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Simple Summary: This study explores the use of fluorescence-guided resection in glioblastoma
surgery, focusing on the combined use of 5-aminolevulinic acid and sodium fluorescein. By analyzing
100 cases from our medical center, we aimed to address concerns about fluorescence-guided resection
and share our findings. The dual use of 5-aminolevulinic acid and fluorescein enhances the extent of
tumor resection and reduces false positives without increasing adverse effects. In our experience,
fluorescein guided the initial resection phase, while 5-aminolevulinic acid identified tumor spots
within the surgical cavity, achieving gross total resection in 96% of cases and supra-maximal resection
in 11%. This combined approach appears promising for improving outcomes in glioblastoma patients.

Abstract: Background: Fluorescence-guided resection (FGR) of glioblastomas has been previously
explored with the use of 5-amivelulinic acid (5-ALA) and sodium fluoresceine (SF), allowing us
to maximize the extent of resection (EoR). In this study, we highlight the most relevant concerns
regarding this technique and present the methods and results from the experience of our center.
Methods: A case series of 100 patients operated on in AOU Citta della Salute e della Scienza in Turin
with a histological diagnosis of glioblastoma (grade IV, according to WHO 2021) was retrospectively
analyzed. Both 5-ALA and SF were administered and intraoperatively assessed with an optical
microscope. Results: 5-ALA is the only approved drug for FGR in glioblastoma, reporting an
increased EoR. Nevertheless, SF can be positively used in addition to 5-ALA to reduce the risk of false
positives without increasing the rate of adverse effects. In our experience, SF was used to guide the
initial phase of resection while 5-ALA was used to visualize tumor spots within the surgical cavity.
In 96% of cases, gross total resection was achieved, with supra-maximal resection in 11% of cases.
Conclusions: Combined FGR using 5-ALA and SF seems to be a promising method of increasing the
extent of resection and to improving the prognosis in glioblastoma patients.

Keywords: glioma; glioblastoma; fluorescence; aminolevulinic acid; fluorescein; maximal safe resection

1. Introduction

Glioblastomas (GBMs) are the most frequent primary brain tumors and still present
a poor prognosis [1,2]. Despite recent technological advancements in GBM treatment [3],
surgery remains the first fundamental step in the multimodal treatment of these tumors,
aiming to improve not only overall survival (OS) but also quality of life (QoL) [4,5]. Previous
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studies have analyzed the impact of several factors on the OS of patients affected by
GBM [6-8], but gross total resection (GTR) remains the most relevant. Nevertheless,
even if extent of resection (EoR) > 98% is an essential prognostic factor to consider, the
prognosis of GBM remains poor due to the infiltrative nature of the disease [9]. Considerable
efforts have been devoted to achieving maximal safe resection, both preoperatively and
intraoperatively [10-15]. In this context, the main surgical focus concerns the resection
of tumor borders going beyond the area of contrast enhancement. In fact, tumor cells
infiltrate the region around the enhancing area without damaging the blood-brain barrier
(BBB), so that the specificity of gadolinium is reduced in this area, possibly hindering the
achievement of a real GTR [16]. An exact intraoperative differentiation of neoplastic tissue
from normal parenchyma can be challenging, only relying on visual and tactile information.
In this context, fluorescence-guided resection (FGR) has proven to be a useful tool to
address these issues. So far, two main compounds have been extensively used in malignant
glioma surgery: 5-amivelulinic acid (5-ALA) and sodium fluoresceine (SF). However, the
two fluorescent dyes differ greatly from each other, with consequent pros and cons to their
use. Up to date, many studies have compared the usefulness of 5-ALA and SF in terms
of GTR, even if recent studies showed that using 5-ALA and SF simultaneously could
improve both GTR and OS in comparison with the administration of one dye alone [17-19].
The objective of this study is to propose and describe a surgical technique that utilizes
both fluorophores sequentially, aiming to maximize their advantages and minimize their
disadvantages. To support this technique, we present a case series of 100 patients affected
by GBM that have undergone surgical resection with the double guidance of both 5-ALA
and SE.

2. Description of the Surgical Technique and Fluorophores’ Characteristics
2.1. Mechanism of Action, Administration, Intraoperative Use, and Adverse Effects

SF accumulates in neoplastic regions because of passive diffusion through the sites of
BBB breakdown [20]. Sharing the same mechanism of action of gadolinium, the distribution
of SF in tumor tissue roughly overlaps with the contrast-enhanced area on magnetic
resonance imaging (MRI), while 5-ALA, being a metabolic tracer, is not limited by the
disruption of the BBB and highlights the infiltrative part of the tumor beyond the enhancing
nodule in the FLAIR hyperintense area. However, the diffusion of SF may sometimes exceed
the contrast-enhancing region, probably due to the lower molecular weight of SF compared
to gadolinium [21]. SF administration occurs intravenously at dosage between 3 and
5 mg/kg at the time of anesthesia induction [22], even if recent studies support the use of
low-dose SF (1-4 mg/kg) [23] or ultra-low-dose SF (0.5-1 mg/kg) [24] for glioma surgery.
It is completely washed out within 24 h (Table 1).

Table 1. Fluorescent dyes characteristics. BBB: blood-brain barrier, CE: contrast-enhanced.

