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Abstract

High-grade gliomas are aggressive tumors that require multimodal management and gross total resection is considered to be the
first crucial step of treatment. Because of their infiltrative nature, intraoperative differentiation of neoplastic tissue from normal
parenchyma can be challenging. For these reasons, in the recent years, neurosurgeons have increasingly performed this surgery
under the guidance of tissue fluorescence. Sodium fluoresceine and 5-aminolevulinic acid represent the 2 main compounds that
allow real-time identification of residual malignant tissue and have been associated with improved gross total resection and
radiological outcomes. Though presenting different profiles of sensitivity and specificity and further investigations concerning
cost-effectiveness are need, Sodium fluoresceine, 5-aminolevulinic acid and new phluorophores, such as Indocyanine green,
represent some of the most important tools in the neurosurgeon’s hands to achieve gross total resection.

Keywords
fluorescence, intraoperative imaging, glioblastoma, surgery, resection

Received: January 08, 2021; Revised: March 01, 2021; Accepted: March 31, 2021.

Introduction intraoperative differentiation of neoplastic tissue from normal
parenchyma can be challenging, since there is no definitive

High-grade gliomas (HGGs), which account for about 80% of way to distinguish tumor from normal brain during the course
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tumors that require multimodal management.' When achiev-
able, gross total resection (GTR) is considered to be the first
crucial step of treatment; as known, resections of 298% of the " Unit of Neurosurgery, Department of Neuroscience “Rita Levi Montalcini,”
enhancing HGG-lesions have been associated with very signif- z"iversw of -;: rin, Euri"' ItaZ itas Gradenizo Hosoital. Turin. Il
. . . . eurosurgery/Spine Surgery, Humanitas Gradenigo Hospital, Turin, Italy
icant survival advapta'gg_lv;hen compared to eXCl'SlonS per- - 3 Department of Medical and Surgical Sciences and Advanced Technologies
formed below that limit. However, the prognosis of HGG (G.F. Ingrassia), Neurological Surgery, Policlinico “G. Rodolico-San Marco”
remains bleak because of the infiltrative nature of the HGGs on . University Hospital, University of Catania, Italy
one hand and the high local relapse rate on the other, given that Institute of Neurosurgery, Fondazione Policlinico Universitario A. Gemelli
more than 80% of HGG-recurrences occurred within 2 cm of Ircs, Catholic University, Rome, ltaly

. 0 . 21314 u ) u W . ® Department of Neurosurgery, Mater Olbia Hospital, Olbia, Italy
the resection margins.” =’ HGGs dlsrupts the ntegrity of the ¢ Unit of Neurosurgery, Istituto Clinico Citta Studi, Milan, Italy
blood-brain barrier (BBB), resulting in extravascular leakage
of gadolinium contrast agents. Conventionally, the tumor ter- ~ Corresponding Author: ‘ ‘
ritory is regarded as the gadoliniurn enhancing region seen on Giuseppe Palmieri, Unit of Neurosurgery, Department of Neuroscience “Rita

X K Levi Montalcini,” University of Turin, 10126 Turin, Italy.
Magnetic Resonance Imaging (MRI) sequences. Accurate g . giuseppepalm90@alice.it

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(https://creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission
BY NC

provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0001-5554-4900
https://orcid.org/0000-0001-5554-4900
https://orcid.org/0000-0002-7381-9194
https://orcid.org/0000-0002-7381-9194
mailto:giuseppepalm90@alice.it
https://creativecommons.org/licenses/by-nc/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://sagepub.com/journals-permissions
https://doi.org/10.1177/15330338211021605
http://journals.sagepub.com/home/tct

Technology in Cancer Research & Treatment

' SR
=
2 Records identified through Additional records identified
g database searching through other sources
E {n = 6074) n=0
¥ ¥
i Recards after duplicates rermowved

{n = 645)

L

A

Screening

Records screened

Records axcluded

L J

(n=5429) {n =43879)
—
L J

z Full-text articles assessed Full-text articles excluded,

! for eligibility > with reasons

o n = 550) (n =98}
S n = 20 Case report
— ¥ n = 18 Letters to the

Studies mcluded n aditor

.E qualtative synthesis n = 3 Carrigendurmn

3 In = 452} n = 4 Technical notes

-

n = 53 Study an animals

Figure 1. PRISMA flow chart.

