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Abstract
Purpose 5-Aminolevulinic acid (5-ALA) fluorescence-guided resection of high-grade gliomas (HGG) increases the extent 
of resection (EOR) and progression-free survival. The headlamp/loupe combination has been introduced as a method of 
performing fluorescent-guided surgery. This study aims to understand the correlation between fluorescent intensity and 
histology and between residual fluorescence and radiographic EOR utilizing the headlamp/loupe device.
Methods Intraoperative samples resected using the headlamp/loupe device from 14 patients were labeled as PINK, VAGUE, 
or NEGATIVE depending on the degree of fluorescence. Histological assessment of microvascular proliferation, necrosis, 
and cell density was performed, and samples were classified as histologically consistent with glioblastoma (GBM), high-
grade infiltrating glioma (HGIG), IG, or non-diagnostic (NDX). The presence of intraoperative residual fluorescence was 
compared to EOR on post-operative MRI.
Results There was a significant difference in cell density comparing PINK, VAGUE, and NEGATIVE specimens (ANOVA, 
p < 0.00001). The PPV of PINK for GBM or HGIG was 88.4% (38/43). The NPV of NEGATIVE for IG or NDX was 74.4% 
(29/39). The relationship between the degree of fluorescence determination and histological results was significant (X2 (6 
degrees of freedom, N = 101) = 42.57, p < 0.00001). The PPV of intraoperative GTR for post-operative GTR on MRI was 
100%, while the NPV of intraoperative STR for post-operative STR on MRI was 60%.
Conclusion The headlamp/loupe device provides information about histology, cell density, and necrosis with similar PPV 
for tumor to the operative microscope. Safe complete resection of florescence has a PPV of 100% for radiographic GTR and 
should be the goal of surgery.
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Abbreviations
5ALA  5-Aminolevuilnic acid
EOR  Extent of resection

GBM  Glioblastoma
GTR   Gross total resection
HGG  High-grade gliomas
HGIG  High-grade infiltrating glioma
MRI  Magnetic resonance imaging
NDX  Non-diagnostic
NPV  Negative predictive value
PFS  Progression-free survival
PPV  Positive predictive value

Introduction

Fluorescence-guided resection using 5-aminolevulinic 
acid (5-ALA) for high-grade gliomas (HGG) increases the 
extent of resection (EOR) and progression-free survival 
(PFS) [1, 9, 19]. After administration, 5-ALA crosses the 
blood–brain barrier, and a metabolite of 5-ALA accumu-
lates in tumor cells and fluoresces pink after excitation with 
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violet–blue light [15–17]. 5-ALA fluoresces in tissue that 
is non-contrast-enhancing on magnetic resonance imaging 
(MRI), increasing resection of non-enhancing tumor tissue 
as well [1, 14, 23]. As HGGs diffusely infiltrate the brain, the 
absence of fluorescence in adjacent regions rarely indicates a 
complete absence of tumor cells. As expected, the negative 
predictive value (NPV) of intraoperative fluorescence for 
tumor cells is low, while the positive predictive value (PPV) 
is quite high [1, 13, 21].

Since the data on PPV of fluorescence intensity for tumor 
cell density and histology as well as the predictive value of 
residual fluorescence for achieving a radiographic gross total 
resection (GTR) was determined using the microscope, these 
metrics remain undefined for the headlamp/loupe combina-
tion [6, 17, 22, 23]. Suero Molina et al. recently performed 
a comparison of the headlamp/loupe combination with the 
operative microscope. Compared with the microscope, the 
headlamp/loupe provided equivalent fluorescence detection 
but yielded 10 times as much fluorescence intensity [9]. No 
histological analysis was performed on samples in that study, 
nor other published studies utilizing the headlamp–loupe 
combination [6, 22, 25]. Therefore, in our paper, we per-
formed a detailed histologic analysis of glioma samples 
examined ex vivo in the operating room using the headlamp/
loupe system to determine the correlation between fluores-
cence intensity, tumor grade, and cell density. We also cor-
related surgeon assessment of the presence or absence of 
residual fluorescence with post-operative MRI-determined 
EOR.

Methods

This study was approved by the Institutional Review Board 
at our institution. Patients enrolled in the study had a con-
trast-enhancing mass on pre-operative MRI concerning for 
HGG warranting surgical resection. All of the tumors were 
contrast-enhancing on pre-operative MRI. Patients were 
administered an oral dose of 20 mg/kg body weight 5-ALA 
(Gleolan, NX Development Corp, Lexington, KY, USA) 
approximately 2 to 4 h prior to surgery in the pre-operative 
area and prior to obtaining a navigation MRI. The Brain-
lab system (Munich, Bavaria) was employed in all cases 
for intraoperative navigation. Once exposed, the tumor was 
removed using the Designs For Vision, Inc.® REVEAL™ 
FGS surgeon-specific 5-ALA fluorescent headlight/loupe 
(Fig. 1) [4, 6]. Both white light and fluorescent-guided resec-
tions were performed in all surgeries.