5 Aminolevulinic Acid Sodium Fluorescein
Wavelength 390-400 nm 460-500 nm
Metab%g%trdaizsilgﬁc()):; ed for BBB disruption tracer
Timing 4h before anesthesia induction At anesthesia induction
Photosensitivity yes no
Half-life 1-3h 24 to 36 h
Ependymal fluorescence, inferior detection of tumor

Pitfalls working in low light setting  infiltration beyond CE nodule

Briefly, 5-ALA is characterized by a metabolic accumulation within the epithelial and
tumoral tissues, including GBMs, which are particularly able to accumulate protoporphyrin
IX (PPIX) [25]. This is mainly attributable to two alterations generally present in cancer cells:
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the reduced activity of the ferrochelatase enzyme, which converts PPIX into heme, and the
decreased concentration of the ATP-binding Cassette Subfamily B Member 2 (ABCG2) trans-
porter, which leads to a reduced efflux of PPIX. Both these factors, associated with a general
increase in the heme biosynthesis pathway activity, result in an accumulation of PPIX
within tumor cells, including glioma cells [26]. Moreover, 5-ALA is orally administrated at
a dosage of 20 mg/kg 3 h before induction of anesthesia, and the peak of fluorescence can
be expected after about 6-8 h, with fluorescence visibility being noticeable around 3 h after
administration [27]. The small size of the molecule allows 5-ALA to be rapidly absorbed
from the intestine and cleared from plasma within 2 h of administration [26] (Table 1).

SF is excited by a light wavelength ranging from 460 to 500 nm and emits fluorescent
radiation in the wavelength ranging from 540 to 690 nm [28], while 5-ALA requires a filtered
xenon light to give blue-violet light with a wavelength from 370 to 440 nm and an emission
filter, allowing visualization of red fluorescence, which has a peak at 635 and 704 nm [27].
This implies that each compound requires a modified microscope with a dedicated light
source for excitation and an emission filter for optimal fluorescence visualization. This
technical issue has been addressed by modern microscopes, which allow the alternative
use of both BLUE 400 and YELLOW 560 to detect 5-ALA and SF, respectively [17].

Intraoperative visualization of 5-ALA allows us to further distinguish different pat-
terns: the necrotic area is usually marked by absent/inhomogeneous pink-red fluorescence,
solid tumors present bright fluorescence intensity, and the transitional area of infiltrating
and invasive brain tissue shows faint fluorescence [29]. On the other hand, different fluo-
rescence patterns using SF have never been reported or classified, even if non-neoplastic
structures can be fluorescent, because of tissue manipulation, edema bulk flow, dose, and
timing administration [30].

Both the dyes are well tolerated, presenting low rates of adverse events: 5-ALA is
mostly associated with minimal liver function alteration, temporary hypotension, and
photosensitivity for the first 24 h after application [31], thus requiring the patient to avoid
direct light exposure before and after surgery. Adverse events related to administration
of SF have been widely evaluated due to its widespread use in angiographic procedures;
these include nausea, vomiting and flushing/itching/hives, and they are usually dose-
related [32].

2.2. Surgical Technique

All patients were treated with the aim of achieving a maximal safe resection of the
contrast-enhanced tumor volume. Regarding the dosages and administration of the fluo-
rophores, 5-ALA (20 mg/kg) was administered orally 2.5 to 3.5 h before the induction of
anesthesia, and SF (3 mg/kg) was administered intravenously at the induction of anesthesia.
In all cases, a Leica M530 OHX microscope (Leica Microsystems, Heerbrugg, Switzerland),
equipped with both FL 400 and FL 560 filters to emit and observe different wavelength
ranges, was used interchangeably to detect 5-ALA and SF, respectively, and fluorescence
pattern distribution.

The surgical strategy involved a first white-light inspection of the tumor, and before
excision, the fluorescent pattern was systematically analyzed with both fluorophores to
highlight their differences (Figure 1). We can observe an overlap between the two fluo-
rophores (B,C) despite 5-ALA being more prevalent, and structural alteration of the tumor
parenchyma is visible even in white light (A).

Following the corticectomy, the first phase of debulking was performed using only flu-
orescein (with a shift to white light) to broadly delineate the tumor while easily controlling
hemostasis. This phase was followed by a second look using 5-ALA with the possibility of
switching between the two fluorophores and white light in cases of doubtful fluorescence,
such as in the ependymal region (Figure 2).

Finally, the margins of the cavity were explored with both fluorophores in sequence to
confirm the absence of fluorescent pathological tissue (Figure 3).
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Figure 2. Visualization in white light (A), FL 560 (B), and FL 400 (C) of the tumor during resection. In
(C), a tumor residual visible on 5-ALA fluorescence, but not on SF or WL, is highlighted with the
white asterisk.

Figure 3. Visualization in white light (A), FL 560 (B), and FL 400 (C) of the cavity after complete
resection, with no residual tumor visible with any fluorescent dye.

Intraoperative sample visualization allows us to observe the overlap between the two
fluorescences within the tumor nodule (Figure 4).

Resection may be interrupted in cases of alterations in intraoperative neurophysiologi-
cal monitoring, proximity to white matter bundles highlighted by tractography, or changes
in tested functions in cases of awake surgery.
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Figure 4. Visualization in white light (A), FL 560 (B), and FL 400 (C) of tumor sample after en-
bloc removal.

3. Case Series

One-hundred patients with histological diagnosis of glioblastoma IDH-Wild Type
according to 2021 WHO Classification underwent combined FGR at department of Neu-
rosurgery of AOU City of Health and Science of Turin between 2020 and 2023. Of these,
46 patients were male (46%) and 54 were female (54%). The mean age at the time of surgery
was 54.7 £ 13.8 years, and the mean preoperative Karnofsky Performance Status (KPS)
was 87.4 & 12.3. Preoperative neurological deficits were identified in 25 patients (25%).
Tumor localization occurred within the frontal lobe in 46 cases (46%), the parietal lobe in
19 cases (19%), the occipital lobe in 9 cases (9%), the temporal lobe in 24 cases (24%), and
the cerebellum in 2 cases (2%). Concerning the side, the tumor affected the left hemisphere
in 45 cases (45%) and in the right hemisphere in 55 cases (55%).

