortunately, gliomas may 
alter the reliability of functional MRI output due to blood 
perfusion changes. Connectome analysis encompasses 
both functional localization and natural brain networks. 
Hart et  al investigated five GBM patients’ resting-state 
function MRI scans with connectome analyses and were 
able to reconstruct neural connections, which were dis-
rupted by tumor involvement.19

There are multiple critical white matter tracts within 
the human brain, such as the corticospinal tract, which is 
responsible for communicating signals regarding motor 
control. DTI visualizes white matter fibers due to their 
relationships with the direction of water diffusivity. Wu 
et al conducted a randomized controlled trial with DTI for 
glioma resection, which resulted in improved clinical out-
comes and extent of resection in the DTI group (Table 1).10 
Patients within the DTI group also had superior Karnofsky 
Performance Scale scores regardless of glioma diag-
nosis. DTI can also decrease surgery time, particularly 
for awake craniotomies, and act as an additional con-
firmatory tool for neurosurgeons.20 Furthermore, another 
study indicated that DTI planning and modeling of intact 
white matter fascicles can predict probability of GTR.21 
Functional brain mapping and connectomics can help 
neurosurgeons safely continue to push the boundaries of 
tumor resections.22

Increasing Margins of Resection

The goals of improving brain tumor control go hand in 
hand with safely increasing extent of resection through 
visualizing and possibly expanding margins of resection. 
Strategies, such as intraoperative MRI, are still routinely 
used, and newer adjunct tools, including use of fluorescing 
agents, can also enhance patient survival through opti-
mizing extent of resection. This review also presents other 
developments in intraoperative techniques and tech-
nology, such as tubular retractors and Raman spectros-
copy, which allow surgeons to access deep-seated lesions 
and determine residual tumors in real-time for additional 
resection.

Intraoperative MRI

Intraoperative MRI has been in common usage for brain 
tumor resection since at least 2002, when Fahlbusch 
et al studied the utility of intraoperative 1.5 Tesla MRI for 
glioma surgery.23 Intraoperative MRI was historically re-
garded as an additional fail-safe should neuronavigation 
become increasingly unreliable due to brain shift and ce-
rebrospinal fluid loss over the course of surgery. In 36.2% 
of surgeries, intraoperative MRI influenced subsequent 
decisions to return for further resection of visualized re-
sidual tumor, significantly reducing the final tumor vol-
umes for both low-grade and high-grade gliomas; 41.2% 
of GTR were attributed to additional surgery following 
intraoperative MRI.23 Intraoperative MRI has a benefi-
cial effect of improving not only extent of tumor resec-
tion but also survival outcomes for glioma patients.24,25 In 
one series, the use of intraoperative MRI was a significant 
predictive factor of GTR.25 A randomized controlled trial 
found that more patients who underwent intraoperative 
MRI had GTR of their tumors compared to the control co-
hort (96% vs 68%, P  =  .023) (Table 1).11 Similar findings 
were recapitulated in another randomized trial, with su-
perior rates of GTR of malignant glioma with the aid of 
intraoperative MRI (86.4% vs 53.5%, P < .001) (Table 1).12 
For facilities capable of incorporating an intraoperative 
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Table 1  Studies With Level I Evidence for Various Intraoperative Techniques for Brain Tumor Control

Technique Authors Year Experimental Arms 
(n) 

Cohort Descrip-
tion 

Findings 

Awake crani-
otomies

Gupta et al.4 2007 Awake craniotomy(26) 
vs Craniotomy under 
general anesthesia 
(27)

Patients with 
intrinsic brain 
tumors in elo-
quent regions

>90% tumor excision:  
(Awake) 57% of cohort  
(Control) 73.7% of cohort  
Immediate neurologic improvement 
(P = .03):  
(Awake) 18.7% of cohort with motor 
improvement and 14.3% of cohort with 
speech improvement  
(Control) 35.7% of cohort with motor 
improvement and 62.5% with speech 
improvement

Functional 
pathway maps 
for surgical 
planning

Wu et al.10 2007 Diffusion tensor 
imaging (DTI) (118) 
vs Conventional 
neuronavigation (120)