of the procedure other than by gross visualization and tactile
consistency. This is particularly true at the invasive tumor mar-
gins: an appreciable amount of tumor cells usually infiltrates
around the radiologically enhancing region, where the blood
brain barrier is not yet destroyed, compromising the specificity
of gadolinium.” For these reasons in the recent years, neuro-
surgeons have increasingly performed this surgery under the
guidance of tissue fluorescence that have been developed to
face the after mentioned challenges.'>'® Two main compounds
have been used so far in malignant glioma surgery: 5-
amilovelulinic acid (5-ALA) and Sodium Fluoresceine (SF).
5-ALA is a cellular metabolic phluorophore. SF is able to
penetrate the tumor because of the impaired BBB and tends
not to diffuse into normal brain, although It can extend beyond
gadolinium contrast-enhancing regions probably because of its
smaller molecular weight. The aim of this review is to under-
line the usefulness of these 2 compounds, highlighting their
impact on glioma surgery, and to provide an overview on other
intraoperative techniques, such as the Second Window Indo-
cyanine Green (SWIG) that could represent a new available
weapon in the field of Fluorescence Guided Surgery (FGS).

Methods

An extensive search of the English Medical Literature has been
performed on MEDLINE/PubMed service, using the MeSH
(medical subject heading) terms “high grade glioma,”

“glioma,” “ALA,” “S-aminlevulinic acid,” “sodium
fluorescein,” “indocyanine green,” “second window indocia-
nine green,” “intraoperative,” “image guidance,” and “brain

tumor” in various combinations. Inclusion of the references
was based on the scope of this review, according to PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines (Figure 1).%° The initial wide-net search
produced a total of 6074 publications of which only 452 studies
were considered to be relevant.

Background and Mechanism of Action

The application of 5-ALA to patients undergoing surgery for
HGGs was first described by Stummer et al in 1998 in a series
of 10 patients.?' 5-ALA is the first natural precursor metabolite
in the heme biosynthesis pathway and is usually synthesized
from succinyl-CoA and alanine. Protoporphyrin IX (PPIX) is a
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strongly fluorescent molecule in the red range that represents
the final metabolite before heme biosynthesis and its selective
accumulation within glioma cells is related to the reduced level
of the ferrochelatase enzyme and impaired cellular clearance
by an ATP-binding cassette transporter (ABCB6).>' 2% 5.
ALA induced fluorescence is also influenced by the vascularity
of the tumor, BBB permeability, tumor cell proliferative activ-
ity and cellular density.*>%¢ Its take-up in WHO grade III and
IV glioma is almost 6 times more than that of normal brain
tissue, while approximately 20% of grade II are fluorescent
after 5-ALA application.?”*® SF is a phluorophore discovered
in 1871 by Adolf von Baeyer and has been evaluated in differ-
ent pathologies of the central nervous system.?’>° The pre-
sumed mechanism of action is a passive staining of the
extracellular space in areas with disrupted BBB, then it corre-
sponds, according to Neira et al, to gadolinium uptake on mag-
netic resonance imaging. Moreover, SF enhancement could
extend beyond gadolinium contrast-enhancing regions, proba-
bly because of the smaller molecular weight of SF.>' Vascular
leakage and breakdown of BBB are caused by increased blood
vessels formation that occurred in the context of GBMs.”*>% It
is readily available, inexpensive and FDA approved, having
been used by ophthalmologists since the 1960s for retinal
angiography.

