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Radiologically suspected low-grade gliomas (LGG) represent a special challenge for the neurosurgeon during surgery due to their histopathological heterogeneity and indefinite tumor margin. Therefore, new techniques are required to overcome these current surgical drawbacks. Intraoperative visualization of brain tumors with assistance of 5-aminolevulinic acid (5-ALA) induced protoporphyrin IX (PpIX) fluorescence is one of the major advancements in the neurosurgical field in the last decades. Initially, this technique was exclusively applied for fluorescence-guided surgery of high-grade glioma (HGG). In the last years, the use of 5-ALA was also extended to other indications such as radiologically suspected LGG. Here, we discuss the current role of 5-ALA for intraoperative visualization of focal malignant transformation within suspected LGG. Furthermore, we discuss the current limitations of the 5-ALA technology in pure LGG which usually cannot be visualized by visible fluorescence. Finally, we introduce new approaches based on fluorescence technology for improved detection of pure LGG tissue such as spectroscopic PpIX quantification fluorescence lifetime imaging of PpIX and confocal microscopy to optimize surgery.
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Introduction

Neurosurgical resection constitutes the primary treatment in low-grade gliomas (LGG), but still remains challenging due to their histopathological heterogeneity as well as infiltrative growth pattern into the surrounding brain parenchyma (1–5). Thus, incomplete resection of LGG and histopathological undergrading of gliomas is not uncommon in the routine neurosurgical practice (6–14). In the last decades, different techniques were introduced into the neurosurgical operating room for improved intraoperative visualization of LGG tissue such as neuronavigation with multimodal imaging data, intraoperative MRI and advanced ultrasound (15–24).

Aside from these techniques, intraoperative visualization of brain tumor tissue with assistance of 5-aminolevulinic acid (5-ALA) induced fluorescence represents one of the most powerful methods for visualization of tumor tissue during surgery (7, 8, 25–31). Initially, this innovative fluorescence technique was exclusively applied during tumor resection of high-grade gliomas (HGG) (7, 8, 25, 29, 32). According to the data from a randomized controlled multicenter phase III trial, the rate of complete resections as well as the progression-free survival was significantly higher in HGG patients with 5-ALA fluorescence-guided surgery as compared to conventional white-light microscopy (7). Therefore, the 5-ALA fluorescence technique is current standard for resection of HGG in many neurosurgical departments around the world (7). Based on these promising observations in HGG, 5-ALA was increasingly applied also in patients with radiologically suspected LGG in the last years (24, 33–36). Here, we discuss the current role, limitations and new approaches of 5-ALA fluorescence during surgery of suspected LGG.



Low-Grade Gliomas

LGG represent a heterogenous group of astrocytic and oligodendroglial tumors and account for approximately 20% of all primary brain tumors with an incidence rate of 5.2 per 100 000 persons per year (5, 37–41). These tumors predominately affect a younger patient population in the 2nd to 4th decade (5). The median survival rate of patients suffering from LGG ranges from 5 to 13 years (5, 39–42). This wide range of survival rates in LGG are most likely due to differences in clinical, histopathological and molecular/genetic factors. In this sense, patient age and clinical performance status as well as histopathological and molecular genetic factors such as 1p19q co-deletion, isocitrate dehydrogenase (IDH) mutational status, O6-methylguanine-methyltransferase (MGMT) promotor methylation status and alpha thalassemia/intellectual disability X-linked (ATRX) mutation play an important role for patient prognosis in such tumors (13, 40, 43, 44). Additionally, several studies demonstrated the importance of the extent of resection (EOR) on progression-free and overall survival in patients suffering from LGG (5, 11, 21, 45–48). Thus, the neurosurgical aim of surgery in LGG represents maximal safe resection with preservation of neurological function to allow optimal patient prognosis (11, 45–48).

Magnetic resonance imaging (MRI) represents the gold standard for precise diagnosis of suspected LGG (49–57). On T1-weighted sequences, suspected LGG shows an hypointense lesion usually without contrast-media enhancement (49–57). A circumscribed area of contrast-enhancement within an otherwise non-enhancing tumor frequently indicates the occurrence of intratumoral malignant progression within the so-called “anaplastic focus” (6, 10, 58–64). For preoperative identification of intratumoral anaplastic foci within initially suspected LGG, advanced MRI techniques such as MRI spectroscopy, diffusion-weighted imaging, perfusion-weighted imaging as well as positron emission tomography (PET) using amino acids are powerful techniques (6, 23, 24, 54, 56, 59, 65).



Current Techniques and Limitations of Intraoperative LGG Visualization

At present, the use of intraoperative neuronavigation systems to optimize surgery of suspected LGG is routinely applied (22–24, 66). In this sense, navigation with T2-weighted/FLAIR sequences supports the neurosurgeon to improve intraoperative visualization of LGG tissue especially at the tumor margin in order to achieve the neurosurgical goal of a complete tumor resection according to the current Response Assessment in Neuro-Oncology (RANO) (51, 67, 68).

Although neuronavigation systems are routinely applied, this technique lacks accuracy in the course of glioma resection due to the so-called “brain-shift” leading to significant inaccuracy in image guidance since neuronavigation is based on preoperative image data (69–71). Thus, the occurrence of brain-shift during surgery of suspected LGG might impede precise detection of the tumor margin and the anaplastic focus (24, 58, 71, 72). Furthermore, insufficient intraoperative identification of LGG tissue as well as insufficient differentiation of intratumoral focal HGG tissue representing the anaplastic focus within LGG tissue represents a major challenge for the neurosurgeon (73, 74). Therefore, incomplete resection is reported in up to 88% of cases in surgery of LGG and histopathological undergrading is not uncommon in the routine neurosurgical practice (11, 13, 48, 75).

To overcome these current limitations of glioma surgery, intraoperative MRI was introduced into the neurosurgical field for improved visualization of residual tumor tissue during resection of LGG (16–18, 62, 76–79). This powerful intraoperative technique demonstrated to significantly increase the rate of complete glioma resections (80). However, this technique suffers from specific limitations as intraoperative MRI is not widely available due to its high costs (81). Moreover, specific departments routinely apply intraoperative ultrasound for real-time visualization of tumor tissue during LGG surgery (20, 82). Nevertheless, this technique is dependent from large experience of the performing neurosurgeon and thus this tool is infrequently used (82, 83).

Consequently, new and innovative widely available intraoperative techniques are required to overcome the above-mentioned current limitations in order to improve visualization of LGG tissue and intratumoral heterogeneity of diffusely infiltrating gliomas during surgery.



Fluorescence-Guided Surgeryin Neurosurgery

Intraoperative visualization of brain tumor tissue with the assistance of fluorescence is unaffected by brain-shift and thus might overcome the current limitations of surgery in suspected LGG (7, 32, 84, 85). Already in 1948, Moore et al. reported their first observations of visible fluorescence using fluorescein in different types of brain tumors (86). Since 1992, the fluorescent dye 5-ALA was increasingly applied for intraoperative visualization of tumor tissue in different medical disciplines such as urology and dermatology (87, 88). In 1998, Stummer et al. reported the use of this well-tolerated fluorescent dye for fluorescence-guided surgery in the first patients in the neurosurgical field as well (89). In 2000, the authors published the first clinical study including 52 consecutive patients suffering from HGG (8). In this study, Stummer et al. observed strong 5-ALA fluorescence in HGG tissue, whereas normal brain tissue did not show any visible fluorescence during surgery (8). Based on these first promising findings, Stummer et al. initiated in a further step a randomized controlled multicenter phase III trial investigating the impact of 5-ALA fluorescence-guided resection on EOR and progression-free survival in HGG (7). According to their data, this study showed that 5-ALA fluorescence-guided surgery improves the rate of complete resection of the contrast-media enhancing tumor resulting in a significantly prolonged progression-free survival as compared to conventional white-light resections (7). Consequently, 5-ALA was approved for resection of HGG in the European Union in 2007. Following this approval, fluorescence-guided surgery using 5-ALA became more and more attractive in the neurosurgical field as it is relatively inexpensive, widely available and has little side effects (7, 29, 30, 32). Ten years later, 5-ALA was approved by the FDA for intraoperative visualization of suspected HGG in the United States as well (85).



Methods

In this review, we performed a literature search to discuss the current role, limitations, and new approaches of 5-ALA fluorescence during surgery of suspected LGG. For this purpose, we performed a literature research using Pubmed to screen the MEDLINE database for relevant publications. To cover all relevant publications, we used different search criteria such as “5-ALA”, “glioma”, “LGG” and “PET”. Additionally, we also included “HGG” in our search criteria as we aimed to identify cohorts including “radiologically suspected LGG” which may present as neuropathologically confirmed HGG. Therefore, our literature review also covers cohorts including HGG as well as LGG cases with the application of 5-ALA.



5-ALA Fluorescence in LGG

Based on these auspicious findings in HGG, the application of 5-ALA was also investigated in LGG in the last years. In this sense, Ishihara et al. reported in 2007 altogether 6 patients including 2 LGG, 2 HGG and 2 GBM that were investigated ex-vivo after 5-ALA administration (90). Interestingly, only samples from HGG and GBM demonstrated macroscopic visible 5-ALA fluorescence, whereas in all LGG samples no visible fluorescence was observed (90). Additionally, Stummer et al. described one single patient with focal malignant transformation showing visible 5-ALA fluorescence in the contrast-enhancing area, but no fluorescence in the non-enhancing LGG part (89). As these studies only included single cases, larger patient cohorts were needed.

In 2010, Widhalm et al. evaluated in the first clinical study the intraoperative application of 5-ALA in 19 cases of radiologically suspected LGG (58). In this first in-vivo study, the 5-ALA fluorescence status was analyzed during resection and demonstrated that a subgroup of these suspected LGG showed visible fluorescence in a circumscribed intratumoral area (58). Interestingly, histopathological analysis revealed 8 LGG cases which did not show any visible 5-ALA fluorescence (58). Notably, all tumors showing visible intratumoral fluorescence were histopathologically classified as WHO grade III gliomas resulting in a positive predictive value of focal 5-ALA fluorescence for WHO grade III glioma of 100% (58). Additionally, gliomas with visible 5-ALA fluorescence showed a significantly higher proliferation rate (MIB-1: 20 vs 6%, p=0.001) compared to gliomas without visible fluorescence (58). In conclusion, Widhalm et al. suggested 5-ALA fluorescence as a promising tool to intraoperatively visualize anaplastic foci within initially suspected LGG (58). In addition, the authors hypothesized that 5-ALA fluorescence might optimize tissue sampling and subsequently improves postoperative treatment allocation in suspected LGG patients (58).

In a further study conducted by Ewelt et al. these initial findings suggesting that visible 5-ALA fluorescence in suspected LGG is a predictive marker for high-grade histology were confirmed in an independent cohort (91). Of these 30 included tumors, 13 were diagnosed as WHO grade II, 15 as WHO grade III and two as WHO grade IV gliomas (91). Visible fluorescence was observed in 13 of 30 patients in this study (91). According to histopathological analysis, the majority of WHO grade III and IV gliomas demonstrated visible fluorescence (2 of 2 GBM, 10 of 15 WHO grade III gliomas; 70%) (91). In contrast, only one of 11 WHO grade II gliomas showed visible fluorescence (91).