Ex vivo classification

Once removed from the patient, samples were examined 
ex vivo utilizing the headlamp/loupe system and sent to the 

laboratory for permanent classification. With the operating 
room lights off during sample analysis, the samples were 
shielded from significant exposure to white light and bleach-
ing. Samples were not examined in situ to eliminate con-
tamination from blood, variability in incident light excita-
tion angle, or obstruction based on cavity collapse. Samples 
from each of the three fluorescent types (PINK, VAGUE, 
NEGATIVE) were identified and marked as either “PINK,” 
if brightly fluorescent; “VAGUE,” if lightly pink fluorescent; 
or “NEGATIVE,” if no fluorescence was identified. When 
possible, at least 2 samples of each fluorescent type were 
sent to the laboratory from each case. In some cases, addi-
tional samples were sent at discretion of the primary sur-
geon if there was concern for necrosis or cell viability of the 
selected sample. In addition, some samples did not contain 
clearly vague or negative areas when none was present in the 
resected specimen. The surgical microscope was not used for 
resection of the samples that were marked as PINK/VAGUE/
NEGATIVE, nor was the surgical microscope utilized by the 
primary surgeon to further resect tumor.

Tissue sample processing

Tissue samples were fixed in 10% formalin and embedded 
into paraffin blocks. Five-micrometer sections were cut and 
stained with hematoxylin and eosin (H&E). Sections were 
examined under an Olympus light microscope by a board-
certified neuropathologist who was blinded to the assigned 
fluorescent grading for all subsequent analyses. For cell 
density analysis, samples were examined for widespread 
necrosis and microcalcifications and excluded if widespread 

Fig. 1  Design for Vision® REVEAL™ FGS surgeon-specific 5-ALA 
fluorescent headlight
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necrosis precluded a meaningful cell count or if widespread 
microcalcifications cofounded the particle analyzer function.

Diagnostic histological analysis

All tissue samples were scored for the following cat-
egorical features: (1) microvascular proliferation (pre-
sent or absent) and (2) necrosis (scored as “widespread” 
coagulative necrosis, “focal” necrosis including pali-
sading necrosis, or “no” necrosis). Samples were also 
given a sample-specific histologic category based on 
the presence of conventional histological grading cri-
teria (i.e., irrespective of the overall case-level diag-
nosis) as follows: (1) non-diagnostic (NDX), no diag-
nostic involvement by tumor on H&E analysis alone; 
(2) infiltrating glioma (IG), clear evidence of tumor 
involvement based on hypercellularity and/or nuclear 
atypia without readily apparent mitotic activity (defined 
as ≤ 1 mitotic figure seen within 60 s of analysis); and 
(3) high-grade infiltrating glioma (HGIG), IG with the 
addition of readily apparent mitotic activity (defined as 
2 or more mitotic figures seen within 60 s of analysis), 
and glioblastoma (GBM), HGIG with the addition of 
microvascular proliferation and/or necrosis.

Cell density analysis

The neuropathologist examined all sections at low power and 
chose 3 representative 200 × fields (10 × optical × 20 × objec-
tive) each for those areas showing the lowest and highest 
cell density, respectively. A semiquantitative score was 
assigned indicating an estimated percentage of the slide that 
the high-density fields were representative of (low ≤ 25%, 
medium = 25–75%, and high ≥ 75%). These images were 
analyzed for an estimated cell count using an automated 
macroscript in the ImageJ software to segment and count 
nuclei. Sample images comprising predominantly coagula-
tively necrotic material or microcalcifications were excluded 
from the cell count analysis. Figure 2a, c, and e demonstrate 
sample histology of NEGATIVE, VAGUE, and PINK sam-
ples, respectively. Figure 2b, d, and f demonstrate sample 
automated nuclear segmentation and cell counts for NEGA-
TIVE, VAGUE, and PINK samples, respectively.