Practical Use and Safety

5-ALA is a metabolic, high-cost tracer approved in June 2017
by the FDA for resection of HGGs; a proper visualization of
PPIX fluorescence requires xenon filters to give blue-violet
light with a wave-length of 375 to 440 nm and an emission
filter, allowing visualization of pink-red fluorescence, which
has a peak at 635 and 704 nm. 5-ALA is administered as oral
solution at a dose of 20 mg/kg body weight and the peak of
fluorescence can be expected after about 6-8 h, with fluores-
cence beginning to be visible after about 3 hours.** Due to the
small size of this molecule, it is rapidly absorbed from the
intestine and is cleared from plasma within 2 hours after admin-
istration, being fluorescence impression unperturbed even
beyond 12 h.2®23 5-ALA is a well-tolerated agent and associ-
ated with low rates of adverse events, the most common involv-
ing liver function, a temporary hypotension and, because of the
transient accumulation of porphyrins in the skin, a light sensi-
tivity for the first 24 hours after application. This requires to
maintain patients away from direct light before and after sur-
gery.>**3 Differently from 5-ALA, the administration and use
of SF in HGG-surgery has been less extensively described
because its less-specific mechanism of action, the heterogene-
ity of dose, timing and non-related tumor factors such as tissue
manipulation and edema bulk flow.*®*” This fluorescent tracer
is excited by a light wavelength ranging from 460 to 500 nm
and emits fluorescent radiation in wavelengths ranging from
540 to 690 nm. The current literature supports the use of low
dose SF (1-4 mg/kg) with a Yellow 560 filter, that should be
administered right after the induction of general anesthesia
using a central venous line.*® SF is completely excreted within

24 hours and has very few side effects; in the English Literature
adverse events after the administration of SF have been exten-
sively evaluated after SF angiography procedures. Kwiterovich
et al showed, in a prospective study involving 2789 angio-
graphic procedures and 2025 patients, an overall adverse reac-
tion in 4.8% of all cases after receiving a dose ranging from 3 to
5 ml of SF (10%) in 6 seconds.*® These reactions included
nausea (2.9%), vomiting (1.2%), flushing/itching/hives
(0.5%), and others (dyspnea, syncope, excessive sneezing)
(0.2%). No cases of anaphylaxis, myocardial infarction, pul-
monary edema, or seizures were described. The percentage of
reactions was lower (1.8%) in patients who have had a previous
angiography without adverse effects.*>** In a more recent ret-
rospective study on 2247 patients with 3381 consecutive SF
angiography, the overall adverse reaction rate after administra-
tion of 5 ml SF (10%) was 3.3%. In this case the most common
adverse reactions reported were nausea (2,7%) and vomiting
(0,6%) while anaphylactic reactions involved only 1 patients
(0.04%).*' Some authors have started then to perform allergy
skin tests in order to easily screen out susceptible patients

avoiding then the occurrence of anaphylactic reactions during
42-44

surgery.

Correlation Between Fluorescence and
Malignant Cells

Many studies in the available literature focused on the positive
correlation between fluorescence intensity and tumor cellular-
ity (Ki67-MIB-1) as showed by several intraoperative biopsies
at tumor areas with different fluorescent intensity later com-
pared with histology examinations.*>*** It is important to high-
light that 5-ALA presents 3 different patterns of fluorescence
when observed under the blue-light filter: necrotic areas usu-
ally showed no fluorescence or just parts of non-omogeneous
pink-red fluorescence*°; solid tumor areas, on the other hand,
display a clear and shining fluorescence of solid intensity,
while transitional areas of infiltrating brain tissue usually
appears as regions of faint fluorescence (Figure 2).5152 These
aspects should be kept in mind by the surgeon who knows that
areas of faint fluorescence usually surround areas of bright
uptake (which are approximately related to Gadolinium uptake
at MRI).”* The reduction of fluorescence observed at the lesion
borders usually corresponds with gradual entrance into the
areas of healthy brain tissue. A prospective Phase II clinical
trial of 5-ALA demonstrated that the Positive Predictive Value
(PPV) utilizing the higher grade of fluorescence (bright) as a
predictor for the presence of tumor was 97.4%. 5-ALA faint
fluorescence intensity showed not to be related with specific
tumor cellular densities as bright fluorescence. On the other
hand, in the case of absence of 5-ALA uptake, the probability
of having absence of tumoral tissue i.e. the Negative Predictive
Value (NPV) was 37.7%.2'°%>* Ferraro et al conducted a
recent systematic review about the use of 5-ALA in brain tumor
surgery, extracting data on 1163 patients from 22 studies. His
conclusion revealed that 5-ALA-mediated detection of HGGs
was associated with a sensitivity of 85% and a specificity of
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Figure 2. Fluorescent guided surgery. A and B, A 33-year-old man harboring a left frontal HGG with relevant mass effect underwent surgery. C,
A combined fluorescent guided surgery allowed to achieve GTR on the immediate post-operative MRI image. D, E and F, A left frontal