The mean time of surgical procedure was 217 £ 79.6 min. Postsurgical complications
were identified in seven cases (7%), all of them presenting with intracranial hematomas, and
two of them required reoperation (28.5%). The mean postoperative KPS was 84.2 & 16.8.
postoperative neurological evaluation showed an improvement in neurological functions
in 13 patients (13%), stability in 53 patients (53%), and worsening in 13 patients (13%).
We did not observe any adverse effect possibly related to the administration of the fluo-
rophores (0%)

The extent of resection (EoR) was evaluated according to classification proposed by
Karschnia et al. [33], considering the resection of contrast-enhanced (CE) and non-contrast-
enhanced (nCE) tissue as follows:

Class 1 (supramaximal CE resection): 0 cm3 CE + <5 cm® nCE;

Class 2 (maximal CE resection):

O  Class 2A (complete CE resection): 0 cm?® CE + >5 cm® nCE;

O Class 2B (near total CE resection): <1 cm? CE;
e  C(Class 3 (submaximal CE resection):

O Class 3A (subtotal CE resection): <5 cm? CE;

O  Class 3B (partial CE resection): >5 cm® CE;
e C(lass 4 (biopsy): no reduction in tumor volume.

In our series, supramaximal resection was achieved in 11 patients (11%), complete
CE resection in 74 patients (74%), near total CE resection in 9 patients (9%),subtotal CE
resection in 3 patients (3%) and partial CE resection in 2 cases (2%). No biopsies were

considered for this series. The mean postoperative OS was 18.3 £ 10.7 months.
All data are summarized in Table 2.



Cancers 2024, 16, 2771

60f 11

Table 2. Clinical and surgical features of the sample.

Variables Value
Gender
Male 46 (46%)
Female 54 (54%)
Preoperative KPS 87.4£12.3
Preoperative neurological deficit
Yes 25 (25%)
No 75 (75%)
Localization
Frontal 46 (46%)
Parietal 19 (19%)
Occipital 9 (9%)
Temporal 24 (24%)
Cerebellar 2 (2%)
Side
Left 45 (45%)
Right 55 (55%)
Age at surgery (years) 54.7 £13.8
Duration of surgery (minutes) 217 £79.6
Complications
No 93 (93%)
Yes 7 (7%)
Requiring reoperation 2 (28.5%)
Postoperative KPS 84.2 £16.8
Postoperative neurological deficit
Worsening 25 (25%)
Stability 60 (60%)
Improvement 15 (15%)
Extent of Resection
Class 1 11 (11%)
Class 2A 74 (74%)
Class 2B 9 (9%)
Class 3A 3 (3%)
Class 3B 2 (2%)
Class 4 0 (0%)
Overall Survival (months) 18.3 +10.7

4. Discussion

Surgery is currently considered the cornerstone of treatments in GBM patients, par-
ticularly due to the importance of the extent of resection as a prognostic value. Recently,
Karschnia et al. demonstrated that between different classes of resection (supramaximal
CE resection, maximal CE resection, submaximal CE resection and biopsy), there is a statis-
tically significant difference in progression-free survival (PFS) (11 vs. 9 vs. 8 vs. 5 months;
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p =0.001) and OS (24 vs. 19 vs. 15 vs. 10 months; p = 0.001) in GBM patients [33]. In
this context, FGR can provide an important support to maximize tumor resection and
consequently improve the prognosis of these patients. In fact, this technique provides an
intraoperative tool with which to distinguish tumoral tissue from brain parenchyma and
guide surgical resection.

Various studies have evaluated the impact of FGR in the maximization of the EoR and
its prognostic value in GBM patients. In a phase 3 randomized trial, the administration
of 5-ALA supported by the use of a dedicated BLUE 400 filter showed an increase in
the EoR and PFS compared with the control group operated upon under white light. In
a study by Stummer et al.,, complete resection was achieved in 65% of patients in the
5-ALA group vs. 33% of patients in the white light group, which was associated with an
improvement in progression-free survival from 20% to 40% [30]. In a recent systematic
review, the performance of FGR using 5-ALA has been associated with a greater EoR and
with better clinical outcomes compared to white light resection. The authors reported an
increase in both PFS (better in 88.4% of cases and no difference in 11.6%) and OS (better
in 67.5% of cases and no difference in 32.5%). Moreover, they analyzed postoperative
neurological deficits, reporting an improvement in 42.2% of cases, a worsening in 23.3%,
and no difference in 34.5% [34].

Up to date, 5-ALA is the only drug approved for FGR, although sodium fluorescein
(SF) has seen more and more off-label use by many neurosurgeons in recent years [35].
This trend is related to several advantages of SF over 5-ALA: lower price (EUR 5 per
vial for SF vs. EUR 2000 for 5-ALA), easier method of administration in clinical practice
(SF is administered intravenously at the beginning of an operation without requiring the
darkening of the operating room during surgery), and the possibility of using it in different
types of tumors due to its non-specific mechanism of action. In a retrospective cohort
study by Hansen et al. including 194 patients diagnosed with new GBM, the authors
found no significant difference between 5-ALA and SF use to obtain GTR (64% vs. 62%,
p = 0.76, respectively), while a better OS was detected in the SF group (14.75 months
vs. 19.75 months, p = 0.06, respectively). These results suggest that SF could potentially
be equivalent and also preferable to 5-ALA in terms of efficacy and outcomes in some
cases [36].