In a subsequent clinical study, Widhalm et al. analyzed 59 patients with a suspected LGG consisting of 26 HGG and 33 LGG (26). In this study, 85% of all WHO grade III gliomas showed focal fluorescence, whereas 91% of WHO grade II gliomas revealed no visible fluorescence (26). According to detailed histopathological analysis, the authors found a significantly higher mitotic rate, cell density, nuclear pleomorphism and proliferation rate in intratumoral areas with focal 5-ALA fluorescence compared to areas without visible fluorescence (26). These findings resulted in a positive predictive value of visible 5-ALA fluorescence for WHO grade III histology of 85% (26). In this study, the authors confirmed their initial findings of their pilot study that 5-ALA is a powerful and reliable intraoperative marker for anaplastic foci identification independent of brain-shift (26). Additionally, this study reported a significant correlation of focal 5-ALA fluorescence with specific histopathological parameters of anaplasia (26).

The largest patient cohort up to date of 166 tumors lacking characteristic GBM imaging features included 82 WHO grade II, 76 WHO grade III and 8 WHO grade IV gliomas (92). This study was published in 2016 by Jaber et al. and correlated 5-ALA with MRI, PET, proliferation index and molecular genetics (92). According to the data, WHO grade histology and proliferation index correlated with visible 5-ALA fluorescence, however, no correlation was found with MGMT promoter methylation status, IDH1 mutational status or 1p19q co-deletion (92). Furthermore, fluorescing WHO grade III gliomas showed a significantly higher proliferation index as compared to tumors without visible fluorescence (92). Interestingly, no difference of proliferation index was noted in WHO grade II gliomas with visible fluorescence and no visible fluorescence, respectively (92). In brief, this study confirmed that visible 5-ALA fluorescence is associated with high-grade histology and increased proliferation index (92). However, the authors concluded that further analysis to identify the impact of 5-ALA fluorescence in a subgroup of WHO grade II gliomas are needed (92).

An additional study published in 2017 by Saito et al. evaluated the association between 5-ALA fluorescence and proliferation rate as well as molecular markers including IDH1 mutational status and 1p19q co-deletion in a series of WHO grade II, III and IV gliomas (93). In this study, univariate analysis indicated that 5-ALA fluorescence is significantly related to proliferation rate as well as IDH1 mutational status and 1p19q co-deletion (93). According to multivariate analysis, only IDH1 status remained statistically significant (93). In detail, gliomas with visible 5-ALA fluorescence showed a significantly higher rate of IDH1 wildtype tumors (93). However, this high rate of visible fluorescence in IDH1 wildtype tumors might be explained by the high number of WHO grade IV gliomas with IDH1 wildtype included in this analysis (93).

In 2019, Jaber et al. evaluated the impact of visible 5-ALA induced fluorescence in a study cohort including only histopathologically confirmed pure LGG (36). In this study, 74 patients with pure LGG were analyzed and visible 5-ALA fluorescence was observed in 16 of 74 (22%) cases (36). Interestingly, progression-free survival, malignant transformation-free survival and overall survival were shorter in tumors showing visible 5-ALA fluorescence as compared to non-fluorescing LGG (36). However, in this study only overall survival was statistically significant (36). According to these findings, the authors proposed that postoperative adjuvant therapies might be early considered in patients with histopathologically confirmed LGG and visible 5-ALA fluorescence (36). Additionally, Jaber et al. suggested shorter intervals during MRI follow-up examinations should be considered (36).

In a further study in the same year, Goryaynov et al. reported the presence of visible 5-ALA fluorescence in a markedly higher portion of LGG patients (52%) (94). However, this study not only included diffusely infiltrating gliomas WHO grade II, but also pilocytic astrocytoma, gemistocytic astrocytoma and desmoplastic infantile ganglioglioma (94). With regard to a subgroup analysis, only 29% of astrocytoma WHO grade II showed visible fluorescence which is in accordance with earlier publications (26, 36, 58, 94). An overview of the literature is given in Table 1 and an illustrative case is provided in Figure 1.


Table 1 | Studies in the literature with primary focus on visible 5-ALA fluorescence including LGG (WHO grade II).






Figure 1 | Illustrative case of a patient with a suspected low-grade glioma (LGG) with surgical resection after 5-ALA administration. (A) Magnetic resonance imaging of a 43-year-old male patient reveals a suspected LGG in the left frontal lobe. On T1-weighted sequences no significant contrast-media enhancement is observed. (B, C) On fluid-attenuated inversion recovery (FLAIR) and T2-weighted sequences the lesion is hyperintense. (D) Perfusion imaging shows no hyperperfusion. (E) During surgical tumor resection, conventional white-light microscopy was used. (F) Additionally, the microscope was repeatedly switched to violet-blue excitation light and an intratumoral area of visible fluorescence was detected. (G) Histopathological analysis revealed an anaplastic astrocytoma WHO grade III (IDH mutated).





5-ALA Fluorescence and PET Imaging

In the literature, different studies also correlated PET imaging with visible 5-ALA fluorescence in diffusely infiltrating gliomas (36, 92, 95–98). In this sense, Stockhammer et al. first reported in 2009 that the standardized uptake value of PET related to normal brain using 18F-fluoroethyl-L-tyrosine (FET) was significantly higher in tumor areas with 5-ALA fluorescence as compared to normal brain with absence of visible fluorescence (95). This study cohort consisted mainly of patients suffering from glioblastomas (n=11 of 13 patients) (95).

In a study published in 2010 including only WHO grade II and III gliomas, Widhalm et al. correlated PET imaging using 11C‐methionine (MET) with focal 5-ALA fluorescence (58). In this study, the maximal tumor to normal brain ratio (PETmax) was significantly higher in the focal 5-ALA fluorescence glioma group as compared to gliomas with lack of fluorescence (58). Furthermore, the authors observed that focal fluorescence always correlated topographically with the MET-PET hotspot verified by intraoperative navigation (58). In a subsequent study with a larger patient cohort, Widhalm et al. confirmed this interesting observation and reported that focal fluorescence correlated topographically in all gliomas with a distinct PET hotspot (26). These data indicate that focal 5-ALA fluorescence is able to intraoperatively identify intratumoral areas with highest metabolic activity according to MET-PET (26, 58). Therefore, the authors advocate the combined use of PET imaging and 5-ALA fluorescence to optimize tissue sampling during surgery of suspected LGG (26, 58). In this sense, PET is a clinically reliable method for preoperative identification of anaplastic foci within suspected LGG and 5-ALA fluorescence is subsequently useful for intraoperative detection of such PET hotspots independent of brain-shift (26, 58).

In a subsequent study published in 2011 Floeth et al. investigated the preoperative FET-PET, contrast media enhancement on MRI and intraoperative 5-ALA fluorescence in 38 glioma samples (33). The study cohort consisted of biopsies from 17 LGG and 21 HGG (33). In biopsies of HGG, 86% of cases showed a metabolic hotspot on FET-PET as compared to visible 5-ALA fluorescence/contrast-enhancing area on MRI which was present in 57% of cases (33). Interestingly, all gliomas with visible 5-ALA fluorescence showed a metabolic hotspot on FET-PET (33). Despite this positive correlation of visible 5-ALA fluorescence and FET-PET, the authors postulated that FET-PET is more sensitive for glioma tissue detection especially in LGG compared to 5-ALA fluorescence (33).

Another study by Ewelt et al. published in 2011 analyzed the FET-PET uptake and its correlation with 5-ALA fluorescence in 30 gliomas (91). In this study, all tumors with intraoperative visible fluorescence were positive on preoperative FET-PET (91). Moreover, FET-PET/5-ALA positive biopsies were found in 71% of HGG, whereas this constellation was observed in only 8% of LGG (91). Furthermore, the FET-PET tracer uptake was significantly higher in tissue samples with visible fluorescence (FET-PET uptake always >1.6) as compared to samples with absence of fluorescence (91). Therefore, the authors concluded in this study that a positive preoperative FET-PET is highly predictive for visible 5-ALA fluorescence during glioma surgery (91). In a further study, this group reported in 2016 that a FET-PET uptake ratio >1.85 predicted visible 5-ALA fluorescence in gliomas with absence of characteristic glioblastoma features based on preoperative MRI (92).

A detailed histopathological analysis of cell density in 11 glioma patients was performed in 2012 by Arita et al. and the authors correlated cell density to MET-PET and 5-ALA fluorescence (99). In this study, cell density was observed to correlate with MET-PET tracer uptake and positive 5-ALA fluorescence (99). Interestingly, MET-PET uptake showed no correlation with areas with positive or negative fluorescence in this study (99). However, this study was limited by its small sample size of included patients (n=11 patients) (99). An overview of the literature is given in Table 2.


Table 2 | Studies in the literature with comparison of PET and visible 5-ALA fluorescence including LGG (WHO grade II).





Current Limitations of 5-ALA in Suspected LGG

Although 5-ALA fluorescence-guided procedures represent one of the most important advancements in the neurosurgical field, specific limitations are associated with this technique. First of all, the vast majority of pure LGG do not produce sufficient 5-ALA induced PpIX accumulation and thus visible fluorescence is usually absent during surgery in these tumors (26, 58, 91, 100). Therefore, 5-ALA is usually not useful for improved definition of the tumor margin during surgery of pure LGG (75, 101, 102). Furthermore, 5-ALA is not capable to visualize a subgroup of suspected LGG with presence of an intratumoral anaplastic focus by visible fluorescence during surgery (58, 91). Finally, visible 5-ALA induced fluorescence underlies a subjective observation based on the performing neurosurgeon and is thus associated with an interobserver variability (103, 104). Thus, intratumoral areas with only vague 5-ALA fluorescence might not be recognized by certain neurosurgeons. Consequently, further advancements of this innovative fluorescence technique are necessary to overcome these current limitations in the future.



Quantitative Spectroscopic Measurement of 5-ALA Induced PpIX Accumulation

In the last years, novel technologies for improved fluorescence detection in brain tumors were introduced in the neurosurgical field. One of the most promising methods represents quantitative spectroscopic analysis of 5-ALA induced PpIX accumulation. In this sense, spectroscopic analysis is capable to measure the characteristic fluorescence signal of PpIX with typical emission peaks at 635nm and 710nm (90, 102, 104–106).

In a study performed by Utsuki et al. in 2006, the authors analyzed the potential of intraoperative laser spectroscopy in 6 patients with brain tumors (105). This promising approach was able to detect tumor tissue by laser spectroscopy at a peak of 636 nm after 5-ALA administration despite the absence of visible fluorescence (105).

In a further study, Ishihara et al. reported an ex-vivo quantitative analysis of 5-ALA induced PpIX fluorescence intensity using spectroscopy in 2007 (90). In this study, 65 samples of 6 glioma patients (2 WHO grade II, 2 WHO grade III and 2 WHO grade IV gliomas, respectively) were quantitatively analyzed and correlated with fluorescence intensity and specific histopathological criteria (90). According to the data, proliferation index, CD31-mircovessel density and the vascular endothelial growth factor correlated with spectroscopic fluorescence intensity (90). These observations indicated that a higher proliferation rate might trigger 5-ALA fluorescence as the proliferation index was the strongest histopathological marker correlated with fluorescence intensity (90). Most importantly, tumor tissue of LGG with absence of visible fluorescence could be detected by quantitative spectroscopic analysis of fluorescence intensity (90).