Patients with 
gliomas

Gross total resection for high-grade 
glioma (P < .001):  
(DTI) 74.4%  
(Control) 33.3%  
Postoperative motor deficit for entire 
cohort (P < .001):  
(DTI) 15.3%  
(Control) 32.8%  
Median survival for high-grade glioma 
(P = 0.048):  
(DTI) 21.2 months  
(Control) 14.0 months

Intraoperative 
MRI

Senft et al.11 2011 Intraoperative MRI-
guided surgery (29) vs 
Conventional micro-
surgery (29)

Patients with 
contrast-
enhancing 
gliomas

Complete tumor resection (P = .023):  
(MRI) 90% of cohort  
(Control) 68% of cohort  
New postoperative deficits (P = 1.0):  
(MRI) 13% of cohort  
(Control) 8% of cohort

Wu et al.12 2014 Intraoperative MRI-
guided surgery (58) 
vs Conventional 
neuronavigation (56)

Patients with 
newly diag-
nosed WHO 
grade II-IV 
gliomas, KPS 
≥70

Gross total resection (P < .001):  
(MRI) 86.36% of cohort  
(Control) 53.49% of cohort

Fluorescence-
guided sur-
gery

Stummer 
et al.13

2006 5-ALA fluorescence-
guided surgery (139) 
vs Conventional cra-
niotomy with white 
light (131)

Patients with 
newly diag-
nosed malig-
nant glioma

Complete resection of contrast-
enhancing tumor (P < .0001):  
(5-ALA) 65% of cohort  
(Control) 36% of cohort  
6-month progression-free survival 
(P = .0003):  
(5-ALA) 41.0% of cohort  
(Control) 21.1% of cohort

Brachytherapy Laperriere 
et al.14

1998 Conventional radia-
tion + brachytherapy 
boost (71) vs Conven-
tional external RT (69)

Patients with 
malignant 
astrocytoma

Median survival (P = .49):  
(Brachytherapy) 13.8 months  
(Control) 13.2 months

Selker et al.15 2002 125-iodine brachy-
therapy + external 
beam RT + BCNU 
(133) vs External 
beam RT + BCNU 
(137)

Patients with 
newly diag-
nosed malig-
nant gliomas

Median survival:  
(Brachytherapy) 68.1 weeks  
(Control) 58.8 weeks

Convection-
enhanced 
delivery

Kunwar 
et al.16

2010 Convection-enhanced 
delivery of cintredekin 
besudotox (183) vs 
Gliadel wafers (93)

Patients with 
recurrent GBM

Median survival (P = .476):  
(Convection-enhanced delivery) 36.4 
weeks  
(Control) 35.3 weeks

Abbreviations: 5-ALA, 5-aminolevulinic acid; BCNU, β-chloro-nitrosourea/carmustine; GBM, glioblastoma; KPS, Karnofsky Performance Scale; RT, 
radiation therapy.
Studies included in this table are randomized controlled trials.5

  



 S36 Wu et al. Novel intraoperative strategies for brain tumor control

MRI suite, it is a powerful tool for enhancing tumor 
control.

Fluorescence-Guided Surgery

Several fluorophore agents, including fluorescein, 
indocyanine green, and 5-aminolevulinic acid (5-ALA), 
have been studied for fluorescence-guided surgery (FDG). 
5-ALA is the only Food and Drug Administration (FDA)-
approved agent for FDG for high-grade gliomas.13 The 
FDA recommends administering an oral 20 mg/kg dose of 
5-ALA between 2 and 4 hours before anesthesia induction. 
Neurosurgeons then use special filters on operating micro-
scopes to visualize 5-ALA fluorescence to determine mar-
gins and residual tumor. Of note, potential adverse effects 
include photosensitivity reactions.

Overall, 5-ALA can enhance the neurosurgeon’s ability 
to achieve better tumor resection. Stummer et al investi-
gated outcomes of malignant glioma resection following 
5-ALA administration with imaging and clinical follow-up 
(Table 1).13 The 5-ALA intervention group had clinically 
meaningful results with 65% of patients with completely 
resected contrast-enhancing tumor and better 6-month 
progression-free survival (41% [32.8-49.2] vs 21.1% [14.0-
28.2], P = .0003) without increase in significant adverse ef-
fects. Stummer’s study also informed approval of 5-ALA in 
Europe and FDA guidance for 5-ALA administration timing, 
though other investigators have examined different timing 
(>4 hours) of 5-ALA administration before high-grade 
glioma resection.26 In this case, clinical survival outcomes 
were similar to standard protocol.