craniotomy was performed and, once, reached the subcortical enhancing node (D), a bright pink nodule was observed under the Blue 400 nm
filter light (E) and a brilliant green nodule was observed under the Yellow 560 nm filter light (F). Picture taken from the University of Turin,

Department of Neurosurgery’s Archive.

82%.>° In a prior study, on the contrary, Roberts et al showed
that 73.7% of non-fluorescent samples were able to show the
presence of tumor.>® These findings could hint the presence of
particular neoplastic cells that do not consistently take up 5-
ALA in a way that ends up showing a visible fluorescence.
However, the absence of macroscopic 5-ALA uptake does not
definitely exclude the presence of 5-ALA or fluorescent por-
phyrins: it is also suggested, for example, that macrophages and
other inflammatory cells could accumulate and convert ALA
and display PPIX associated fluorescence.’® Tissue malignancy
could be underestimated for other reasons: firstly, the raw
fluorescence emissions could contain contributions in the back-
ground coming from other sources (leakage of excitation light,
photoproducts and autofluorescence) which could alter the
inferior limit of sensitivity to PPIX’7; secondly, raw fluores-
cence intensity could be related by optical absorption of the
tissue and scattering effect, which substantially distort the
remitted signal, and not only by the concentration of PPIX.>®
The most critical moment involving these distortions could be
located near the end of surgery, when remaining disease must
be recognized within a surgical cavity. Widhalm et a/ showed
how fluorescence could be directly calculated with a handheld

spectroscopic probe, and then spectra used in order to calculate
the level of PPIX accumulated in the tissue. In this way, it could
be possible to detect spectrometric fluorescence in marginal
tissue even without the presence of a macroscopic fluores-
cence.”® These algorithms of spectroscopy, and subsequently
the hyper-spectral data processing,’” have been studied in order
to decouple PPIX emissions from other phluorophores and then
avoiding the presence of the effects of distortion of background
optical properties. In this way, it is possible to quantify the
fluorescence that is really related to the presence of tissutal
PPIX. More recently, a novel filter system with higher back-
ground illumination has been evaluated with the aim to deter-
mine the diagnostic accuracy and perception of PPIX
fluorescence without obtaining a spectral analysis.®’ In this
study a total of 128 biopsies from 32 patients with HGGs were
collected using a new filter which enhanced the brightness of
the surgical field, allowing superior discrimination of brain
anatomy. The authors found that the sensitivity of fluorescence
to detect tumor tissue was 70.89% (95% CI 59.43%-79.21%)
and specificity 97.37% (95% CI1 86.19%-99.93%); the PPV was
98.44% (95% CI 90.06%-99.77%), whereas the NPV was
57.81% (95% CI 49.88%-65.36%); the last one higher than
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Table 1. Phluorophore Characteristics.

GTR (on PFS (after  Sensitivity Specificity

average)  surgery) (on average) (on average) PPV NPV Safety Cost Unfavorable features
5ALA  69.1% 8 months 85% 82% 95%  40% +  +-++ Light sensitizer, cost
SF 84.4% 7 months 80.8% 791% 98.4% 578% + +  Can cause atopic reactions (rare), less specific
SWIG N/A N/A 97% 56% 82% 90% + ++ Adequate filter, center expertise

Abbreviations: N/A, not applicable; GTR, gross total resection; PFS, period free survival; PPV, positive predictive value; NPV, negative predictive value.