In 2011, Valdes et al. reported a quantitative ex-vivo analysis using “PpIX fluorimetry” to measure 5-ALA induced PpIX concentrations in 23 patients with low-grade and high-grade gliomas (107). Interestingly, none of the four WHO grade I gliomas and only one of two included WHO grade II gliomas showed visible fluorescence (107). In this study, the authors analyzed PpIX concentrations measured by PpIX fluorimetry and the proliferation rate of all together 133 tissue samples (107). According to the data, Valdes et al. found significantly higher levels of PpIX concentrations and proliferation rates in samples with visible fluorescence as compared to non-fluorescing specimens (107). It is of note that 40% of the tumor positive samples with absence of visible fluorescence with conventional 5-ALA microscopy demonstrated significant PpIX concentrations (>0.1 µg/mL) (107). These ex-vivo data demonstrated the potential ability of quantitative spectroscopic PpIX analysis to visualize also non-fluorescing tumor tissue as well as anaplastic foci within suspected LGG without any visible fluorescence (107).

In a further step, Valdes et al. developed a novel fiberoptic probe connected to a spectrometer also for intraoperative use to measure intratumoral PpIX concentrations during surgery (101). The authors reported the first in-vivo application of this hand-held fiberoptic probe during surgery in a small patient cohort of 14 different brain tumors (101). In detail, the study cohort consisted of 2 LGG, 3 HGG, 6 meningiomas and 3 brain metastases (101). In this study, the PpIX concentration was measured intraoperatively during different time points of resection/intratumoral areas and corresponding tissue biopsies were collected (101). Additionally, control data were investigated from normal brain and dura mater (101). According to the data, the authors found significant differences in PpIX concentrations between all measured tumors and normal brain (101, 102). Therefore, this first in-vivo study demonstrated the feasibility of this innovative approach in different common brain tumors (101).

In a subsequent study published in 2015, Valdes et al. analyzed the value of their fiberoptic probe also in a small series of LGG including altogether 12 patients (34). In detail, two oligodendrogliomas, two gangliogliomas, one ependymoma, three dysembryoplastic neuroepithelial tumors (DNETs), three oligoastrocytomas, and one pleomorphic xanthoastrocytoma were included (34). According to the data, the authors confirmed the poor diagnostic accuracy of the conventional visual 5-ALA fluorescence technology in LGG (34). However, significant PpIX concentrations were measured in LGG by using the fiberoptic probe according to these preliminary data (34). In detail, quantitative fluorescence PpIX measurement with the intraoperative fiberoptic probe was able to markedly increase the diagnostic accuracy for detection of LGG tissue as compared to 38% for qualitative visible fluorescence (34).

Based on these promising preliminary data, Widhalm et al. applied this fiberoptic probe in addition to conventional visual 5-ALA fluorescence technology in a study published in 2019 during surgery of 22 suspected diffusely infiltrating LGG (35). In this study, final histology after surgical resection revealed a WHO grade II in 8 cases, WHO grade III glioma in 10 cases and WHO grade IV glioma in 3 cases (35). With assistance of 5-ALA visual 5-ALA microscopy, visible fluorescence was present in circumscribed areas in the majority of HGG (79%), whereas visible fluorescence was absent in all LGG (35). By using the fiberoptic probe, a significantly higher mean PpIX concentration was found in fluorescing samples as compared to non-fluorescing tissue samples (35). Furthermore, a significant correlation of PpIX concentrations and the percentage of tumor cells was observed in this study (35). Moreover, this study reported a significant correlation between the maximum PpIX concentration and overall tumor grade (35). Altogether, the authors conclude that conventional 5-ALA visual 5-ALA microscopy is especially useful to identify intratumoral anaplastic foci to avoid the risk of histopathological undergrading (35). The additional use of quantitative PpIX analysis represents a powerful technique for improved intraoperative detection of LGG tissue that is generally characterized by absence of visible fluorescence in order to maximize the extent of resection (35).

In a further study from 2019, Martinez-Moreno et al. applied a handheld spectroscopic probe in a series of 68 patients with diffusely infiltrating gliomas (WHO grades II-IV) (108). With ex-vivo spectroscopic analysis, significant differences in the median fluorescence intensity values were found in certain parameters of malignancy as well as a significant correlation between fluorescence intensity and proliferation rate (108). These data demonstrated the value of such spectroscopic probes to visualize intratumoral histopathological heterogeneity in diffusely infiltrating gliomas for improved tissue sampling and detection of the tumor margin (108).



Confocal Microscopy and 5-ALA Fluorescence

Another innovative technique for improved detection of brain tumor tissue represents confocal microscopy combined with fluorescence technology (75, 109–113). In contrast to spectroscopic analysis, confocal microscopy is able to visualize fluorescing tissue by generating images with high contrast micron-scale spatial resolution (75, 109–113). The development of handheld probes provided new insight into the tumor enabling real time images of 5-ALA induced fluorescence at a 1000x magnification (75).

In 2011, Sanai et al. utilized confocal microscopy enabled through a handheld probe in order to visualize 5-ALA fluorescence during surgery of 10 LGG (WHO grades I and II gliomas) (75). Although none of the 10 LGG demonstrated visible fluorescence, confocal microscopy was able to visualize fluorescing tumor cells within LGG tissue (75). Therefore, the authors conclude that this innovative technique is useful to improve the detection of LGG tissue as well as their tumor margin in order to increase the rate of extent of resection (75).

Another approach was introduced by the group of Preul et al. with the combined use of intraoperative confocal laser endomicroscopy (CLE) and the fluorescence dye “fluorescein sodium” (110–113). In contrast to 5-ALA, this fluorescent dye is administered intravenously (110–113). By this innovative approach, the authors observed a high specificity and sensitivity for detection of glioma tissue (94% and 91%, respectively) and meningioma tissue (93% and 97%, respectively) comparable to those for conventional frozen sections (110–113). Therefore, the authors conclude that this technique will optimize in future surgery of brain tumors and intraoperative decision-making (110–113).



Fluorescence Lifetime Imaging of PpIX

Apart from intensity-based and spectroscopic measurements fluorescence can be analyzed in respect to its temporal decay dynamics (114–117). The fluorescence lifetime is the average time delay between the excitation of a fluorophore and the subsequent emission of fluorescence (114–118). It depends both on the intrinsic molecular properties and the direct cellular environment (118). FLIM has been widely used to measure the cellular redox states of the coenzymes nicotinamide adenine dinucleotide (phosphate) (NAD(P)H) and flavin adenine dinucleotide (FAD), which have shown to indicate metabolic re-programming in cancer cells (119–121). FLIM for the sensitive detection of PpIX in photodynamic diagnosis (PDD), however, has gained interest only recently (114–117).

In intensity-based PDD the detection of weak PpIX fluorescence is limited by the autofluorescence of the brain parenchyma (122). When excited in the blue region of the spectrum, the main contributors to tissue autofluorescence emitting above 600nm are flavins, lipofuscin-like lipopigments, vitamin A and endogenous porphyrins (122). This background fluorescence can be stronger than the actual PpIX fluorescence (122). Sensitive detection therefore inherently requires the distinction between PpIX and autofluorescence, which essentially corresponds to the specificity of the PpIX detection (122). As described in the previous sections, spectroscopic and hyperspectral techniques have been proposed to quantify PpIX concentrations (35, 123, 124). FLIM of PpIX constitutes a complementary approach as it allows to distinguish spectrally overlapping fluorophores based on their temporal decay characteristics (35, 116, 123, 124). Autofluorescence and 5-ALA induced PpIX fluorescence lifetimes in an orthotopic mouse model have been reported by Kantelhardt et al. using a multiphoton time-domain FLIM system (125). While lifetimes from 0.8 to 2.0ns were measured for brain parenchyma, cytoplasmic PpIX increased the lifetime to 2.9 ns in U87 GBM derived cell lines (125). Autofluorescence in both murine white and gray matter was measured to be 1.4 ns, whereas cells with a higher metabolic activity exceeded those values (>1.7 ns) (126). Russel et al. measured the lifetime of PpIX to be 16.4ns in organic solvent and 6.3 ns for mitochondrial PpIX in rat prostate adenocarcinoma cells incubated with 5-ALA (127). Similarly, a lifetime of 7.4ns was reported in 5-ALA incubated epithelial rat cells (128). Erkkilae et al. recently proposed the use of a frequency-domain FLIM (FD-FLIM) system based on a dual-tap CMOS camera for ex-vivo imaging of human brain tumor specimens collected during 5-ALA fluorescence-guided resection (114). While a mean fluorescence lifetime of 15.1ns was measured for a GBM WHO grade IV, lifetimes of up to 4.8ns were reported for an oligodendroglioma WHO grade II in a follow up study (116). In an extended pilot study, the median of the measured lifetimes of 3 LGG was 2.5ns, where 100 randomly selected measurement points were evaluated for each specimen (115). Likewise, tumor infiltrated brain of LGG and HGG showed increased lifetimes (12 samples, 3.2ns). In contrast, a median autofluorescence lifetime of 1.9 ns was reported for 2 non-pathological specimens (115).

FLIM of PpIX adds a third dimension to intensity-based and spectrally resolved techniques (117). Data suggest that weak PpIX accumulations, as found in LGG and infiltrated brain, increase the lifetime respective to non-pathological parenchyma. Further studies are required to determine the extent to which PpIX fluorescence can be detected within a dominating autofluorescence background. The homodyne detection scheme inherent to FD-FLIM facilitates the integration into surgical microscopes with long working distances (117). Clinical translation would therefore be consistent with surgical workflows and allow for combining sensitive wide-field PpIX detection with pre-operative stereotactic navigation data (117). Note that in FD-FLIM the measured lifetime is a weighted average composed of all excited fluorophores (117). Future studies should focus on combining spectrally-resolved methods with FD-FLIM to gain insight into the interplay of PpIX and autofluorescence. Also, time-domain FLIM techniques have been integrated into hand-held probes and could be used to reconstruct the multi-exponential decays of the mixed autofluorescence and PpIX signal (129, 130). Eventually, a combination of time- and spectrally resolved methods integrated into probes and wide-field visualization platforms could enhance LGG tissue detection in PDD and assist the neurosurgeon in a multitude of visualization tasks. An illustrative case is provided in Figure 2.




Figure 2 | Illustrative cases of a glioblastoma (GBM) and low-grade glioma (LGG) with postsurgical ex-vivo analysis with fluorescence lifetime imaging after preoperative 5-ALA administration. (A, B) In the first patient, white-light and fluorescence camera images show the tumor core of an IDH-wild-type GBM specimen. For the fluorescence image, the laser was scanned rapidly across the tissue with the integration time of the camera being set to 2 seconds. Note the strong visible PpIX fluorescence of the sample. Demodulated fluorescence intensity [mVRMS] and fluorescence lifetime [ns] images of a raster-scanning FD-FLIM system are shown in (C, D). As depicted by the color-coding, strong PpIX fluorescence led to increased lifetimes up to 15.3ns with a mean lifetime of 13.4ns. (E, F) In the second patient, respective images show a tissue specimen of an IDH mutated low-grade astrocytoma (G, H). While no fluorescence was visible intraoperatively, the lifetime was increased from about 2.4 to 5.5ns, which is higher than the 0.8 to 2ns expected for non-pathological brain parenchyma. Thus, this tumor tissue could be visualized by fluorescence lifetime imaging.