Another aspect to take into consideration performing FGR is the risk of false positives.
Notably, 5-ALA could present false positivity in both oncological and non-oncological
alterations such as peritumoral inflammation, radiation necrosis, and reactive gliosis result-
ing from chemo-radiotherapies treatments, multiple sclerosis, neurodegenerative diseases,
and infectious conditions [37]. Thus, fluorophore uptake must always be considered in
relation to the expertise of the surgeon. In a recent meta-analysis, the incidence of false
positives was higher in recurrent GBM rather than in newly diagnosed GBM (10.1% vs.
4.1%, p = 0.004). Moreover, false positivity in the group of recurrent GBM did not include
cases of radionecrosis [38]. Therefore, FGR using 5-ALA is a particularly effective method
in newly diagnosed GBM, but also in relapses. Its double fluorescence can help distinguish
pathological tumor tissue from scar—glial or post-radiation tissue. This occurs both in cases
where the differential diagnosis is with radionecrosis and in cases of recurrent GBM where
pseudoprogression is suspected, as the risk of false positives is not negligible and must
be considered. Indeed, the role of SF in recurrent GBMs has been explored by Hone et al.,
achieving GTR in 84% of cases, despite the fact that the distinction of pseudoprogression
from recurrent GBM has not been investigated [39]. However, it seems reasonable to assume
that SF may have a limited role in discriminating recurrent GBM from pseudoprogression
or radionecrosis due to the property of SF distribution according to BBB damage.

Ependymal fluorescence (EF) remains a debated topic in FGR. It is widely described
that the opening of the ventricle during FGR using 5-ALA may result in extended fluo-
rescence along the ependymal layer, although the prevalence and the mechanism of this
phenomenon are not well understood [40]. According to a recent review, the overall preva-
lence of EF is around 60%. Nevertheless, the real incidence of EF remains unknown because
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the ventricle does not need to be opened in all cases [41]. On the contrary, no cases of EF
using SF have been reported in the literature [41,42]. This finding supports the combined
use of 5-ALA and SF for GBM resection in cases of predicted opening of the ventricle in
order to reduce the risk of false positives.

To maximize the advantages of the two compounds and, at the same time, to compen-
sate for their respective limitations, we propose using both 5-ALA and SF in sequential
order. Our suggestion is that the first debulking phase is performed under SF guidance,
alternating the YELLOW 560 filter with white light to reduce the nonspecific spread of SF
in normal brain parenchyma, consequent to the surgical manipulation, and to facilitate the
detection of anatomical structures in the early stages of the procedure, thus reducing the
risk of accidental damage to vascular or nervous structures [27]. The use of SF as well as
white light is indeed less tiring for the surgeon compared to 5-ALA and allows for better
management of hemostasis, particularly in lesions that tend to bleed significantly, resulting
in a shorter surgical time. On the other hand, we suggest using 5-ALA at a subsequent
time, profiting from its higher specificity to individuate tumoral spots within the surgical
cavity [35]. Moreover, 5-ALA has also revealed a superiority in terms of sensitivity for infil-
trated areas beyond the contrast-enhanced border of the lesion, facilitating supramaximal
resection when feasible [43]. Additionally, the delayed use of 5-ALA allows for a reduction
in the time spent visualizing under a blue filter, creating a less tiring work environment
for surgeons.

In our series, the subsequential use of 5-ALA and SF allowed us to achieve supramaxi-
mal resection in 11/100 cases (11%, Class 1) and complete resection of the contrast-enhanced
area in 85/100 patients (85%, Class 1 and 2A), with a positive impact on OS (mean OS:
18.3 months). According to the literature, there is no reported increase in the risk of pho-
tosensitive side effects in cases of contemporary administration of both the fluorophores
in the same patient; this is probably related to differences in the time of administration,
systemic half-life, and pattern of catabolism of the two compounds [44,45]. In our series any
side effect that may be linked to the assumption of 5-ALA or SF was observed. Considering
economic issues, the low cost of SF in comparison to 5-ALA [17] makes the use of both
the dyes economically comparable to the sole use of 5-ALA. Thus, in case of routine use
of 5-ALA, the additional use of SF should be considered without provoking a significant
modification in the economic burden.

Up to date, only a few studies have evaluated the administration of both 5-ALA and
SF [17,18,46,47]. Della Puppa et al. in their series of three cases reported high sensitivity
for both 5-ALA and SF (100% and 93%, respectively); the positive predictive value (PPV),
negative predictive value (NPV), and specificity of 5-ALA were higher than those of SF
(67% vs. 33%, 100% vs. 50% and 94% vs. 87%, respectively). At the same time, both 5-ALA
and SF presented a notable false positive rate in which faint fluorescence was present
(peritumoral infiltration), although 5-ALA still presented higher specificity than SF (67% vs.
33, respectively) [18]. Zeppa et al. reported an EOR of more than 90% in 87.5% of patients
that underwent FGR using 5-ALA, in 77.3% of patients using SF, and in 80% of patients
with combined FGR. Regarding OS, combined FGR presented better prognostic outcomes
compared with 5-ALA and SF alone, even if statistical significance was not reached for
EOR or OS (p = 0.783 and p = 0.071, respectively) [17].