previously reported. This study suggests a potential benefit
despite its limitation concerning the absence of validation for
this method, a low sample size and the obvious disparity
between images and what surgeon directly observes during
surgery. The use of SF had a progressive affirmation in the
field of FGS after the overcoming of its limitation. A reliable
identification of the fluorescence pattern, mechanism of action
and the dose and administration timing have represented the
biggest challenge before the definition of SF as comparable
alternative to 5-ALA. Using SF, a different fluorescence pat-
tern within the tumor is not clear and this can make it more
difficult to recognize the tumor border, while central necrosis is
usually evident.? Furthermore, non-neoplastic structures can
be fluorescent: tissue manipulation, edema bulk flow, dose and
timing administration can play a role in fluorescence distribu-
tion because of SF extravagation.’” These last 2 factors, in
particular, are the most important bias that cause heterogeneity
in the evaluation and comparison of the SF between the various
studies: in some of these sodium fluorescein (diluted at 10%)
was intravenously administered at high dose (15-20 mg/kg) and
subsequently observed with white light illumination,*®* in
others it was administered at medium dose (5-10 mg/kg) and
observed with dedicated Yellow 560 filter.***®> Giving an high
dose of SF has the potential benefit of reducing the shifting
from filtered to white light during surgery. On the other hand,
the passive staining of the dye through the disrupted BBB, the
surgery-related damage of the BBB associated with the small
molecule weight and the administration timing, could result in
the extravagation beyond the tumor margin in the healthy tissue
especially in long lasting surgery then reducing the accuracy of
visual evaluation.®*%® Acerbi et al suggested that giving SF
intravenously too late (e.g., during craniotomy or dura opening)
can provide different results in terms of tissue fluorescence if
compared with earlier administrations.®* The current literature
supports the use of low dose of SF (1-4 mg/kg) with dedicated
Yellow 560 filter, through a central venous line immediately
after the induction of general anesthesia.®> SF may accumulate
in any region where there is blood, edema, surgical injury or
trauma as above mentioned, giving a potentially poor positive
predictive value of tumor tissue and low specificity though the
good results registered in achieving GTR in preliminary stud-
ies.*’=%? Despite these limitations, evident especially in the
early use of fluorescein in the FGS, the progressive and exten-
sive use of SF in has led to better exploit all its potentials. Neira
et al demonstrated indeed that intraoperative SF staining cor-
related with histopathological alteration in both contrast-

enhancing and non-contrast enhancing regions, with a PPV
greater than 96% in non-contrast-enhancing regions, suggest-
ing that SF can be used as a visual marker for glioma resection
in both regions of GBM.>' FLUOGLIO is a Multicentric Pro-
spective Phase II Study which reported that the sensitivity and
specificity of SF in identifying tumor tissue was respectively
80.8% and 79.1% (Table 1).%

Simultaneous Administration of 5-ALA
and SF

There are only 3 studies (and small case series) in the available
literature that studied the administration of both 5-ALA and
SF.°® Della Puppa et al, despite the main limitation of a study
represented by a very low sample size (only 3 cases), reported
that sensitivity was high for both 5-ALA and SF (especially for
5-ALA, 100%, while SF was 93%). More specifically, PPV and
specificity of 5-ALA resulted higher than SF (67% vs. 33% and
94% vs. 87%, respectively). The NPV as well was higher for 5-
ALA when compared with SF (100% vs. 50%, respectively).
Specificity was 100% and 67% when bright and faint 5-ALA
fluorescence was considered respectively. Regarding areas
where faint fluorescence was present (peritumoral infiltration),
both 5-ALA and SF presented a false-positive rate; however, 5-
ALA showed to have a higher specificity than SF (67% 5-ALA
while 33% for SF).”! Yano et al reported 8 patients with GBMs,
suggesting more sensitivity of 5-ALA compared to SF in
detecting tumor cells at the boundaries. The study however
showed to present 2 limitations: SF was used considering a
high dosage (15-20 mg/kg administered at the dura opening),
then in contrast with the studies that now suggest to use a lower
dose during induction; Furthermore, a non-specific BLUE 400
filter was used to detect yellow fluorescence instead of a spe-
cific YELLOW 560 filter.®” Suero Molina et al focused as well
on administration of both SF and 5-ALA. However, in order to
obtain a simultaneous visualization, an external blue light (375-
440 nm) illumination was obtained to detect 5-ALA fluores-
cence, while the YELLOW 560 module alone was utilized to
capture both SF and 5-ALA fluorescence patterns. Finally, no
histological data were reported to compare the 2 techniques.®®