Multiple case series highlight 5-ALA’s utility in 
facilitating safe tumor resection for various patient popu-
lations.27,28 5-ALA has a good safety profile for pediatric 
patients. Labuschagne describes 19 pediatric patients 
with diagnoses of ependymomas or medulloblastomas.29 
Fluorescence guidance was deemed to be useful in 63% of 
the cases, but 5-ALA fluorescence did not correlate signif-
icantly with eventual GTR. The same surgeon also exam-
ined a cohort of eight pediatric patients diagnosed with 
brainstem gliomas, which are notoriously difficult to ac-
cess and resect.29 Similarly, administration of 5-ALA was 
safe, though substantial fluorescence was only detected 
in three cases. The pediatric series highlight a downside of 
5-ALA use, in that the resultant fluorescence may not be 
strong enough for detection and tumor resection. Diffuse 
low-grade gliomas in particular do not exhibit reliable 
5-ALA fluorescence in 24.5% of tumors, according to a sys-
tematic review of 12 studies, suggesting that low-grade 
gliomas convert fewer amounts of fluorescent metabolite 
from 5-ALA.30

5-ALA fluorescence combined with photodynamic 
therapy (PDT) is under investigation for additional 
antitumor cytotoxic effect. Intraoperative PDT targets re-
sidual tumor cells following FDG, as lasers activate a 
5-ALA metabolite and induce local production of cyto-
toxic free radicals. GBM patients who underwent 5-ALA 
FDG and PDT experienced no significant adverse effects, 
and there was a 60% progression-free survival rate at 
12  months (median 17.1  months).31 A  systematic review 
included 251 brain tumor patients with mostly high-grade 

gliomas who underwent interstitial PDT and 5-ALA as a 
photosensitizer.32 Tumor response rate to PDT was good 
(92%) with temporary and permanent morbidity rates of 
5% each.

Another combinatorial treatment regimen consists of 
5-ALA and contrast-enhanced ultrasound (CEU). Using 
both 5-ALA and CEU simultaneously improved the ex-
tent of tumor resection (P = .0003) as well as the number 
of supramarginal tumor resections. CEU-guided sur-
gical decision-making for deep tumors and lesions with 
irregular borders, and it could be an additional tool for 
enhancing intraoperative tumor control alongside 5-ALA 
FDG.33

Tubular Retractor Systems

Surgeons may use tubular retractor systems to dissect 
toward tumors in deep locations. This method, however, 
can still result in secondary surgical lesions and vascular 
injury. A  meta-analysis of retrospective and case-control 
studies on patients with deep-seated brain tumors showed 
that GTR was achieved in 80.6% of procedures using tu-
bular retractors.34 Additionally, the complication rate was 
10.9%, much lower than the 29% reported when using tra-
ditional retractors for resection.34 Though available data 
are limited by a small sample size, there was a decrease in 
length of ICU stay and increase in postoperative survival.35 
Without tubular retractors, several patients’ tumors would 
have only been treated medically, helping increase patient 
survival.35 Further analyses with larger patient populations 
are warranted to investigate cost-effectiveness and patient 
outcomes.

Other analyses included comparisons of different tu-
bular retractor systems. There were no significant differ-
ences in gross vs partial tumor resection, postoperative 
length of stay, complication rates, and mortality rates.36,37 
In a large, multi-institutional review, nearly 72% of sur-
geries achieved GTR for various brain tumors.36 The mean 
depth of tumors operated on was 4.35 cm, and 9.7% of pa-
tients developed complications.36 However, most studies 
are limited to individual institutions’ experiences, and the 
field requires prospective, randomized trials to understand 
the true impact of tubular retraction systems on patient 
outcomes.35–37

Raman Spectroscopy

Intraoperative Raman spectroscopy detects margins of 
infiltrative intrinsic brain tumors, providing rapid mo-
lecular characterization of tissue based on Raman active 
functional groups of proteins, lipids, and nucleic acids. 
Though most studies on Raman spectroscopy are inves-
tigational, the method shows promise for fast, nonde-
structive intraoperative differentiation of neoplastic vs 
normal tissue.