Pharmaceuticals’ Influence on 5-ALA Fluorescence

The reason for the presence of visible fluorescence in pure LGG and in contrast, the absence of fluorescence in a group of gliomas with focal malignant histopathological characteristics are not fully clarified so far (25, 36, 58, 59, 131). The intake of antiepileptic drugs (AED) and/or dexamethasone prior to surgery has been discussed in the literature as a potentially influencing factor on 5-ALA fluorescence (94, 131–133). Two in-vitro studies analyzed the effect of different AED and/or dexamethasone on the metabolism of PpIX in malignant glioma cell lines (132, 133). The authors found a decreased amount of PpIX produced in these cells after the combination with dexamethasone as well as several AED, except Levetiracetam (132, 133). In line with these results, a first in-vivo study reported visible 5-ALA fluorescence more frequently in patients without preoperative intake of AED compared to patients with AED treatment in a series of 27 LGGs (94). However, this study did not only include diffusely infiltrating gliomas, but also ganglioglioma and pilocytic astrocytoma (94).

In a further study, Wadiura et al. investigated the influence of AED and dexamethasone on visible 5-ALA fluorescence in 110 newly diagnosed, suspected diffusely infiltrating LGG (131). According to the data, no independent correlation was found between the visible fluorescence status and the intake of dexamethasone/AED (131). According to these findings of the largest series to date, the treatment of AED/dexamethasone can be prescribed safely prior to fluorescence-guided surgery of LGG (131). However, future studies are warranted with the aim to detect even subtle alterations in intratumoral PpIX accumulation based on the potential influence of these frequently used drugs in neurosurgical patients using quantitative methods.



Value of Other Fluorophores in LGG

Aside from 5-ALA other fluorophores were additionally investigated for fluorescence guided resection in HGG as well as LGG. One alternative to 5-ALA for intraoperative fluorescence represents sodium fluorescein (134–137). Sodium fluorescein is a technique for intraoperative fluorescence-guided resection in HGG, however, it showed no benefit in LGG surgery as no intraoperative yellow fluorescence was evident in LGG tissue (138, 139). A further fluorophore was investigated by Akimoto et al. analyzing talaporfin sodium for intraoperative photodiagnosis for malignant glioma (140). Aside from HGG and other tumor entities, also LGG cases were investigated in their study cohort and revealed at least weak fluorescence (140).



Conclusion

The 5-ALA fluorescence technology is especially useful to visualize intratumoral regions with malignant transformation (anaplastic foci) within initially suspected LGG to avoid the risk of histopathological undergrading. However, the current 5-ALA technique is limited by the frequent absence of visible fluorescence within pure LGG. Recently, new approaches were introduced for improved detection of pure LGG tissue such as quantitative spectroscopic PpIX measurement, FLIM of PpIX and confocal microscopy. Consequently, further studies should clarify if these promising techniques are capable to reliably detect pure LGG tissue during surgery in order to maximize the extent of resection and improve the patient prognosis.



Author Contributions

BK, JF, DR, LW, ME, AW, SH-J, MB, and GW substantially contributed to the conception and design of the work. BK, JF, DR, LW, and GW were responsible for data acquisition, analysis or interpretation of data for the work. BK, JF, DR, LW, ME, AW, SH-J, MB, and GW drafting the work or revising it critically for important intellectual content. All authors contributed to the article and approved the submitted version.



Abbreviations

5-ALA, 5-aminolevulinic acid; AED, Antiepileptic drugs; ATRX, Alpha thalassemia/intellectual disability X-linked; DNET, Dysembryoplastic neuroepithelial tumor; CLE, Confocal laser endomicroscopy; CMOS, Complementary metal-oxide semiconductor; EOR, Extent of resection; FAD, Flavin adenine dinucleotide; FDA, U.S. Food and Drug administration; FD-FLIM, Frequency-domain-FLIM; FET, 18F-fluoroethyl-L-tyrosine; FLAIR, Fluid-attenuated inversion recovery; FLIM, Fluorescence lifetime imaging; GBM, Glioblastoma; HGG, High-grade glioma; IDH, Isocitrate dehydrogenase; LGG, Low-grade glioma; MET, 11C‐methionine; MGMT, O6-methylguanine-methyltransferase; MRI, Magnetic resonance imaging; NAD(P)H, Nicotinamide adenine dinucleotide (phosphate); PDD, Photodynamic diagnosis; PET, Positron emission tomography; PpIX, Protoporphyrin IX.



References

1. Jakola, AS, Skjulsvik, AJ, Myrmel, KS, Sjavik, K, Unsgard, G, Torp, SH, et al. Surgical Resection Versus Watchful Waiting in Low-Grade Gliomas. Ann Oncol (2017) 28(8):1942–8. doi: 10.1093/annonc/mdx230

2. Yordanova, YN, Moritz-Gasser, S, and Duffau, H. Awake Surgery for WHO Grade II Gliomas Within “Noneloquent” Areas in the Left Dominant Hemisphere: Toward a “Supratotal” Resection. Clin article. J Neurosurg (2011) 115(2):232–9. doi: 10.3171/2011.3.JNS101333

3. Pallud, J, Fontaine, D, Duffau, H, Mandonnet, E, Sanai, N, Taillandier, L, et al. Natural History of Incidental World Health Organization Grade II Gliomas. Ann Neurol (2010) 68(5):727–33. doi: 10.1002/ana.22106

4. Pallud, J, Varlet, P, Devaux, B, Geha, S, Badoual, M, Deroulers, C, et al. Diffuse Low-Grade Oligodendrogliomas Extend Beyond MRI-Defined Abnormalities. Neurology (2010) 74(21):1724–31. doi: 10.1212/WNL.0b013e3181e04264

5. Louis, DN, Ohgaki, H, Wiestler, OD, Cavenee, WK, and International Agency for Research on Cancer, World Health Organization. WHO Classification of Tumours of the Central Nervous System. Revised 4th ed. Vol. 408. Lyon: International Agency for Research on Cancer (IARC (2016).

6. Kunz, M, Thon, N, Eigenbrod, S, Hartmann, C, Egensperger, R, Herms, J, et al. Hot Spots in Dynamic (18)FET-PET Delineate Malignant Tumor Parts Within Suspected WHO Grade II Gliomas. Neuro Oncol (2011) 13(3):307–16. doi: 10.1093/neuonc/noq196

7. Stummer, W, Pichlmeier, U, Meinel, T, Wiestler, OD, Zanella, F, Reulen, HJ, et al. Fluorescence-Guided Surgery With 5-Aminolevulinic Acid for Resection of Malignant Glioma: A Randomised Controlled Multicentre Phase III Trial. Lancet Oncol (2006) 7(5):392–401. doi: 10.1016/S1470-2045(06)70665-9

8. Stummer, W, Novotny, A, Stepp, H, Goetz, C, Bise, K, and Reulen, HJ. Fluorescence-Guided Resection of Glioblastoma Multiforme by Using 5-Aminolevulinic Acid-Induced Porphyrins: A Prospective Study in 52 Consecutive Patients. J Neurosurg (2000) 93(6):1003–13. doi: 10.3171/jns.2000.93.6.1003

9. Albert, FK, Forsting, M, Sartor, K, Adams, HP, and Kunze, S. Early Postoperative Magnetic Resonance Imaging After Resection of Malignant Glioma: Objective Evaluation of Residual Tumor and Its Influence on Regrowth and Prognosis. Neurosurgery (1994) 34(1):45–60discussion –1. doi: 10.1227/00006123-199401000-00008

10. Paulus, W, and Peiffer, J. Intratumoral Histologic Heterogeneity of Gliomas. A Quantitative Study. Cancer (1989) 64(2):442–7. doi: 10.1002/1097-0142(19890715)64:2<442::AID-CNCR2820640217>3.0.CO;2-S

11. Smith, JS, Chang, EF, Lamborn, KR, Chang, SM, Prados, MD, Cha, S, et al. Role of Extent of Resection in the Long-Term Outcome of Low-Grade Hemispheric Gliomas. J Clin Oncol (2008) 26(8):1338–45. doi: 10.1200/JCO.2007.13.9337

12. Sanai, N, Polley, MY, and Berger, MS. Insular Glioma Resection: Assessment of Patient Morbidity, Survival, and Tumor Progression. J Neurosurg (2010) 112(1):1–9. doi: 10.3171/2009.6.JNS0952

13. Capelle, L, Fontaine, D, Mandonnet, E, Taillandier, L, Golmard, JL, Bauchet, L, et al. Spontaneous and Therapeutic Prognostic Factors in Adult Hemispheric World Health Organization Grade II Gliomas: A Series of 1097 Cases: Clinical Article. J Neurosurg (2013) 118(6):1157–68. doi: 10.3171/2013.1.JNS121

14. Sanai, N, Eschbacher, J, Hattendorf, G, Coons, SW, Preul, MC, Smith, KA, et al. Intraoperative Confocal Microscopy for Brain Tumors: A Feasibility Analysis in Humans. Neurosurgery (2011) 68(2 Suppl Operative):282–90:discussion 90. doi: 10.1227/NEU.0b013e318212464e

15. Leroy, HA, Delmaire, C, Le Rhun, E, Drumez, E, Lejeune, JP, and Reyns, N. High-Field Intraoperative MRI and Glioma Surgery: Results After the First 100 Consecutive Patients. Acta Neurochir (Wien) (2019) 161(7):1467–74. doi: 10.1007/s00701-019-03920-6

16. Seifert, V, Gasser, T, and Senft, C. Low Field Intraoperative MRI in Glioma Surgery. Acta Neurochir Suppl (2011) 109:35–41. doi: 10.1007/978-3-211-99651-5_6

17. Senft, C, Bink, A, Franz, K, Vatter, H, Gasser, T, and Seifert, V. Intraoperative MRI Guidance and Extent of Resection in Glioma Surgery: A Randomised, Controlled Trial. Lancet Oncol (2011) 12(11):997–1003. doi: 10.1016/S1470-2045(11)70196-6

18. Senft, C, Bink, A, Heckelmann, M, Gasser, T, and Seifert, V. Glioma Extent of Resection and Ultra-Low-Field iMRI: Interim Analysis of a Prospective Randomized Trial. Acta Neurochir Suppl (2011) 109:49–53. doi: 10.1007/978-3-211-99651-5_8

19. Senft, C, Schoenes, B, Gasser, T, Platz, J, Bink, A, Franz, K, et al. Feasibility of Intraoperative MRI Guidance for Craniotomy and Tumor Resection in the Semisitting Position. J Neurosurg Anesthesiol (2011) 23(3):241–6. doi: 10.1097/ANA.0b013e31821bc003