5-ALA False Positive Fluorescence

Despite the importance of distinguish neoplastic from non-
neoplastic tissue, thus the possibility of decrypting false nega-
tives using 5-ALA, in the last years few authors focused on the
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5-ALA false positive-induced fluorescence. In a recent review
of the literature La Rocca et al classified the 5-ALA false
positive induced fluorescence in oncological setting and non-
oncological setting.®”’® Autofluorescence of normal brain tis-
sue due to peritumoral inflammation,”' HGGs cases with high
inflammatory infiltrations,”"' radiation necrosis and reactive
gliosis as the results of chemo-radiotherapies treatments, are
the main causes of 5-ALA false positive fluorescence reported
in literature in the oncological setting. This phenomenon seems
to be related, mostly in HGGs recurrences, to the presence of
peritumoral inflammation, probably as the results of increased
reactive mitotic activity and responsive astrocytosis associated
to surgical and radiation intervention.”>”* In the literature a
single report described 5-ALA false positive fluorescence dur-
ing first surgery for HGG. This last case was characterized by a
remarkable neutrophils infiltration on the histological exami-
nation.”"”* Although 5-ALA false positive fluorescence seems
to be related also to the peritumoral inflammation due to 5-
ALA uptake and metabolization by inflammatory cells, it is
important to highlight that the heme synthase pathways may
not always be affected in secondary GBM, and thus 5-ALA
may be particularly useful in those cases.?**° On the contrary
SF usually stains both primary and secondary GBM where the
BBB is broken.”® These reports stress the importance of con-
sidering alternative fluorescence source in tumor recurrence
surgeries, especially after medical and radio-treatment in the
possible context of pseudoprogression. In a phase II multi-
centric prospective trial, Nabavi ef al showed how, in recurrent
glioblastoma, where tissue scarring and changes induced by
previous radiotherapy and chemotherapy were present, 5-
ALA-guided resection was still shown to be effective with a
PPV of 99.5%.7° A debated topic concern 5-ALA-induced
fluorescence in the ventricular wall, not primary involved in
GBM. Hayashi et a/ found that most of samples taken from the
ventricular wall, presented 5-ALA-induced fluorescence and
histological disruption of ependymal cell layers, suggesting
ventricular involvement or environmental-induced changes.”’
On the contrary, Tejada-Solis ef a/ showed that no one of the
cases with 5-ALA-induced fluorescence, presented disruption
of the ependymal layer or tumor cells invasion.”® More recently
Moon et al collected 25 samples from the ventricular wall of 19
patient with primary GBM without ventricular enhancement.
Eleven out of the 25 samples (44%) displayed intraoperative
fluorescence and 5 of these (45.5%) resulted positive for the
presence of tumoral cells (2 cases corresponded to a low-grade
glioma (LLG) and 3 cases corresponded to HHG), while the
remaining 6 (54.5%) were negative for the presence of tumor
cells. The 14 samples (56%) that did not displayed intraopera-
tive fluorescence, resulted negative for the presence of tumor
cells. Moreover, no reactive astrocytes, inflammatory cells
infiltration or necrosis were detected in the setting of false
positive 5-ALA-induced fluorescence as well as it is known
that the majority of LGG did not usually exhibit intraoperative
fluorescence.”” This results, despite the low sample size and
subjective fluorescence evaluation-related bias, need further
investigation especially in light of recent evidences under

which primary isocitrate dehydrogenase (IDH) wild-type
GBM, originated from mutated neural stem cells in the astro-
cytic ribbon of subventricular zone.””"®' Considering non-
oncological settings, 5-ALA fluorescence has been observed
in multiple sclerosis,* neurodegenerative diseases’'*** and
infectious conditions (several bacterial species could elaborate
porphyrin precursor like cofactor of growth, explaining the
reason behind bacterial abscesses macroscopic fluores-
cence).’7%¥483 It is important to underline that all the onco-
logical and non-oncological settings share a common
characteristic consisting in a high number of immune cells that
could show different degrees of fluorescence due to 5-ALA
metabolism and uptake.