While strategies like FDG and intraoperative imaging 
lack sensitivity at tumor margins, Raman spectroscopy 
utilizes microscopic characterization to determine re-
sidual neoplastic cells at the edges of unprocessed tissue 
samples. This method shows good ability to differentiate 
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between low-grade and high-grade gliomas as well as 
intracranial metastases and meningiomas from unproc-
essed surgical specimens.38 Raman spectroscopy iden-
tified residual infiltrating glioma at rates comparable 
to immunohistochemistry and hematoxylin and eosin 
staining.39 One study also found a machine-learning model 
based on Raman spectroscopy superior to 5-ALA-based 
FDG at determining GBM tissue with 0.07 sensitivity, 1.00 
specificity, and 0.24 accuracy (P  =  .0009).40 A  recent trial 
compared pathologists’ analyses of histologic samples 
with stimulated Raman histology and deep convolutional 
neural networks to predict diagnoses in an automated 
way.41 Raman-based interpretation of fresh specimens was 
noninferior to conventionally processed tissue analysis 
(94.6% vs 93.9%). As more surgeons and centers adopt 
Raman spectroscopy as part of intraoperative practice, 
there may be additional studies investigating this imaging 
modality and its accuracy for diagnosing brain tumors and 
determining tumor margins.

Treatment Delivery Beyond Surgical 
Resection

Neurosurgery provides opportunities for use of minimally 
invasive modalities and treatment delivery beyond tumor 
resection. For instance, carmustine wafers placed in the 
surgical bed are one form of local drug delivery, and other 
more recent technologies include convection-enhanced 
delivery (CED) and various methods to temporarily disrupt 
the BBB for improved drug permeability.42

Laser Interstitial Thermal Therapy

Laser interstitial thermal therapy (LITT) is a minimally inva-
sive procedure that may allow for better access to lesions 
in deep or difficult locations as well as potentially decrease 
surgery recovery time and hospital length of stay. LITT 
can treat both primary and metastatic tumors, with the 
majority of use for patients with recurrent tumors, whose 
prior treatments have failed, or who suffer from radiation 
necrosis.43–45

In a phase I  clinical trial, median survival was 
19.8  months, and there were no recurrences of metas-
tases within the treated zone for up to 30  months of 
follow-up.46 Additionally, LITT has been proven more 
effective than bevacizumab when treating for radiation 
necrosis from brain metastases.44 Median overall sur-
vival increased from 15.2 months with bevacizumab to 
24.8 months with LITT.44 Patients treated with LITT also 
had a decrease in radiation necrosis-induced lesion 
volume at 1-year follow-up.44 The Laser Ablation After 
Stereotactic Radiosurgery (LAASR) study found that 
LITT helped to preserve quality of life, cognition, and 
Karnofsky Performance Scale score, especially since 
it provided treatment to patients without other viable 
options.45 Unfortunately, many studies are constrained 
by either retrospective design or lack of comparison to 
open surgery treatments.44,45 These results, particularly 
survival data, must also be considered in the context 

of systemic disease burden for patients with metastatic 
cancer. Thus, additional prospective observational or 
randomized trials are needed to truly determine the sig-
nificance of the efficacy of LITT as a local therapy, partic-
ularly for brain metastases.

In the Laser Ablation of Abnormal Neurological Tissue 
using Robotic NeuroBlate system (LAANTERN) study, 9% 
of patients developed adverse events.43 This statistic is 
much lower than those reported for open craniotomies 
for deeply located brain tumors and is consistent with 
that of biopsies alone, though further safety studies are 
warranted.43

LITT can also disrupt the BBB for up to 6 weeks 
postoperatively in a preliminary study.47 This could present 
a unique opportunity to treat with antitumor therapeutics 
that do not cross the BBB. Persistent elevation of serum 
brain-specific enolase in 8 of the 20 patients postoperatively 
suggests that LITT may also enhance systemic immunolog-
ical response against brain tumors for some patients, sug-
gesting immunomodulatory potential.47 There is currently 
an active phase I clinical trial investigating the role of LITT 
in disturbing the BBB for recurrent GBM (NCT03341806). 
Further studies are needed to determine whether LITT can 
extend quality of life, progression-free survival, and overall 
survival.47