20. Bo, HK, Solheim, O, Kvistad, KA, Berntsen, EM, Torp, SH, Skjulsvik, AJ, et al. Intraoperative 3D Ultrasound-Guided Resection of Diffuse Low-Grade Gliomas: Radiological and Clinical Results. J Neurosurg (2019) 132(2):518–29. doi: 10.3171/2018.10.JNS181290

21. Hervey-Jumper, SL, and Berger, MS. Maximizing Safe Resection of Low- and High-Grade Glioma. J Neurooncol (2016) 130(2):269–82. doi: 10.1007/s11060-016-2110-4

22. Conti Nibali, M, Rossi, M, Sciortino, T, Riva, M, Gay, LG, Pessina, F, et al. Preoperative Surgical Planning of Glioma: Limitations and Reliability of Fmri and DTI Tractography. J Neurosurg Sci (2019) 63(2):127–34. doi: 10.23736/S0390-5616.18.04597-6

23. Mert, A, Gan, LS, Knosp, E, Sutherland, GR, and Wolfsberger, S. Advanced Cranial Navigation. Neurosurgery (2013) 72 Suppl 1:43–53. doi: 10.1227/NEU.0b013e3182750c03

24. Mert, A, Kiesel, B, Wohrer, A, Martinez-Moreno, M, Minchev, G, Furtner, J, et al. Introduction of a Standardized Multimodality Image Protocol for Navigation-Guided Surgery of Suspected Low-Grade Gliomas. Neurosurg Focus (2015) 38(1):E4. doi: 10.3171/2014.10.FOCUS14597

25. Widhalm, G, Minchev, G, Woehrer, A, Preusser, M, Kiesel, B, Furtner, J, et al. Strong 5-Aminolevulinic Acid-Induced Fluorescence Is a Novel Intraoperative Marker for Representative Tissue Samples in Stereotactic Brain Tumor Biopsies. Neurosurgical Rev (2012) 35(3):381–91:discussion 91. doi: 10.1007/s10143-012-0374-5

26. Widhalm, G, Kiesel, B, Woehrer, A, Traub-Weidinger, T, Preusser, M, Marosi, C, et al. 5-Aminolevulinic Acid Induced Fluorescence Is a Powerful Intraoperative Marker for Precise Histopathological Grading of Gliomas With non-Significant Contrast-Enhancement. PloS One (2013) 8(10):e76988. doi: 10.1371/journal.pone.0076988

27. Millesi, M, Kiesel, B, Woehrer, A, Hainfellner, JA, Novak, K, Martinez-Moreno, M, et al. Analysis of 5-Aminolevulinic Acid-Induced Fluorescence in 55 Different Spinal Tumors. Neurosurg Focus (2014) 36(2):E11. doi: 10.3171/2013.12.FOCUS13485

28. Kiesel, B, Millesi, M, Woehrer, A, Furtner, J, Bavand, A, Roetzer, T, et al. 5-ALA-Induced Fluorescence as a Marker for Diagnostic Tissue in Stereotactic Biopsies of Intracranial Lymphomas: Experience in 41 Patients. Neurosurg Focus (2018) 44(6):E7. doi: 10.3171/2018.3.FOCUS1859

29. Kiesel, B, Mischkulnig, M, Woehrer, A, Martinez-Moreno, M, Millesi, M, Mallouhi, A, et al. Systematic Histopathological Analysis of Different 5-Aminolevulinic Acid-Induced Fluorescence Levels in Newly Diagnosed Glioblastomas. J Neurosurg (2018) 129(2):341–53. doi: 10.3171/2017.4.JNS162991

30. Millesi, M, Kiesel, B, Wöhrer, A, Mercea, PA, Bissolo, M, Roetzer, T, et al. Is Intraoperative Pathology Needed If 5-Aminolevulinic-Acid-Induced Tissue Fluorescence Is Found in Stereotactic Brain Tumor Biopsy? Neurosurgery (2020) 86(3):366–73. doi: 10.1093/neuros/nyz086

31. Millesi, M, Kiesel, B, Mazanec, V, Wadiura, LI, Wöhrer, A, Herta, J, et al. 5-ALA Fluorescence for Intraoperative Visualization of Spinal Ependymal Tumors and Identification of Unexpected Residual Tumor Tissue: Experience in 31 Patients. J Neurosurg Spine (2020) 4:1–9. doi: 10.3171/2020.6.SPINE20506

32. Widhalm, G. Intra-Operative Visualization of Brain Tumors With 5-Aminolevulinic Acid-Induced Fluorescence. Clin Neuropathol (2014) 33(4):260–78. doi: 10.5414/NP300798

33. Floeth, FW, Sabel, M, Ewelt, C, Stummer, W, Felsberg, J, Reifenberger, G, et al. Comparison of (18)F-FET PET and 5-ALA Fluorescence in Cerebral Gliomas. Eur J Nucl Med Mol Imaging (2011) 38(4):731–41. doi: 10.1007/s00259-010-1690-z

34. Valdes, PA, Jacobs, V, Harris, BT, Wilson, BC, Leblond, F, Paulsen, KD, et al. Quantitative Fluorescence Using 5-Aminolevulinic Acid-Induced Protoporphyrin IX Biomarker as a Surgical Adjunct in Low-Grade Glioma Surgery. J Neurosurg (2015) 123(3):771–80. doi: 10.3171/2014.12.JNS14391

35. Widhalm, G, Olson, J, Weller, J, Bravo, J, Han, SJ, Phillips, J, et al. The Value of Visible 5-ALA Fluorescence and Quantitative Protoporphyrin IX Analysis for Improved Surgery of Suspected Low-Grade Gliomas. J Neurosurg (2019) 10:1–10. doi: 10.3171/2019.1.JNS182614

36. Jaber, M, Ewelt, C, Wolfer, J, Brokinkel, B, Thomas, C, Hasselblatt, M, et al. Is Visible Aminolevulinic Acid-Induced Fluorescence an Independent Biomarker for Prognosis in Histologically Confirmed (World Health Organization 2016) Low-Grade Gliomas? Neurosurgery (2019) 84(6):1214–24. doi: 10.1093/neuros/nyy365

37. Rasmussen, BK, Hansen, S, Laursen, RJ, Kosteljanetz, M, Schultz, H, Norgard, BM, et al. Epidemiology of Glioma: Clinical Characteristics, Symptoms, and Predictors of Glioma Patients Grade I-IV in the the Danish Neuro-Oncology Registry. J Neurooncol (2017) 135(3):571–9. doi: 10.1007/s11060-017-2607-5

38. Bauchet, L. Epidemiology of Diffuse Low Grade Gliomas. In:  H Duffau, editor. Diffuse Low-Grade Gliomas in Adults. Cham: Springer International Publishing (2017). p. 13–53. doi: 10.1007/978-3-319-55466-2_2

39. Diwanji, TP, Engelman, A, Snider, JW, and Mohindra, P. Epidemiology, Diagnosis, and Optimal Management of Glioma in Adolescents and Young Adults. Adolesc Health Med Ther (2017) 8:99–113. doi: 10.2147/AHMT.S53391

40. Lombardi, G, Barresi, V, Castellano, A, Tabouret, E, Pasqualetti, F, Salvalaggio, A, et al. Clinical Management of Diffuse Low-Grade Gliomas. Cancers (Basel) (2020) 12(10):3008. doi: 10.3390/cancers12103008

41. Ohgaki, H, and Kleihues, P. Population-Based Studies on Incidence, Survival Rates, and Genetic Alterations in Astrocytic and Oligodendroglial Gliomas. J Neuropathol Exp Neurol (2005) 64(6):479–89. doi: 10.1093/jnen/64.6.479

42. Buckner, JC, Shaw, EG, Pugh, SL, Chakravarti, A, Gilbert, MR, Barger, GR, et al. Radiation Plus Procarbazine, CCNU, and Vincristine in Low-Grade Glioma. N Engl J Med (2016) 374(14):1344–55. doi: 10.1056/NEJMoa1500925

43. Franceschi, E, Mura, A, De Biase, D, Tallini, G, Pession, A, Foschini, MP, et al. The Role of Clinical and Molecular Factors in Low-Grade Gliomas: What is Their Impact on Survival? Future Oncol (2018) 14(16):1559–67. doi: 10.2217/fon-2017-0634

44. McGirt, MJ, Chaichana, KL, Attenello, FJ, Weingart, JD, Than, K, Burger, PC, et al. Extent of Surgical Resection is Independently Associated With Survival in Patients With Hemispheric Infiltrating Low-Grade Gliomas. Neurosurgery (2008) 63(4):700–7author reply 7–8. doi: 10.1227/01.NEU.0000325729.41085.73

45. Hervey-Jumper, SL, and Berger, MS. Role of Surgical Resection in Low- and High-Grade Gliomas. Curr Treat Options Neurol (2014) 16(4):284. doi: 10.1007/s11940-014-0284-7

46. Aghi, MK, Nahed, BV, Sloan, AE, Ryken, TC, Kalkanis, SN, and Olson, JJ. The Role of Surgery in the Management of Patients With Diffuse Low Grade Glioma: A Systematic Review and Evidence-Based Clinical Practice Guideline. J Neurooncol (2015) 125(3):503–30. doi: 10.1007/s11060-015-1867-1

47. Soffietti, R, Baumert, BG, Bello, L, von Deimling, A, Duffau, H, Frenay, M, et al. Guidelines on Management of Low-Grade Gliomas: Report of an EFNS-EANO Task Force. Eur J Neurol (2010) 17(9):1124–33. doi: 10.1111/j.1468-1331.2010.03151.x

48. Sanai, N, and Berger, MS. Glioma Extent of Resection and Its Impact on Patient Outcome. Neurosurgery (2008) 62(4):753–64discussion 264–6. doi: 10.1227/01.neu.0000318159.21731.cf

49. Fouke, SJ, Benzinger, T, Gibson, D, Ryken, TC, Kalkanis, SN, and Olson, JJ. The Role of Imaging in the Management of Adults With Diffuse Low Grade Glioma: A Systematic Review and Evidence-Based Clinical Practice Guideline. J Neurooncol (2015) 125(3):457–79. doi: 10.1007/s11060-015-1908-9

50. Schäfer, ML, Maurer, MH, Synowitz, M, Wüstefeld, J, Marnitz, T, Streitparth, F, et al. Low-Grade (WHO II) and Anaplastic (WHO III) Gliomas: Differences in Morphology and MRI Signal Intensities. Eur Radiol (2013) 23(10):2846–53. doi: 10.1007/s00330-013-2886-y

51. van den Bent, MJ, Wefel, JS, Schiff, D, Taphoorn, MJ, Jaeckle, K, Junck, L, et al. Response Assessment in Neuro-Oncology (a Report of the RANO Group): Assessment of Outcome in Trials of Diffuse Low-Grade Gliomas. Lancet Oncol (2011) 12(6):583–93. doi: 10.1016/S1470-2045(11)70057-2

52. Guillevin, R, Herpe, G, Verdier, M, and Guillevin, C. Low-Grade Gliomas: The Challenges of Imaging. Diagn Interv Imaging (2014) 95(10):957–63. doi: 10.1016/j.diii.2014.07.005