5. Conclusions

Combined fluorescence-guided resection using 5-ALA and SF seems to be a promising
method of increasing the extent of resection and improving the prognosis in GBM patients.
The combination of the two compounds reduces the limitations associated with the intrinsic
characteristics of the fluorophores, without a significant impact on cost or safety compared
to the exclusive administration of 5-ALA. We propose the intraoperative subsequential use
of the fluorophores to maximize their guidance during surgical resection.



Cancers 2024, 16, 2771 9of 11

Author Contributions: Conceptualization, PL.C. and A.B.; writing—original draft preparation, M.B.
and A.P; writing—review and editing P.Z. and A.P,; project administration, A.M., PF. and D.G.;
supervision A.B. and EC. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and ethical review and approval were waived due to the retrospective nature of the study.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are not openly available
due to reasons of sensitivity and are available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Mladenovsk, M.; Valkov, I.; Ovcharov, M.; Vasilev, N.; Duhlenski, I. High Grade Glioma Surgery—Clinical Aspects and Prognosis.
Folia Med. 2021, 63, 35-41. [CrossRef] [PubMed]

2. Bianconi, A.; Koumantakis, E.; Gatto, A.; Zeppa, P; Saaid, A.; Nico, E.; Bruno, F,; Pellerino, A.; Rizzo, F.; Junemann, C.V,; et al.
Effects of Levetiracetam and Lacosamide on survival and seizure control in IDH-wild type glioblastoma during temozolomide
plus radiation adjuvant therapy. Brain Spine 2024, 4, 102732. [CrossRef] [PubMed]

3. Bonosi, L.; Marino, S.; Benigno, U.E.; Musso, S.; Buscemi, F,; Giardina, K.; Gerardi, R.; Brunasso, L.; Costanzo, R.; Iacopino, D.G.;
et al. Sonodynamic therapy and magnetic resonance-guided focused ultrasound: New therapeutic strategy in glioblastoma. J.
Neurooncol. 2023, 163, 219-238. [CrossRef] [PubMed]

4. Watts, C. Surgical management of high-grade glioma: A standard of care. CNS Oncol. 2012, 1, 181-192. [CrossRef] [PubMed]

5. Bianconi, A.; Prior, A.; Zona, G.; Fiaschi, P. Anticoagulant therapy in high grade gliomas: A systematic review on state of the art
and future perspectives. J. Neurosurg. Sci. 2023, 67, 236-240. [CrossRef]

6. Liang, J.; Lv, X,; Lu, C.; Ye, X.; Chen, X.; Fu, J.; Luo, C.; Zhao, Y. Prognostic factors of patients with Gliomas—An analysis on 335
patients with Glioblastoma and other forms of Gliomas. BMC Cancer 2020, 20, 35. [CrossRef] [PubMed]

7.  Sledzinska, P; Bebyn, M.G.; Furtak, J.; Kowalewski, J.; Lewandowska, M.A. Prognostic and Predictive Biomarkers in Gliomas. Int.
J. Mol. Sci. 2021, 22, 10373. [CrossRef] [PubMed]

8. Marini, A,; Dobran, M.; Aiudi, D.; Pesaresi, A.; di Somma, L.G.M.; lacoangeli, M. Pre-operative hematological markers as
predictive factors for overall survival and progression free survival in glioblastomas. Clin. Neurol. Neurosurg. 2020, 197, 106162.
[CrossRef] [PubMed]

9.  Sales, A.H.A,; Beck, J.; Schnell, O.; Fung, C.; Meyer, B.; Gempt, J. Surgical Treatment of Glioblastoma: State-of-the-Art and Future
Trends. J. Clin. Med. 2022, 11, 5354. [CrossRef]

10. Bonosi, L.; Marrone, S.; Benigno, U.E.; Buscemi, F.; Musso, S.; Porzio, M.; Silven, M.P.; Torregrossa, F.; Grasso, G. Maximal Safe
Resection in Glioblastoma Surgery: A Systematic Review of Advanced Intraoperative Image-Guided Techniques. Brain Sci. 2023,
13, 216. [CrossRef]

11.  Wei, R.; Chen, H.; Cai, Y.; Chen, ]J. Application of intraoperative ultrasound in the resection of high-grade gliomas. Front. Neurol.
2023, 14, 1240150. [CrossRef] [PubMed]

12. Habib, A.; Jovanovich, N.; Hoppe, M.; Hameed, N.U.F,; Edwards, L.; Zinn, P. Navigated 3D ultrasound-guided resection of
high-grade gliomas: A case series and review. Surg. Neurol. Int. 2022, 13, 356. [CrossRef] [PubMed]

13.  Noh, T.; Mustroph, M.; Golby, A ]. Intraoperative Imaging for High-Grade Glioma Surgery. Neurosurg. Clin. N. Am. 2021, 32,
47-54. [CrossRef] [PubMed]

14. De Marco, R.; Pesaresi, A.; Bianconi, A.; Zotta, M.; Deandreis, D.; Morana, G.; Zeppa, P.; Melcarne, A.; Garbossa, D.; Cofano, F. A
Systematic Review of Amino Acid PET Imaging in Adult-Type High-Grade Glioma Surgery: A Neurosurgeon'’s Perspective.
Cancers 2022, 15, 90. [CrossRef] [PubMed]

15. Salvati, L.F,; De Marco, R.; Palmieri, G.; Minardi, M.; Massara, A.; Pesaresi, A.; Cagetti, B.; Melcarne, A.; Garbossa, D. The
Relevant Role of Navigated Tractography in Speech Eloquent Area Glioma Surgery: Single Center Experience. Brain Sci. 2021, 11,
1436. [CrossRef] [PubMed]