Focused Ultrasound

Focused ultrasound (FUS) has multiple effects when ap-
plied to brain tumor cases, depending on delivered fre-
quencies. For one, FUS at low intensities can temporarily 
disrupt the BBB, allowing for enhanced drug delivery to 
the privileged central nervous system space.48 Several pre-
clinical studies indicate safe and successful drug delivery 
with increased BBB permeability.49–51 Furthermore, BBB 
permeability in a murine model can be maintained for up 
to 24 hours after a FUS treatment without adverse effects 
like edema or hemorrhage.52 In addition, FUS-induced cav-
itation creates bubbles within liquids, leading to different 
results, such as inducing tissue necrosis within tumors, 
increasing coagulation volume at the focus, and pro-
moting temporary permeability of cellular walls and blood 
vessels.48

Five high-grade glioma patients underwent low-intensity 
MRI-guided FUS for BBB opening along with systemic 
administration of doxorubicin or temozolomide.53 Liquid 
chromatography-mass spectrometry analysis of resected 
tumor tissue from subsequent surgeries showed increased 
concentrations of the administered chemotherapies where 
the BBB was opened. Another study involved patients 
with recurrent GBM receiving intravenous carboplatin, 
demonstrating longer median progression-free survival 
(4.11 vs 2.73 months) and median overall survival (12.94 vs 
8.64 months) in those who had evidence of BBB disruption 
on MRI after FUS sonication compared to patients who did 
not.54

Numerous preclinical cancer models have demonstrated 
immunomodulatory effects following FUS administration, 
which may portend improved tumor control for patients 
with immunotherapy. Several aspects of the immune mi-
croenvironment appear to be influenced by FUS, such as 
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increasing circulating populations of pro-inflammatory 
cytokines, activating antigen-presenting cells and macro-
phages, and creating tumor debris and release of tumor 
antigens.55–57 Both thermal and mechanical levels of FUS 
ablation exerted immunomodulatory effects and promoted 
a pro-inflammatory microenvironment, enhancing immu-
notherapy action, in a murine breast cancer model.58

FUS has an additional role as non-invasive thermal 
ablation. The FDA has approved FUS within neurosur-
gery for patients with essential tremors or certain forms 
of Parkinson’s disease. With intraoperative MRI guid-
ance, FUS ablation coordinates sequential coagulation of 
overlapping treatment volumes with pulses of high-power 
sonification. Benefits of utilizing FUS in this manner in-
clude achieving precise treatment delivery while minim-
izing effects to surrounding parenchyma. Coluccia et  al 
reported the first instance of MRI-guided high-intensity 
focused ultrasound (HIFU) used successfully and safely 
for a patient with recurrent GBM without causing neuro-
logic deficits.59 Intracavitary interstitial HIFU is another 
form of this technology that involves precise placement of 
a catheter with enhanced ability to tailor ablative heating 
patterns. Neurosurgeons also have the option to perform 
concurrent brain biopsies or deliver additional treatments 
with the catheters. Currently, there are no actively re-
cruiting clinical trials involving FUS for thermal ablation of 
brain tumors, although one trial encompasses obtaining 
liquid biopsies along with HIFU for brain tumor patients 
(NCT04940507).

Brachytherapy

For well-circumscribed brain tumors, brachytherapy 
could be a safe and effective strategy to establish better 
tumor control. Common forms of brachytherapy involve 
iodine-125, phosphorus-32, iridium-192, and cesium-131 
seeds, which can either be injected as prescribed doses 
into tumors as interstitial therapy or implanted into the 
tumor resection bed as intracavitary therapy.60 Benefits of 
intracavitary brachytherapy to limit tumor growth include 
prompt initiation of radiation therapy following surgery, 
while interstitial brachytherapy is minimally invasive and 
highly localized.

In a retrospective analysis, brachytherapy resulted in in-
creased median overall survival for patients with GBM 
(16 months vs 9 months, P < .001), although the group re-
ceiving brachytherapy was younger and had smaller tu-
mors.61 Two randomized controlled trials compared 
standard high-grade glioma treatment with and without 
brachytherapy involving iodine-125 implants (Table 1).14,15 
Laperriere et al evaluated brachytherapy as adjunct therapy 
to external beam radiation therapy for patients with ma-
lignant astrocytoma and found no statistically significant 
difference in median survival between treatment arms.14 
Similarly, the Brain Tumor Cooperative Group NIH Trial 87-01 
for patients with malignant glioma found no long-term sur-
vival benefit.15 However, other case series have shown some 
promise for iodine-125-based brachytherapy. Adjuvant 
brachytherapy for six patients with initially large-volume or 
inaccessible gliomas resulted in tumor decrease, which al-
lowed for eventual GTR for all patients.62 Iodine-125 as either 

first-line or adjuvant therapy for patients with low-grade 
gliomas resulted in low complication rate of 16% and 5- and 
10-year overall survival rates of 72% and 43%.63