Impact of Fluorescence-Guided Surgery for
High-Grade Glioma

Patients with GBM share an inevitable destine that is the recur-
rence of the disease, despite a first favorable surgery.®'**® The
key-role of surgery relies on the established benefit of the
extent of resection (EOR) on progression-free survival (PFS)
and overall survival (OS).%”#¥ GTR is, according to increasing
evidence, superior to nonsurgical treatment in recurrent GBM,
while incomplete resection showed to be non-inferior to the
best medical treatment.®” The administration of 5-ALA with
the aid of a dedicated BLUE 400 filter in a phase 3 randomized
trial showed concrete results in increasing extent of resection
and progression-free survival. Complete resection was
achieved in 65% of patients with the aid of 5-ALA guided
surgery compared with 33% of the control group of patients
operated under white light. Progression-free survival improved
from 20% to 40%.3¢ In a recent review of literature, the anal-
ysis of the postoperative MRI of 1163 cases involving 22 stud-
ies underwent 5-ALA FGS, showed that 65% of patients who
received 5-ALA group reported GTR of the contrast-enhancing
tumor, which was an higher percentage if compared to patients
in the control group (36% without FGS). In 5-ALA cohort, 6-
month PFS rate of 41% was significantly higher if compared to
that of the white light surgery control group (21%).%> More
recent studies regarding 5-ALA impact on the extent of resec-
tion, have reported higher rates of GTR, even exceeding 80% in
some reports. This could be also the result of surgeon improv-
ing learning curve through the years and this consideration
should be taken into account.*® Regarding SF, a recent multi-
centric controlled prospective phase II trial has been published
reporting an 82.6% of patients that experienced GTR. PFS at 6
and 12 months was, respectively, 56.6% and 15.2%.°° Katsev-
man et al showed that patients who underwent surgery with SF
had a statistically significantly smaller median tumor volume
of 17 cm? left compared to 32.5 cm® in the non-SF group.
Overall, GTR (>98%) was achieved in 73% of SF procedures
compared to 53% (21/40) of patients when surgery was per-
formed without SF (OR 2.5, 95% CI 1.09-5.75; P<0.05).*° Ina
recent mata-analyses conducted by Eljamel concerning the
effectiveness and cost-effectiveness of intraoperative imaging
for glioma surgery, the author found comparable primary
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outcome endpoints (GTR rate of 69.1% and 84.4%, using
respectively 5-ALA and SF (P > 0.05). The impact of intrao-
perative fluorescence-guided surgery on PFS was found to be a
valuable endpoint after GTR. Resection after 5-ALA adminis-
tration showed to be associated with a PFS of 8 months if
compared to 7 months following the use of SF during surgery.”'
Finally, the use of fluorescence was able to change surgeons
decision in order to continue or stop resection in over 59% and
improved functional outcomes in at least 19% of patients,
according to a meta-analyses conducted by Mahboob ef al. The
decreasing of the neurological functional status was reported in
only 13% or less and the neurological deficit described was
usually mild and often short-lived.”?