53. Shaver, MM, Kohanteb, PA, Chiou, C, Bardis, MD, Chantaduly, C, Bota, D, et al. Optimizing Neuro-Oncology Imaging: A Review of Deep Learning Approaches for Glioma Imaging. Cancers (Basel) (2019) 11(6):829. doi: 10.3390/cancers11060829

54. Choi, YS, Ahn, SS, Chang, JH, Kang, SG, Kim, EH, Kim, SH, et al. Machine Learning and Radiomic Phenotyping of Lower Grade Gliomas: Improving Survival Prediction. Eur Radiol (2020) 30(7):3834–42. doi: 10.1007/s00330-020-06737-5

55. Clarke, JL, and Chang, SM. Neuroimaging: Diagnosis and Response Assessment in Glioblastoma. Cancer J (2012) 18(1):26–31. doi: 10.1097/PPO.0b013e318244d7c8

56. Norden, AD, Pope, WB, and Chang, SM. Current Concepts in Brain Tumor Imaging. Am Soc Clin Oncol Educ Book (2012) 32:119–24. doi: 10.14694/EdBook_AM.2012.32.119

57. Larsen, J, Hoggard, N, and McKevitt, FM. Imaging in Low-Grade Glioma: A Guide for Neurologists. Pract Neurol (2018) 18(1):27–34. doi: 10.1136/practneurol-2017-001686

58. Widhalm, G, Wolfsberger, S, Minchev, G, Woehrer, A, Krssak, M, Czech, T, et al. 5-Aminolevulinic Acid is a Promising Marker for Detection of Anaplastic Foci in Diffusely Infiltrating Gliomas With Nonsignificant Contrast Enhancement. Cancer (2010) 116(6):1545–52. doi: 10.1002/cncr.24903

59. Widhalm, G, Krssak, M, Minchev, G, Wohrer, A, Traub-Weidinger, T, Czech, T, et al. Value of 1H-Magnetic Resonance Spectroscopy Chemical Shift Imaging for Detection of Anaplastic Foci in Diffusely Infiltrating Gliomas With non-Significant Contrast-Enhancement. J Neurol Neurosurg Psychiatry (2011) 82(5):512–20. doi: 10.1136/jnnp.2010.205229

60. Chaichana, KL, McGirt, MJ, Laterra, J, Olivi, A, and Quinones-Hinojosa, A. Recurrence and Malignant Degeneration After Resection of Adult Hemispheric Low-Grade Gliomas. J Neurosurg (2010) 112(1):10–7. doi: 10.3171/2008.10.JNS08608

61. van den Bent, MJ, Afra, D, de Witte, O, Ben Hassel, M, Schraub, S, Hoang-Xuan, K, et al. Long-Term Efficacy of Early Versus Delayed Radiotherapy for Low-Grade Astrocytoma and Oligodendroglioma in Adults: The EORTC 22845 Randomised Trial. Lancet (2005) 366(9490):985–90. doi: 10.1016/S0140-6736(05)67070-5

62. Martin, C, Alexander, E 3rd, Wong, T, Schwartz, R, Jolesz, F, and Black, PM. Surgical Treatment of Low-Grade Gliomas in the Intraoperative Magnetic Resonance Imager. Neurosurg Focus (1998) 4(4):e8. doi: 10.3171/foc.1998.4.4.11

63. Pallud, J, Capelle, L, Taillandier, L, Fontaine, D, Mandonnet, E, Guillevin, R, et al. Prognostic Significance of Imaging Contrast Enhancement for WHO Grade II Gliomas. Neuro Oncol (2009) 11(2):176–82. doi: 10.1215/15228517-2008-066

64. White, ML, Zhang, Y, Kirby, P, and Ryken, TC. Can Tumor Contrast Enhancement be Used as a Criterion for Differentiating Tumor Grades of Oligodendrogliomas? AJNR Am J Neuroradiol (2005) 26(4):784–90.

65. Ellenbogen, JR, Walker, C, and Jenkinson, MD. Genetics and Imaging of Oligodendroglial Tumors. CNS Oncol (2015) 4(5):307–15. doi: 10.2217/cns.15.37

66. Mert, A, Buehler, K, Sutherland, GR, Tomanek, B, Widhalm, G, Kasprian, G, et al. Brain Tumor Surgery With 3-Dimensional Surface Navigation. Neurosurgery (2012) 71(2 Suppl Operative):ons286–94discussion ons94–5. doi: 10.1227/NEU.0b013e31826a8a75

67. Verburg, N, and de Witt Hamer, PC. State-of-the-Art Imaging for Glioma Surgery. Neurosurg Rev (2020) 44(3):1331–43. doi: 10.1007/s10143-020-01337-9

68. Vogelbaum, MA, Jost, S, Aghi, MK, Heimberger, AB, Sampson, JH, Wen, PY, et al. Application of Novel Response/Progression Measures for Surgically Delivered Therapies for Gliomas: Response Assessment in Neuro-Oncology (RANO) Working Group. Neurosurgery (2012) 70(1):234–43discussion 43–4. doi: 10.1227/NEU.0b013e318223f5a7

69. Skrinjar, O, Nabavi, A, and Duncan, J. Model-Driven Brain Shift Compensation. Med Image Anal (2002) 6(4):361–73. doi: 10.1016/S1361-8415(02)00062-2

70. Nabavi, A, Black, PM, Gering, DT, Westin, CF, Mehta, V, Pergolizzi, RS Jr, et al. Serial Intraoperative Magnetic Resonance Imaging of Brain Shift. Neurosurgery (2001) 48(4):787–97discussion 97–8. doi: 10.1227/00006123-200104000-00019

71. Nimsky, C, Ganslandt, O, Cerny, S, Hastreiter, P, Greiner, G, and Fahlbusch, R. Quantification of, Visualization of, and Compensation for Brain Shift Using Intraoperative Magnetic Resonance Imaging. Neurosurgery (2000) 47(5):1070–9discussion 9–80. doi: 10.1097/00006123-200011000-00008

72. Gerard, IJ, Kersten-Oertel, M, Petrecca, K, Sirhan, D, Hall, JA, and Collins, DL. Brain Shift in Neuronavigation of Brain Tumors: A Review. Med Image Anal (2017) 35:403–20. doi: 10.1016/j.media.2016.08.007

73. Barker, FG 2nd, Chang, SM, Huhn, SL, Davis, RL, Gutin, PH, McDermott, MW, et al. Age and the Risk of Anaplasia in Magnetic Resonance-Nonenhancing Supratentorial Cerebral Tumors. Cancer (1997) 80(5):936–41. doi: 10.1002/(SICI)1097-0142(19970901)80:5<936::AID-CNCR15>3.0.CO;2-X

74. Ginsberg, LE, Fuller, GN, Hashmi, M, Leeds, NE, and Schomer, DF. The Significance of Lack of MR Contrast Enhancement of Supratentorial Brain Tumors in Adults: Histopathological Evaluation of a Series. Surg Neurol (1998) 49(4):436–40. doi: 10.1016/S0090-3019(97)00360-1

75. Sanai, N, Snyder, LA, Honea, NJ, Coons, SW, Eschbacher, JM, Smith, KA, et al. Intraoperative Confocal Microscopy in the Visualization of 5-Aminolevulinic Acid Fluorescence in Low-Grade Gliomas. J Neurosurg (2011) 115(4):740–8. doi: 10.3171/2011.6.JNS11252

76. Fahlbusch, R, and Nimsky, C. Intraoperative MRI Developments. Neurosurg Clin N Am (2005) 16(1):xi–xiii. doi: 10.1016/j.nec.2004.07.012

77. Gasser, T, Szelenyi, A, Senft, C, Muragaki, Y, Sandalcioglu, IE, Sure, U, et al. Intraoperative MRI and Functional Mapping. Acta Neurochir Suppl (2011) 109:61–5. doi: 10.1007/978-3-211-99651-5_10

78. Nimsky, C, Ganslandt, O, and Fahlbusch, R. Functional Neuronavigation and Intraoperative MRI. Adv Tech Stand Neurosurg (2004) 29:229–63. doi: 10.1007/978-3-7091-0558-0_6

79. Nimsky, C, Ganslandt, O, Buchfelder, M, and Fahlbusch, R. Intraoperative Visualization for Resection of Gliomas: The Role of Functional Neuronavigation and Intraoperative 1.5 T MRI. Neurol Res (2006) 28(5):482–7. doi: 10.1179/016164106X115125

80. Mohammadi, AM, Sullivan, TB, Barnett, GH, Recinos, V, Angelov, L, Kamian, K, et al. Use of High-Field Intraoperative Magnetic Resonance Imaging to Enhance the Extent of Resection of Enhancing and Nonenhancing Gliomas. Neurosurgery (2013) 74(4):339–50. doi: 10.1227/NEU.0000000000000278

81. Makary, M, Chiocca, EA, Erminy, N, Antor, M, Bergese, SD, Abdel-Rasoul, M, et al. Clinical and Economic Outcomes of Low-Field Intraoperative MRI-Guided Tumor Resection Neurosurgery. J Magn Reson Imaging (2011) 34(5):1022–30. doi: 10.1002/jmri.22739

82. Jenkinson, MD, Barone, DG, Bryant, A, Vale, L, Bulbeck, H, Lawrie, TA, et al. Intraoperative Imaging Technology to Maximise Extent of Resection for Glioma. Cochrane Database Syst Rev (2018) 1(1):Cd012788. doi: 10.1002/14651858.CD012788.pub2

83. Unsgaard, G, Rygh, OM, Selbekk, T, Müller, TB, Kolstad, F, Lindseth, F, et al. Intra-Operative 3D Ultrasound in Neurosurgery. Acta Neurochir (Wien) (2006) 148(3):235–53:discussion 53. doi: 10.1007/s00701-005-0688-y

84. Stepp, H, and Stummer, W. 5-ALA in the Management of Malignant Glioma. Lasers Surg Med (2018) 50(5):399–419. doi: 10.1002/lsm.22933

85. Hadjipanayis, CG, and Stummer, W. 5-ALA and FDA Approval for Glioma Surgery. J Neurooncol (2019) 141(3):479–86. doi: 10.1007/s11060-019-03098-y

86. Moore, GE, Peyton, WT, French, LA, and Walker, WW. The Clinical Use of Fluorescein in Neurosurgery; the Localization of Brain Tumors. J Neurosurg (1948) 5(4):392–8. doi: 10.3171/jns.1948.5.4.0392

87. Kriegmair, M, Baumgartner, R, Knuchel, R, Stepp, H, Hofstadter, F, and Hofstetter, A. Detection of Early Bladder Cancer by 5-Aminolevulinic Acid Induced Porphyrin Fluorescence. J Urol (1996) 155(1):105–9discussion 9–10. doi: 10.1016/S0022-5347(01)66559-5

88. Fritsch, C, Becker-Wegerich, PM, Schulte, KW, Neuse, W, Lehmann, P, Ruzicka, T, et al. [Photodynamic Therapy and Breast-Plasty of a Extensive Superficial Trunk Skin Basalioma of the Breast. An Effective Combination Therapy with Photodynamic Diagnosis]. Hautarzt (1996) 47(6):438–42. doi: 10.1007/s001050050447