Recent brachytherapy strategies involve cesium-131 
seeds, which lead to good tumor control even as salvage 
treatment. No patients with recurrent brain tumors expe-
rienced local regrowth after maximally safe resection and 
cesium-131 brachytherapy.64 Compared to adjuvant ster-
eotactic radiation therapy, cesium-131 brachytherapy use 
also achieved lower local recurrence rates for patients with 
resected brain metastases.65 The FDA has approved intra-
cranial cesium-131 brachytherapy in the form of a collagen 
matrix for both new and recurrent primary and secondary 
brain tumors, and recent studies have shown its adequate 
radiation dosage for recurrent brain lesions with minimal 
complications.66,67

Convection-Enhanced Delivery of 
Therapeutic Agents

CED can provide higher therapeutic concentrations of 
drug in local tumor tissue while limiting systemic effects. 
Neurosurgeons place intracranial catheters, which are con-
nected to an external infusion pump and utilize a pressure 
gradient. Favorable tumors have low vascular density, and 
ideal catheter placement avoids necrotic areas to optimize 
drug delivery past the BBB.

Most clinical trials involving CED have been designated 
for patients with GBM or diffuse infiltrating pontine glioma 
(DIPG). A phase III trial enrolled 276 patients with recurrent 
GBM and showed that there was no difference in median sur-
vival between the group treated with intracranial carmustine 
wafers and those treated with CED of cintredekin besudotox 
(Table 1).16 Recently, phase I  trials for patients with high-
grade gliomas have investigated CED of carboplatin, of an 
oncolytic adenovirus, and of a recombinant nonpathogenic 
polio-rhinovirus chimera.68–70 Those trials demonstrated 
acceptable safety profiles with achievement of tumor re-
sponse or improved survival rate for patients who under-
went CED.69,70 A few clinical trials also exist for DIPG, with 
one phase I trial with IL13-Pseudomonas toxin indicating no 
improvement in patients’ performance status despite tran-
sient cessation of disease progression for two out of five pa-
tients.71 Other trials investigated the safety of CED in terms 
of dose tolerance and avoidance of critical cortical tracts.72,73 
One retrospective study on 13 children with DIPG, who re-
ceived CED of carboplatin and sodium valproate after radi-
ation, resulted in median overall survival of 15.3  months, 
median progression-free survival of 13.0  months, and 
tumor response in 10 patients.74 Adverse effects included 
blocked infusion channels in one patient’s device and cra-
nial neuropathies in two patients that prompted drug dosage 
adjustments.

While CED could be a promising method to bypass the 
BBB for local brain tumor control, there are still several 
challenges inherent to the technology. The pressure gra-
dient CED relies on can be variable throughout the tumor, 
resulting in unequal drug distribution.75 Optimal intracra-
nial catheter placement also depends on operator famil-
iarity and can perpetuate tissue damage with subsequent 
loss of adequate drug delivery in addition.75
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first-line or adjuvant therapy for patients with low-grade 
gliomas resulted in low complication rate of 16% and 5- and 
10-year overall survival rates of 72% and 43%.63

Recent brachytherapy strategies involve cesium-131 
seeds, which lead to good tumor control even as salvage 
treatment. No patients with recurrent brain tumors expe-
rienced local regrowth after maximally safe resection and 
cesium-131 brachytherapy.64 Compared to adjuvant ster-
eotactic radiation therapy, cesium-131 brachytherapy use 
also achieved lower local recurrence rates for patients with 
resected brain metastases.65 The FDA has approved intra-
cranial cesium-131 brachytherapy in the form of a collagen 
matrix for both new and recurrent primary and secondary 
brain tumors, and recent studies have shown its adequate 
radiation dosage for recurrent brain lesions with minimal 
complications.66,67

Convection-Enhanced Delivery of 
Therapeutic Agents

CED can provide higher therapeutic concentrations of 
drug in local tumor tissue while limiting systemic effects. 
Neurosurgeons place intracranial catheters, which are con-
nected to an external infusion pump and utilize a pressure 
gradient. Favorable tumors have low vascular density, and 
ideal catheter placement avoids necrotic areas to optimize 
drug delivery past the BBB.