16. Jiang, S.; Chai, H.; Tang, Q. Advances in the intraoperative delineation of malignant glioma margin. Front. Oncol. 2023, 13,
1114450. [CrossRef] [PubMed]

17.  Zeppa, P.; De Marco, R.; Monticelli, M.; Massara, A.; Bianconi, A.; Di Perna, G.; Greco Crasto, S.; Cofano, F.; Melcarne, A.; Lanotte,
M.M_; et al. Fluorescence-Guided Surgery in Glioblastoma: 5-ALA, SF or Both? Differences between Fluorescent Dyes in 99
Consecutive Cases. Brain Sci. 2022, 12, 555. [CrossRef] [PubMed]

18.  Della Puppa, A.; Munari, M.; Gardiman, M.P,; Volpin, F. Combined Fluorescence Using 5-Aminolevulinic Acid and Fluorescein

Sodium at Glioblastoma Border: Intraoperative Findings and Histopathologic Data About 3 Newly Diagnosed Consecutive Cases.
World Neurosurg. 2019, 122, e856-e863. [CrossRef] [PubMed]


https://doi.org/10.3897/folmed.63.e55255
https://www.ncbi.nlm.nih.gov/pubmed/33650394
https://doi.org/10.1016/j.bas.2023.102732
https://www.ncbi.nlm.nih.gov/pubmed/38510602
https://doi.org/10.1007/s11060-023-04333-3
https://www.ncbi.nlm.nih.gov/pubmed/37179515
https://doi.org/10.2217/cns.12.26
https://www.ncbi.nlm.nih.gov/pubmed/25057866
https://doi.org/10.23736/S0390-5616.21.05536-3
https://doi.org/10.1186/s12885-019-6511-6
https://www.ncbi.nlm.nih.gov/pubmed/31941467
https://doi.org/10.3390/ijms221910373
https://www.ncbi.nlm.nih.gov/pubmed/34638714
https://doi.org/10.1016/j.clineuro.2020.106162
https://www.ncbi.nlm.nih.gov/pubmed/32890893
https://doi.org/10.3390/jcm11185354
https://doi.org/10.3390/brainsci13020216
https://doi.org/10.3389/fneur.2023.1240150
https://www.ncbi.nlm.nih.gov/pubmed/37965171
https://doi.org/10.25259/SNI_469_2022
https://www.ncbi.nlm.nih.gov/pubmed/36128115
https://doi.org/10.1016/j.nec.2020.09.003
https://www.ncbi.nlm.nih.gov/pubmed/33223025
https://doi.org/10.3390/cancers15010090
https://www.ncbi.nlm.nih.gov/pubmed/36612085
https://doi.org/10.3390/brainsci11111436
https://www.ncbi.nlm.nih.gov/pubmed/34827434
https://doi.org/10.3389/fonc.2023.1114450
https://www.ncbi.nlm.nih.gov/pubmed/36776293
https://doi.org/10.3390/brainsci12050555
https://www.ncbi.nlm.nih.gov/pubmed/35624942
https://doi.org/10.1016/j.wneu.2018.10.163
https://www.ncbi.nlm.nih.gov/pubmed/30391771

Cancers 2024, 16, 2771 10 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Shah, S.; Ivey, N.; Matur, A.; Andaluz, N. Intraoperative Fluorophores: An Update on 5-Aminolevulinic Acid and Sodium
Fluorescein in Resection of Tumors of the Central Nervous System and Metastatic Lesions—A Systematic Review and Meta-
Analysis. Tomography 2023, 9, 1551-1567. [CrossRef]

Musca, B.; Bonaudo, C.; Tushe, A.; Battaggia, G.; Russo, M.G.; Silic-Benussi, M.; Pedone, A.; Della Puppa, A.; Mandruzzato, S.
Sodium fluorescein uptake by the tumor microenvironment in human gliomas and brain metastases. |. Neurosurg. 2024, 140,
958-967. [CrossRef]

Neira, J.A; Ung, TH.,; Sims, ].S.; Malone, H.R.; Chow, D.S.; Samanamud, J.L.; Zanazzi, G.]J.; Guo, X.; Bowden, S.G.; Zhao, B.; et al.
Aggressive resection at the infiltrative margins of glioblastoma facilitated by intraoperative fluorescein guidance. J. Neurosurg.
2017, 127,111-122. [CrossRef] [PubMed]

Restelli, F.; Bonomo, G.; Monti, E.; Broggi, G.; Acerbi, F; Broggi, M. Safeness of sodium fluorescein administration in neurosurgery:
Case-report of an erroneous very high-dose administration and review of the literature. Brain Spine 2022, 2, 101703. [CrossRef]
[PubMed]

Acerbi, F; Broggi, M.; Eoli, M.; Anghileri, E.; Cuppini, L.; Pollo, B.; Schiariti, M.; Visintini, S.; Orsi, C.; Franzini, A.; et al.
Fluorescein-guided surgery for grade IV gliomas with a dedicated filter on the surgical microscope: Preliminary results in 12
cases. Acta Neurochir 2013, 155, 1277-1286. [CrossRef] [PubMed]

Ling, G.; Guo, T,; Guo, F; Piao, H. Effectiveness and Safety of Ultra-low-dose Fluorescein Sodium-Guided Resection of Malignant
Glioma. World Neurosurg. 2024, 185, e774—€785. [CrossRef] [PubMed]