89. Stummer, W, Stocker, S, Wagner, S, Stepp, H, Fritsch, C, Goetz, C, et al. Intraoperative Detection of Malignant Gliomas by 5-Aminolevulinic Acid-Induced Porphyrin Fluorescence. Neurosurgery (1998) 42(3):518–25discussion 25–6. doi: 10.1097/00006123-199803000-00017

90. Ishihara, R, Katayama, Y, Watanabe, T, Yoshino, A, Fukushima, T, and Sakatani, K. Quantitative Spectroscopic Analysis of 5-Aminolevulinic Acid-Induced Protoporphyrin IX Fluorescence Intensity in Diffusely Infiltrating Astrocytomas. Neurol Med Chir (Tokyo) (2007) 47(2):53–7:discussion 7. doi: 10.2176/nmc.47.53

91. Ewelt, C, Floeth, FW, Felsberg, J, Steiger, HJ, Sabel, M, Langen, KJ, et al. Finding the Anaplastic Focus in Diffuse Gliomas: The Value of Gd-DTPA Enhanced MRI, FET-PET, and Intraoperative, ALA-Derived Tissue Fluorescence. Clin Neurol Neurosurg (2011) 113(7):541–7. doi: 10.1016/j.clineuro.2011.03.008

92. Jaber, M, Wolfer, J, Ewelt, C, Holling, M, Hasselblatt, M, Niederstadt, T, et al. The Value of 5-Aminolevulinic Acid in Low-Grade Gliomas and High-Grade Gliomas Lacking Glioblastoma Imaging Features: An Analysis Based on Fluorescence, Magnetic Resonance Imaging, 18F-Fluoroethyl Tyrosine Positron Emission Tomography, and Tumor Molecular Factors. Neurosurgery (2016) 78(3):401–11:discussion 11. doi: 10.1227/NEU.0000000000001020

93. Saito, K, Hirai, T, Takeshima, H, Kadota, Y, Yamashita, S, Ivanova, A, et al. Genetic Factors Affecting Intraoperative 5-Aminolevulinic Acid-Induced Fluorescence of Diffuse Gliomas. Radiol Oncol (2017) 51(2):142–50. doi: 10.1515/raon-2017-0019

94. Goryaynov, SA, Widhalm, G, Goldberg, MF, Chelushkin, D, Spallone, A, Chernyshov, KA, et al. The Role of 5-ALA in Low-Grade Gliomas and the Influence of Antiepileptic Drugs on Intraoperative Fluorescence. Front Oncol (2019) 9:423. doi: 10.3389/fonc.2019.00423

95. Stockhammer, F, Misch, M, Horn, P, Koch, A, Fonyuy, N, and Plotkin, M. Association of F18-Fluoro-Ethyl-Tyrosin Uptake and 5-Aminolevulinic Acid-Induced Fluorescence in Gliomas. Acta Neurochir (Wien) (2009) 151(11):1377–83. doi: 10.1007/s00701-009-0462-7

96. Müther, M, Koch, R, Weckesser, M, Sporns, P, Schwindt, W, and Stummer, W. 5-Aminolevulinic Acid Fluorescence-Guided Resection of 18F-FET-PET Positive Tumor Beyond Gadolinium Enhancing Tumor Improves Survival in Glioblastoma. Neurosurgery (2019) 85(6):E1020–e9. doi: 10.1093/neuros/nyz199

97. Kim, YI, Cho, KG, and Jang, SJ. Comparison of Dual-Time Point 18F-FDG PET/CT Tumor-to-Background Ratio, Intraoperative 5-Aminolevulinic Acid Fluorescence Scale, and Ki-67 Index in High-Grade Glioma. Med (Baltimore) (2019) 98(8):e14397. doi: 10.1097/MD.0000000000014397

98. Pala, A, Reske, SN, Eberhardt, N, Scheuerle, A, König, R, Schmitz, B, et al. Diagnostic Accuracy of Intraoperative Perfusion-Weighted MRI and 5-Aminolevulinic Acid in Relation to Contrast-Enhanced Intraoperative MRI and (11)C-Methionine Positron Emission Tomography in Resection of Glioblastoma: A Prospective Study. Neurosurgical Rev (2019) 42(2):471–9. doi: 10.1007/s10143-018-0987-4

99. Arita, H, Kinoshita, M, Kagawa, N, Fujimoto, Y, Kishima, H, Hashimoto, N, et al. (1)(1)C-Methionine Uptake and Intraoperative 5-Aminolevulinic Acid-Induced Fluorescence as Separate Index Markers of Cell Density in Glioma: A Stereotactic Image-Histological Analysis. Cancer (2012) 118(6):1619–27. doi: 10.1002/cncr.26445

100. Sanai, N, Polley, M-Y, McDermott, MW, Parsa, AT, and Berger, MS. An Extent of Resection Threshold for Newly Diagnosed Glioblastomas. J Neurosurg (2011) 115(1):3–8. doi: 10.3171/2011.2.JNS10998

101. Valdes, PA, Leblond, F, Kim, A, Harris, BT, Wilson, BC, Fan, X, et al. Quantitative Fluorescence in Intracranial Tumor: Implications for ALA-Induced Ppix as an Intraoperative Biomarker. J Neurosurg (2011) 115(1):11–7. doi: 10.3171/2011.2.JNS101451

102. Valdés, PA, Kim, A, Leblond, F, Conde, OM, Harris, BT, Paulsen, KD, et al. Combined Fluorescence and Reflectance Spectroscopy for in Vivo Quantification of Cancer Biomarkers in Low- and High-Grade Glioma Surgery. J BioMed Opt (2011) 16(11):116007. doi: 10.1117/1.3646916

103. Tonn, JC, and Stummer, W. Fluorescence-Guided Resection of Malignant Gliomas Using 5-Aminolevulinic Acid: Practical Use, Risks, and Pitfalls. Clin Neurosurg (2008) 55:20–6.

104. Haj-Hosseini, N, Richter, J, Andersson-Engels, S, and Wardell, K. Optical Touch Pointer for Fluorescence Guided Glioblastoma Resection Using 5-Aminolevulinic Acid. Lasers Surg Med (2010) 42(1):9–14. doi: 10.1002/lsm.20868

105. Utsuki, S, Oka, H, Sato, S, Suzuki, S, Shimizu, S, Tanaka, S, et al. Possibility of Using Laser Spectroscopy for the Intraoperative Detection of Nonfluorescing Brain Tumors and the Boundaries of Brain Tumor Infiltrates. Tech note. J Neurosurg (2006) 104(4):618–20. doi: 10.3171/jns.2006.104.4.618

106. Melo, TB, and Reisaeter, G. The Physicochemical State of Protoporphyrin IX in Aqueous Solution Investigated by Fluorescence and Light Scattering. Biophys Chem (1986) 25(1):99–104. doi: 10.1016/0301-4622(86)85070-0

107. Valdes, PA, Kim, A, Brantsch, M, Niu, C, Moses, ZB, Tosteson, TD, et al. Delta-Aminolevulinic Acid-Induced Protoporphyrin IX Concentration Correlates With Histopathologic Markers of Malignancy in Human Gliomas: The Need for Quantitative Fluorescence-Guided Resection to Identify Regions of Increasing Malignancy. Neuro Oncol (2011) 13(8):846–56. doi: 10.1093/neuonc/nor086

108. Martínez-Moreno, M, Kiesel, B, Woehrer, A, Mischkulnig, M, Furtner, J, Timelthaler, G, et al. Ex-Vivo Analysis of Quantitative 5-ALA Fluorescence Intensity in Diffusely Infiltrating Gliomas Using a Handheld Spectroscopic Probe: Correlation With Histopathology, Proliferation and Microvascular Density. Photodiagnosis Photodyn Ther (2019) 27:354–61. doi: 10.1016/j.pdpdt.2019.05.013

109. Valdes, PA, Roberts, DW, Lu, FK, and Golby, A. Optical Technologies for Intraoperative Neurosurgical Guidance. Neurosurg Focus (2016) 40(3):E8. doi: 10.3171/2015.12.FOCUS15550

110. Belykh, E, Miller, EJ, Carotenuto, A, Patel, AA, Cavallo, C, Martirosyan, NL, et al. Progress in Confocal Laser Endomicroscopy for Neurosurgery and Technical Nuances for Brain Tumor Imaging With Fluorescein. Front Oncol (2019) 9:554. doi: 10.3389/fonc.2019.00554

111. Belykh, E, Zhao, X, Ngo, B, Farhadi, DS, Byvaltsev, VA, Eschbacher, JM, et al. Intraoperative Confocal Laser Endomicroscopy Ex Vivo Examination of Tissue Microstructure During Fluorescence-Guided Brain Tumor Surgery. Front Oncol (2020) 10:599250. doi: 10.3389/fonc.2020.599250

112. Martirosyan, NL, Georges, J, Eschbacher, JM, Cavalcanti, DD, Elhadi, AM, Abdelwahab, MG, et al. Potential Application of a Handheld Confocal Endomicroscope Imaging System Using a Variety of Fluorophores in Experimental Gliomas and Normal Brain. Neurosurg Focus (2014) 36(2):E16. doi: 10.3171/2013.11.FOCUS13486

113. Martirosyan, NL, Eschbacher, JM, Kalani, MY, Turner, JD, Belykh, E, Spetzler, RF, et al. Prospective Evaluation of the Utility of Intraoperative Confocal Laser Endomicroscopy in Patients With Brain Neoplasms Using Fluorescein Sodium: Experience With 74 Cases. Neurosurg Focus (2016) 40(3):E11. doi: 10.3171/2016.1.FOCUS15559

114. Erkkila, MT, Bauer, B, Hecker-Denschlag, N, Madera Medina, MJ, Leitgeb, RA, Unterhuber, A, et al. Widefield Fluorescence Lifetime Imaging of Protoporphyrin IX for Fluorescence-Guided Neurosurgery: An Ex Vivo Feasibility Study. J Biophotonics (2019) 12(6):e201800378. doi: 10.1002/jbio.201800378

115. Erkkilä, MT, Reichert, D, Gesperger, J, Kiesel, B, Roetzer, T, Mercea, PA, et al. Macroscopic Fluorescence-Lifetime Imaging of NADH and Protoporphyrin IX Improves the Detection and Grading of 5-Aminolevulinic Acid-Stained Brain Tumors. Sci Rep (2020) 10(1):20492. doi: 10.1038/s41598-020-77268-8

116. Reichert, D, Erkkila, MT, Holst, G, Hecker-Denschlag, N, Wilzbach, M, Hauger, C, et al. Towards Real-Time Wide-Field Fluorescence Lifetime Imaging of 5-ALA Labeled Brain Tumors With Multi-Tap CMOS Cameras. BioMed Opt Express (2020) 11(3):1598–616. doi: 10.1364/BOE.382817

117. Erkkilä, MT, Reichert, D, Hecker-Denschlag, N, Wilzbach, M, Hauger, C, Leitgeb, RA, et al. Surgical Microscope With Integrated Fluorescence Lifetime Imaging for 5-Aminolevulinic Acid Fluorescence-Guided Neurosurgery. J BioMed Opt (2020) 25(7):1–7. doi: 10.1117/1.JBO.25.7.071202