Most clinical trials involving CED have been designated 
for patients with GBM or diffuse infiltrating pontine glioma 
(DIPG). A phase III trial enrolled 276 patients with recurrent 
GBM and showed that there was no difference in median sur-
vival between the group treated with intracranial carmustine 
wafers and those treated with CED of cintredekin besudotox 
(Table 1).16 Recently, phase I  trials for patients with high-
grade gliomas have investigated CED of carboplatin, of an 
oncolytic adenovirus, and of a recombinant nonpathogenic 
polio-rhinovirus chimera.68–70 Those trials demonstrated 
acceptable safety profiles with achievement of tumor re-
sponse or improved survival rate for patients who under-
went CED.69,70 A few clinical trials also exist for DIPG, with 
one phase I trial with IL13-Pseudomonas toxin indicating no 
improvement in patients’ performance status despite tran-
sient cessation of disease progression for two out of five pa-
tients.71 Other trials investigated the safety of CED in terms 
of dose tolerance and avoidance of critical cortical tracts.72,73 
One retrospective study on 13 children with DIPG, who re-
ceived CED of carboplatin and sodium valproate after radi-
ation, resulted in median overall survival of 15.3  months, 
median progression-free survival of 13.0  months, and 
tumor response in 10 patients.74 Adverse effects included 
blocked infusion channels in one patient’s device and cra-
nial neuropathies in two patients that prompted drug dosage 
adjustments.

While CED could be a promising method to bypass the 
BBB for local brain tumor control, there are still several 
challenges inherent to the technology. The pressure gra-
dient CED relies on can be variable throughout the tumor, 
resulting in unequal drug distribution.75 Optimal intracra-
nial catheter placement also depends on operator famil-
iarity and can perpetuate tissue damage with subsequent 
loss of adequate drug delivery in addition.75

Phase 0 and Window of Opportunity 
Clinical Trials

In contrast to traditional clinical trials that primarily eval-
uate safety, toxicities, radiographic response, and survival 
rates, phase 0/window of opportunity trials incorporate 
molecular subtyping of tumor specimens to measure bi-
ological effects of novel therapeutic agents that are given 
to patients before surgery. This trial design assesses 
pharmacodynamics and pharmacokinetics, among other 
parameters, for drugs in early development.76 Phase 0 
and window of opportunity trials present opportunities for 
a wider variety of molecular-targeted agents to reach pa-
tients and to determine these drugs’ ability to exert tumor 
control beyond margins of resection.

Overall, there are few published phase 0/window of op-
portunity trials, the majority of which involve GBM. The 
Response Assessment in Neuro-Oncology (RANO) working 
group reviewed 21 studies published up to 2020. Lack of suf-
ficient tumor tissue to demonstrate biological effect is a par-
ticular challenge for phase 0 studies.76,77 Small sample size 
is also an important consideration, especially as these trials 
do not include correlated control/pre-treatment tumor tissue 
samples and the BBB itself may confer variable drug pene-
trance to intracranial neoplasms in the first place.76

Ultimately, the RANO group recommends several criteria 
for phase 0/window of opportunity trials in neuro-oncology.76 
All enrolled patients should have planned tumor resec-
tion, with samples obtained from both enhancing and non-
enhancing components as well as tumor margins. Obtained 
data should include assays of cell viability and proliferation 
in addition to measurements of drug targets.

Conclusion

For brain tumor patients to experience improved survival 
rates without risk of adverse neurologic events, neuro-
surgeons must safely perform maximal tumor resec-
tion. Fortunately, various technologies and tools allow 
for optimal resection when possible. Preoperative and 
intraoperative imaging software help neurosurgeons 
not only plan approaches for surgery but also monitor 
progress and adjust surgical plans during the operation. 
Minimally invasive systems include FUS, laser ablation, 
and tubular retractors to allow surgeons to reach deep in-
tracranial locations with limited pressure on critical struc-
tures. Furthermore, fluorophores and Raman spectroscopy 
provide intraoperative visualization of tumor margins. 
Additional future research on these intraoperative strat-
egies for brain tumor control would benefit from prospec-
tive studies and clinical trials.
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