New Perspectives—Second Window
Indocyanine Green

Indocyanine Green (ICG) is a tricarbocyanine near-infrared
(NIR) fluorophore used as an angiographic agent since the
1960s and for assessment of cardiac and hepatic function. More
recently, ICG has been used for tracing tumor tissue with a new
technique known as SWIG. Unlike the traditional use in
videoangiography procedures, where the tracer is used to visua-
lize the vasculature within few minutes after the injection, this
method has allowed the intraoperative visualization of tumors
about 24 hours after high-dose intravenous administration. This
relatively new application has been used in numerous different
cancer types such lung, prostate, breast, ovarian, colorectal,
pancreatic, esophageal and metastatic cancer”® before its wide
application in different brain tumor such as meningiomas,”
metastases, pituitary adenomas,” chordomas, craniopharyn-
giomas, lymphoma.”®®” and glioma.’**®® The real mechan-
ism of action of the SWIG is not entirely clear but the
hypothesis is that the accumulation of ICG happens according
to the described “enhanced permeability and retention” (EPR)
effect, which states that solid tumors usually are characterized
by high vascular permeability because of the presence of defec-
tive vascular structures feeded by mediators causing an
increased permeability.'® This is why ICG is able then to
accumulate in tumoral areas being visualized even 24 hours
later.'! Indocyanine green peak of emission and excitation is
780 and 810 nm respectively and requires a dedicated NIR
imaging device for visualization in the operative field. It is
removed by biliary excretion with half-life of <180 sec and
without significative side effects. For SWIG application, ICG
is administered at a dose of 5.0 mg/kg up to 24 hours before
surgery.”*'%? In neurosurgery, in contrast to PPIX or fluores-
cein, SWIG imaging utilizes NIR fluorescence, increasing then
the level of tissue penetration, especially in less dense tissues.
NIR light can pass through the brain tissue more than 10 mm,
then allowing a proper visualization of brain tumors through
the dura. This is functional in the intraoperative planning
before the dural opening and corticectomy, because it can
minimize normal brain tissue damage. Furthermore, NIR ima-
ging is achieved in real-time, then SWIG is not affected by the
intraoperative dynamic changes of the brain during the tumor

excision. For these reasons, this phluorophore could be a use-
ful tool in order to improve the extent of surgical resection
through FGS for brain tumors and in particular for HGGs,
considering also that SWIG appears to correlate with tumor
contrast enhancement in MRI sequences.”® One of the limits
of SWIG consists in the weakness of dye’s signal and the
consequent need to use a camera system that increase the
exposure. This probably contributes to increase the number
of false-positive biopsies in particular considering that con-
ventional surgical microscopes with add-on NIR modules
showed a significant lower sensitivity for NIR fluorescence,
if compared to microscopes with dedicated NIR imaging
modules. In order to minimize this problem, it could be useful
to register the fluorescence intensity when the tumor is first
exposed and then to keep it throughout the rest of the surgery.
Any NIR fluorescence intensity at the same level of the start-
ing one increases the neoplastic characteristics of the exam-
ined area.'” The second limit of SWIG, in the same way as
SF, is represented by the low specificity due to its mechanism
of action of passive-staining through the areas of blood-brain-
barrier breakdown.”*> Moreover ICG is generally bound to
plasma albumin or others carriers and this could limit the
bioavailability of the tracer. There is lack of strong evidence
in the literature concerning the SWIG for HGG. The first
study published by Li et a/ on SWIG for gliomas, included
15 patients: 10 WHO grade IV, 1 WHO grade III anaplastic
astrocytoma, 2 WHO grade II astrocytomas and 1 WHO grade
I juvenile pilocytic astrocytoma. The authors found that 12
out of 15 analyzed gliomas demonstrated positive NIR fluor-
escence, while the 3 gliomas that did not demonstrate NIR
fluorescence did not enhance also after gadolinium adminis-
tration on the preoperative MRI. During surgery, diagnostic
test on 71 specimens were taken from the 12 patients with
positive NIR fluorescence and the authors reported that SWIG
showed about 98% of sensitivity, 45% of specificity, 82% of
PPV and 90% of negative predictive value NPV.”® Updated
data published from Cho et al on 78 specimens show that
SWIG has 97% sensitivity, 56% specificity, 94% PPV, 71%
NPV, and 92% accuracy.'®® Moreover, the authors hypothe-
size that SWIG could predict the location of gadolinium
uptake on postoperative MRI. SWIG could be considered a
promising tool for brain surgery and especially for gliomas,
because it could potentially combine the advantages of FGS
with the possibility of detecting the neoplastic tissue through
the dura and the brain parenchyma without significant side
effects. Future investigation studies would compare SWIG to
the current approved phluorophore for the FGS, and a cost-
benefits analysis would be mandatory (Table 1).

Conclusion

Fluorescence guided surgery represents an important advance-
ment in the management of HGGs. The real-time identification
of residual malignant tissue has shown to facilitate GTR and
has been associated with improved radiological outcomes.
5-ALA and SF present different profiles of sensitivity and
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specificity which need to be considered and further investi-
gated in cost-effectiveness analysis. New techniques and new
phluorophores such as ICG and SWIG might play an important
role in FGS.
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