118. Berezin, MY, and Achilefu, S. Fluorescence Lifetime Measurements and Biological Imaging. Chem Rev (2010) 110(5):2641–84. doi: 10.1021/cr900343z

119. Marcu, L, and Hartl, BA. Fluorescence Lifetime Spectroscopy and Imaging in Neurosurgery. IEEE J Sel Top Quantum Electron (2012) 18(4):1465–77. doi: 10.1109/JSTQE.2012.2185823

120. Chorvat DC, A. Multi-Wavelength Fluorescence Lifetime Spectroscopy: A New Approach to the Study of Endogenous Fluorescence in Living Cells and Tissues. Laser Phys Lett (2009) 6:175–93. doi: 10.1002/lapl.200810132

121. Schaefer, PM, Kalinina, S, Rueck, A, von Arnim, CAF, and von Einem, B. NADH Autofluorescence-a Marker on Its Way to Boost Bioenergetic Research. Cytometry A (2019) 95(1):34–46. doi: 10.1002/cyto.a.23597

122. Croce, AC, and Bottiroli, G. Autofluorescence Spectroscopy and Imaging: A Tool for Biomedical Research and Diagnosis. Eur J Histochem (2014) 58(4):2461. doi: 10.4081/ejh.2014.2461

123. Valdes, PA, Jacobs, VL, Wilson, BC, Leblond, F, Roberts, DW, and Paulsen, KD. System and Methods for Wide-Field Quantitative Fluorescence Imaging During Neurosurgery. Opt Lett (2013) 38(15):2786–8. doi: 10.1364/OL.38.002786

124. Jermyn, M, Gosselin, Y, Valdes, PA, Sibai, M, Kolste, K, Mercier, J, et al. Improved Sensitivity to Fluorescence for Cancer Detection in Wide-Field Image-Guided Neurosurgery. BioMed Opt Express (2015) 6(12):5063–74. doi: 10.1364/BOE.6.005063

125. Kantelhardt, SR, Diddens, H, Leppert, J, Rohde, V, Huttmann, G, and Giese, A. Multiphoton Excitation Fluorescence Microscopy of 5-Aminolevulinic Acid Induced Fluorescence in Experimental Gliomas. Lasers Surg Med (2008) 40(4):273–81. doi: 10.1002/lsm.20623

126. Kantelhardt, SR. Multiphoton Microscopy and Fluorescence Lifetime Imaging: Applications in Biology and Medicine. In:  K König, editor. Berlin/Boston: Walter de Gruyter GmbH & Co KG (2018). p. 450.

127. Russell, J, Diamond, KR, Collins, TJ, Tiedje, HF, Hayward, J, Farrell, T, et al. Characterization of Fluorescence Lifetime of Photofrin and Delta-Aminolevulinic Acid Induced Protoporphyrin IX in Living Cells Using Single- and Two-Photon Excitation. IEEE J Selected Topics Quantum Electron (2008) 14:158–66. doi: 10.1109/JSTQE.2007.912896

128. Kress, M, Meier, T, Steiner, R, Dolp, F, Erdmann, R, Ortmann, U, et al. Time-Resolved Microspectrofluorometry and Fluorescence Lifetime Imaging of Photosensitizers Using Picosecond Pulsed Diode Lasers in Laser Scanning Microscopes. J BioMed Opt (2003) 8(1):26–32. doi: 10.1117/1.1528595

129. Yankelevich, DR, Ma, D, Liu, J, Sun, Y, Sun, Y, Bec, J, et al. Design and Evaluation of a Device for Fast Multispectral Time-Resolved Fluorescence Spectroscopy and Imaging. Rev Sci Instrum (2014) 85(3):034303. doi: 10.1063/1.4869037

130. Sun, Y, Hatami, N, Yee, M, Phipps, J, Elson, DS, Gorin, F, et al. Fluorescence Lifetime Imaging Microscopy for Brain Tumor Image-Guided Surgery. J BioMed Opt (2010) 15(5):056022. doi: 10.1117/1.3486612

131. Wadiura, LI, Mischkulnig, M, Hosmann, A, Borkovec, M, Kiesel, B, Rotzer, T, et al. Influence of Corticosteroids and Antiepileptic Drugs on Visible 5-Aminolevulinic Acid Fluorescence in a Series of Initially Suspected Low-Grade Gliomas Including World Health Organization Grade II, III, and IV Gliomas. World Neurosurg (2020) 137:e437–e46. doi: 10.1016/j.wneu.2020.01.243

132. Lawrence, JE, Steele, CJ, Rovin, RA, Belton, RJ Jr., and Winn, RJ. Dexamethasone Alone and in Combination With Desipramine, Phenytoin, Valproic Acid or Levetiracetam Interferes With 5-ALA-Mediated Ppix Production and Cellular Retention in Glioblastoma Cells. J Neurooncol (2016) 127(1):15–21. doi: 10.1007/s11060-015-2012-x

133. Hefti, M, Albert, I, and Luginbuehl, V. Phenytoin Reduces 5-Aminolevulinic Acid-Induced Protoporphyrin IX Accumulation in Malignant Glioma Cells. J Neurooncol (2012) 108(3):443–50. doi: 10.1007/s11060-012-0857-9

134. Coburger, J, Nabavi, A, Konig, R, Wirtz, CR, and Pala, A. Contemporary Use of Intraoperative Imaging in Glioma Surgery: A Survey Among EANS Members. Clin Neurol Neurosurg (2017) 163:133–41. doi: 10.1016/j.clineuro.2017.10.033

135. Cavallo, C, De Laurentis, C, Vetrano, IG, Falco, J, Broggi, M, Schiariti, M, et al. The Utilization of Fluorescein in Brain Tumor Surgery: A Systematic Review. J Neurosurg Sci (2018) 62(6):690–703. doi: 10.23736/S0390-5616.18.04480-6

136. Zhang, ZZ, Shields, LB, Sun, DA, Zhang, YP, Hunt, MA, and Shields, CB. The Art of Intraoperative Glioma Identification. Front Oncol (2015) 5:175. doi: 10.3389/fonc.2015.00175

137. Hansen, RW, Pedersen, CB, Halle, B, Korshoej, AR, Schulz, MK, Kristensen, BW, et al. 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) 4:1–8. doi: 10.3171/2019.6.JNS191531

138. Xiang, Y, Zhu, XP, Zhao, JN, Huang, GH, Tang, JH, Chen, HR, et al. Blood-Brain Barrier Disruption, Sodium Fluorescein, and Fluorescence-Guided Surgery of Gliomas. Br J Neurosurg (2018) 32(2):141–8. doi: 10.1080/02688697.2018.1428731

139. Schebesch, KM, Brawanski, A, Hohenberger, C, and Hohne, J. Fluorescein Sodium-Guided Surgery of Malignant Brain Tumors: History, Current Concepts, and Future Project. Turk Neurosurg (2016) 26(2):185–94. doi: 10.5137/1019-5149.JTN.16952-16.0

140. Akimoto, J, Fukami, S, Ichikawa, M, Mohamed, A, and Kohno, M. Intraoperative Photodiagnosis for Malignant Glioma Using Photosensitizer Talaporfin Sodium. Front Surg (2019) 6:12. doi: 10.3389/fsurg.2019.00012




Conflict of Interest: JF receives financial research support by NX Development Corp.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kiesel, Freund, Reichert, Wadiura, Erkkilae, Woehrer, Hervey-Jumper, Berger and Widhalm. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-699301-g002.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        5-ALA in Suspected Low-Grade Gliomas: Current Role, Limitations, and New Approaches

      

        		

          Introduction

        



        		

          Low-Grade Gliomas

        



        		

          Current Techniques and Limitations of Intraoperative LGG Visualization

        



        		

          Fluorescence-Guided Surgeryin Neurosurgery

        



        		

          Methods

        



        		

          5-ALA Fluorescence in LGG

        



        		

          5-ALA Fluorescence and PET Imaging

        



        		

          Current Limitations of 5-ALA in Suspected LGG

        



        		

          Quantitative Spectroscopic Measurement of 5-ALA Induced PpIX Accumulation

        



        		

          Confocal Microscopy and 5-ALA Fluorescence

        



        		

          Fluorescence Lifetime Imaging of PpIX

        



        		

          Pharmaceuticals’ Influence on 5-ALA Fluorescence

        



        		

          Value of Other Fluorophores in LGG

        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Publication Year  Total Histopathological diagnosis Positive 5-ALA fluorescence PET tracer PET T/N ratio

n n n (%) 5-ALA pos 5-ALA neg
Stockhammer et al. 2009 13 1 WHO® Il 7 (100) FET 2.321 1.142
1 WHO® Il 11 (100) p<0.0001
" WHO® IV 11/11 (100)
Widhalm et al. 2010 17 8 WHO® Il 0/8 (©] MET 23 1.2
9 WHOe Il 8/9 (89 p=0.037
Floeth et al. 2011 30 13 WHOe Il 113 8 FET n.d. n.d.
15 WHO* Il 8/156 (83)
2 WHO® IV 2/2 (100)
Ewelt et al. 2011 30 13 WHO® Il 113 (8 FET 2.82 1.33
15 WHO® Il 9/15 (60) p=0.026
2 WHO*° IV 2/2 (100)
Arita et al. 2012 1" 2 WHO* Il n.d. n.d. MET 1.66 1.41
2 WHO* Il p=0.367
7 WHO?® IV

5-ALA, 5-aminolevulinic acid; FET, O-[2- (18F)fluoroethyi]-L-tyrosine; MET, methionine; n.d., no data; PET, positron emission tomography.
T/N ratio, tumor to normal brain ratio; WHO, World Health organization.
Bold = significant.





OEBPS/Images/fonc-11-699301-g001.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc.2021.699301_cover.jpg
, frontiers
in Oncology

5-ALA in Suspected Low-Grade
Gliomas: Current Role, Limitations, and
New Approaches





OEBPS/Images/table1.jpg
Publication

Ishihara et al.

Widhalm et al.

Ewelt et al.

Widhalm et al.

Jaber et al.

Saito et al.

Jaber et al.

Goryaynov et al.

5-ALA, 5-aminolevulinic acid: WHO, World Health Organization.

Year

2007

2010

2011

2013

2016

2017

2019

2019

Total

17

30

59

166

60

74

27

Histopathological diagnosis

Positive 5-ALA Fluorescence

138
15

33

26

82
76

17
35

74

20

WHO® Il
WHO° il
WHO® IV

WHO® Il
WHO® Il

WHO° II
WHO® Il
WHO® IV

WHO® Il
WHO® Il

WHO® Il
WHO® i
WHO® IV

WHO® Il
WHO® Il
WHO® IV

WHO° II

WHO Il

Pilocytic astrocytoma

Gemistocytic astrocytoma
Desmoplastic infantile ganglioglioma

n

0/2
2/2
2/2

0/8
8/9

113
10/15
2/2

4/33
23/26

19/82
66/76
7/8

2/8
a7
31/35

16/74

7/20
4/4
2/2
1
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)
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