McCracken, D.J.; Schupper, A J.; Lakomkin, N.; Malcolm, J.; Painton Bray, D.; Hadjipanayis, C.G. Turning on the light for brain
tumor surgery: A 5-aminolevulinic acid story. Neuro Oncol. 2022, 24, S52-S61. [CrossRef] [PubMed]

Stummer, W.; Stocker, S.; Novotny, A.; Heimann, A.; Sauer, O.; Kempski, O.; Plesnila, N.; Wietzorrek, J.; Reulen, H.J. In vitro and
in vivo porphyrin accumulation by C6 glioma cells after exposure to 5-aminolevulinic acid. J. Photochem. Photobiol. B Biol. 1998,
45,160-169. [CrossRef]

Della Pepa, G.M.; Menna, G.; Olivi, A. Technical Pearls to Effectively Use 5-ALA in Fluorescence-Guided Tumor Resection—5
Lessons from the Operating Room. Brain Sci. 2023, 13, 411. [CrossRef] [PubMed]

Zhang, N.; Tian, H.; Huang, D.; Meng, X.; Guo, W.; Wang, C.; Yin, X.; Zhang, H.; Jiang, B.; He, Z.; et al. Sodium Fluorescein-Guided
Resection under the YELLOW 560 nm Surgical Microscope Filter in Malignant Gliomas: Our First 38 Cases Experience. Biomed.
Res. Int. 2017, 2017, 7865747. [CrossRef] [PubMed]

Lang, A ; Jeron, R.L.; Lontzek, B.; Kiesel, B.; Mischkulnig, M.; Berghoff, A.S.; Ricken, G.; Wohrer, A.; Rossler, K.; Lotsch-Gojo, D.;
et al. Mapping high-grade glioma immune infiltration to 5-ALA fluorescence levels: TCGA data computation, classical histology,
and digital image analysis. J. Neurooncol. 2023, 164, 211-220. [CrossRef]

Stummer, W. Factors confounding fluorescein-guided malignant glioma resections: Edema bulk flow, dose, timing, and now:
Imaging hardware? Acta Neurochir. 2016, 158, 327-328. [CrossRef]

Chung, LW.H.; Eljamel, S. Risk factors for developing oral 5-aminolevulinic acid-induced side effects in patients undergoing
fluorescence guided resection. Photodiagnosis Photodyn. Ther. 2013, 10, 362-367. [CrossRef] [PubMed]

Kwiterovich, K.A.; Maguire, M.G.; Murphy, R.P; Schachat, A.P.; Bressler, N.M.; Bressler, S.B.; Fine, S.L. Frequency of adverse
systemic reactions after fluorescein angiography. Results of a prospective study. Ophthalmology 1991, 98, 1139-1142. [CrossRef]
Karschnia, P; Young, J.S.; Dono, A.; Héni, L.; Sciortino, T.; Bruno, E; Juenger, S.T.; Teske, N.; Morshed, R.A.; Haddad, A.F; et al.
Prognostic validation of a new classification system for extent of resection in glioblastoma: A report of the RANO resect group.
Neuro Oncol. 2023, 25, 940-954. [CrossRef] [PubMed]

Eatz, T.A.; Eichberg, D.G.; Lu, VM.; Di, L.; Komotar, RJ.; Ivan, M.E. Intraoperative 5-ALA fluorescence-guided resection of
high-grade glioma leads to greater extent of resection with better outcomes: A systematic review. J. Neurooncol. 2022, 156, 233-256.
[CrossRef]

Ahrens, L.C.; Krabbenheft, M.G.; Hansen, RW.; Mikic, N.; Pedersen, C.B.; Poulsen, FR.; Korshoej, A.R. Effect of 5-Aminolevulinic
Acid and Sodium Fluorescein on the Extent of Resection in High-Grade Gliomas and Brain Metastasis. Cancers 2022, 14, 617.
[CrossRef]

Hansen, R.W.; Pedersen, C.B.; Halle, B.; Korshoej, A.R.; Schulz, M.K.; Kristensen, B.W.; Poulsen, ER. Comparison of 5-
aminolevulinic acid and sodium fluorescein for intraoperative tumor visualization in patients with high-grade gliomas: A
single-center retrospective study. J. Neurosurg. 2019, 133, 1324-1331. [CrossRef]

Bianconi, A.; Bonada, M.; Zeppa, P.; Colonna, S.; Tartara, F.; Melcarne, A.; Garbossa, D.; Cofano, F. How Reliable Is Fluorescence-
Guided Surgery in Low-Grade Gliomas? A Systematic Review Concerning Different Fluorophores. Cancers 2023, 15, 4130.
[CrossRef]

Ricciardi, L.; Sturiale, C.L.; Scerrati, A.; Stifano, V.; Somma, T.; Ius, T.; Trungu, S.; Acqui, M.; Raco, A.; Miscusi, M.; et al.
5-Aminolevulinic Acid False-Positive Rates in Newly Diagnosed and Recurrent Glioblastoma: Do Pseudoprogression and
Radionecrosis Play a Role? A Meta-Analysis. Front. Oncol. 2022, 12, 848036. [CrossRef] [PubMed]

Hohne, J.; Schebesch, K.-M.; de Laurentis, C.; Ak¢akaya, M.O.; Pedersen, C.B.; Brawanski, A.; Poulsen, ER ; Kiris, T.; Cavallo, C.;
Broggi, M.; et al. Fluorescein Sodium in the Surgical Treatment of Recurrent Glioblastoma Multiforme. World Neurosurg. 2019,
125, e158-e164. [CrossRef]


https://doi.org/10.3390/tomography9050124
https://doi.org/10.3171/2023.7.JNS23873
https://doi.org/10.3171/2016.7.JNS16232
https://www.ncbi.nlm.nih.gov/pubmed/27715437
https://doi.org/10.1016/j.bas.2022.101703
https://www.ncbi.nlm.nih.gov/pubmed/36605385
https://doi.org/10.1007/s00701-013-1734-9
https://www.ncbi.nlm.nih.gov/pubmed/23661063
https://doi.org/10.1016/j.wneu.2024.02.131
https://www.ncbi.nlm.nih.gov/pubmed/38432505
https://doi.org/10.1093/neuonc/noac191
https://www.ncbi.nlm.nih.gov/pubmed/36322101
https://doi.org/10.1016/S1011-1344(98)00176-6
https://doi.org/10.3390/brainsci13030411
https://www.ncbi.nlm.nih.gov/pubmed/36979221
https://doi.org/10.1155/2017/7865747
https://www.ncbi.nlm.nih.gov/pubmed/29124069
https://doi.org/10.1007/s11060-023-04406-3
https://doi.org/10.1007/s00701-015-2655-6
https://doi.org/10.1016/j.pdpdt.2013.03.007
https://www.ncbi.nlm.nih.gov/pubmed/24284086
https://doi.org/10.1016/S0161-6420(91)32165-1
https://doi.org/10.1093/neuonc/noac193
https://www.ncbi.nlm.nih.gov/pubmed/35961053
https://doi.org/10.1007/s11060-021-03901-9
https://doi.org/10.3390/cancers14030617
https://doi.org/10.3171/2019.6.JNS191531
https://doi.org/10.3390/cancers15164130
https://doi.org/10.3389/fonc.2022.848036
https://www.ncbi.nlm.nih.gov/pubmed/35252015
https://doi.org/10.1016/j.wneu.2019.01.024

Cancers 2024, 16, 2771 11 of 11

40.

41.

42.

43.

44.

45.

46.

47.

Cofano, F; Bianconi, A.; De Marco, R.; Consoli, E.; Zeppa, P; Bruno, F.; Pellerino, A.; Panico, F,; Salvati, L.F; Rizzo, F.; et al. The
Impact of Lateral Ventricular Opening in the Resection of Newly Diagnosed High-Grade Gliomas: A Single Center Experience.
Cancers 2024, 16, 1574. [CrossRef]

Miither, M.; Stummer, W. Ependymal fluorescence in fluorescence-guided resection of malignant glioma: A systematic review.
Acta Neurochir. 2020, 162, 365-372. [CrossRef] [PubMed]

Manoharan, R.; Parkinson, J. Sodium Fluorescein in Brain Tumor Surgery: Assessing Relative Fluorescence Intensity at Tumor
Margins. Asian J. Neurosurg. 2020, 15, 88-93. [CrossRef] [PubMed]

Certo, F,; Altieri, R.; Maione, M.; Schonauer, C.; Sortino, G.; Fiumano, G.; Tirro, E.; Massimino, M.; Broggi, G.; Vigneri, P,;
et al. FLAIRectomy in Supramarginal Resection of Glioblastoma Correlates with Clinical Outcome and Survival Analysis: A
Prospective, Single Institution, Case Series. Oper Neurosurg. 2021, 20, 151-163. [CrossRef] [PubMed]

Folaron, M.; Strawbridge, R.; Samkoe, K.S.; Filan, C.; Roberts, D.W.; Davis, S.C. Elucidating the kinetics of sodium fluorescein for
fluorescence guided surgery of glioma. J. Neurosurg. 2018, 131, 724-734. [CrossRef]

Yang, X.; Palasuberniam, P.; Kraus, D.; Chen, B. Aminolevulinic Acid-Based Tumor Detection and Therapy: Molecular Mechanisms
and Strategies for Enhancement. Int. J. Mol. Sci. 2015, 16, 25865-25880. [CrossRef] [PubMed]

Suero Molina, E.; Wolfer, J.; Ewelt, C.; Ehrhardt, A.; Brokinkel, B.; Stummer, W. Dual-labeling with 5-aminolevulinic acid and
fluorescein for fluorescence-guided resection of high-grade gliomas: Technical note. J. Neurosurg. 2018, 128, 399-405. [CrossRef]
Yano, H.; Nakayama, N.; Ohe, N.; Miwa, K.; Shinoda, J.; Iwama, T. Pathological analysis of the surgical margins of resected
glioblastomas excised using photodynamic visualization with both 5-aminolevulinic acid and fluorescein sodium. J. Neurooncol.
2017, 133, 389-397. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cancers16081574
https://doi.org/10.1007/s00701-019-04144-4
https://www.ncbi.nlm.nih.gov/pubmed/31754847
https://doi.org/10.4103/ajns.AJNS_221_19
https://www.ncbi.nlm.nih.gov/pubmed/32181179
https://doi.org/10.1093/ons/opaa293
https://www.ncbi.nlm.nih.gov/pubmed/33035343
https://doi.org/10.3171/2018.4.JNS172644
https://doi.org/10.3390/ijms161025865
https://www.ncbi.nlm.nih.gov/pubmed/26516850
https://doi.org/10.3171/2016.11.JNS161072
https://doi.org/10.1007/s11060-017-2445-5

	Introduction 
	Description of the Surgical Technique and Fluorophores’ Characteristics 
	Mechanism of Action, Administration, Intraoperative Use, and Adverse Effects 
	Surgical Technique 

	Case Series 
	Discussion 
	Conclusions 
	References