Three values were calculated from the raw cell count 
numbers for each sample: (1) the average of the low cell 
density fields (AVG_LOW); (2) the average of the high 
cell density fields (AVG_HIGH); and (3) an adjusted 
average (AVG_ADJ) that factored in how representative 
of the slide the high-density areas were, according to the 

Fig. 2  Hematoxylin and eosin 
(H&E) staining at 200 × original 
magnification of intraoperative 
samples labeled as negative (a), 
vague (c), and pink (e). Cor-
responding automated nuclear 
detection and cell count for 
intraoperative samples labeled 
as negative (b), vague (d), and 
pink (f)
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following formula: AVG_ADJ = (AVG_HIGH)*(HF_MUL-
TIPLIER) + AVG_LOW*(1 − HF_MULTIPLIER), where 
the HF_MULTIPLIER correlates with the semiquantita-
tive assessment of how representative the high-density foci 
are across the entire sample (discussed above) such that a 
score of low yields an HF_MULTIPLIER of 0.25, a score of 
medium yields an HF_MULTIPLIER of 0.50, and a score of 
high yields an HF_MULTIPLIER of 0.75. This AVG_ADJ 
cell count was used in Fig. 3a.

Graphics and statistical analysis

Graphics were generated using the R programming lan-
guage within the RStudio environment. ANOVA statis-
tical analysis was performed using the stat_compare_
means(method = “anova”) function within the R library 
“ggpubr.” NPV and PPV were calculated from available 
data. Using MATLAB, the chi-square variance test was per-
formed on nominal data (results are reported as follows X2 
(degrees of freedom, N) = chi-square statistic value, p value). 
For nominal data with smaller N, Fisher’s exact test was 
calculated. For ordinal data, ordinal regression analysis was 

performed in MATLAB. R2, F value with degrees of free-
dom, and p value are reported for the overall results. Addi-
tionally, β and p value are reported for each comparison.

Determination of intraoperative pathology and EOR

An intraoperative assessment of GTR versus subtotal resec-
tion (STR) was determined by the senior author based on 
the in situ, in vivo cavity inspection with the headlamp/
loupe combination to examine for residual fluorescence 
at completion of the operation. The data was entered pro-
spectively on the date of surgery into the primary surgeons’ 
database of case descriptions, prior to knowing the results 
of the post-operative MRI scan. If no residual fluorescence 
(either PINK or VAGUE) was observed at the end of the 
resection, the case was labeled GTR. If residual fluorescence 
was observed, the case was labeled STR. The intraopera-
tive assessment was then compared with the post-operative 
contrast-enhanced MRI scan performed within 48 h of the 
termination of surgery. Post-operative scans were examined 
by a blinded independent neuro-radiologist and classified 
as either GTR or STR based on the presence of residual 

Fig. 3  Cell density score is demonstrated (a) where cell density is 
plotted on the y-axis and intraoperative sample classification plot-
ted on the x-axis. Each circle is representative of a sample. The 
histological classification of each tumor sample of the three intra-

operative classifications (b) is demonstrated (chi-square test X2 (6, 
N = 101) = 42.57, p < 0.00001). The amount of necrosis in each sam-
ple, either focal or widespread, is also demonstrated for each intraop-
erative classification (c)
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contrast-enhancing tumor on MRI. If no contrast-enhancing 
tumor was present on MRI, the case was labeled GTR. If 
contrast-enhancing tumor was present on post-operative 
MRI, the case was labeled STR.

Results

This study included 14 total patients and 101 independent 
tissue samples. Two patients were excluded from post-oper-
ative MRI analysis for EOR due to the lack of prospective 
documentation of intraoperative extent of resection. The 
median number of samples per patient was 6. There were 
11 first time operations and 3 reoperations. Demographic, 
clinical characteristics, and tumor location for each case are 
presented in Table 1. Final pathology showed GBM (12/14), 
“oligodendroglioma, IDH mutant, and 1p19q-codeleted, 
CNS WHO grade 3” (1/14), and one case with histologi-
cal features of a conventional anaplastic diffuse astrocytoma 
with molecular features of GBM (also diagnosed as “glio-
blastoma, IDH-wildtype, CNS WHO grade 4” by current 

WHO criteria) (1/14). All GBM were confirmed IDH-
wildtype by sequencing. For MGMT methylation status, 8 
were unmethylated, 3 were methylated, and 1 was partially 
methylated.

Fluorescence/histology correlation

Of the 101 samples sent, the distribution was PINK (43/101, 
42.6%), VAGUE (19/101, 18.8%), and NEGATIVE (39/101, 
38.6%) (Fig. 3). For cell density analysis, 8/101 samples 
were excluded due to the presence of widespread necro-
sis, precluding a meaningful cell count, and 3/101 samples 
were excluded due to the presence of widespread micro-
calcifications which confounded the “analyze particles” 
function in ImageJ. Thus, the cell density data presented 
in Fig. 3 include data from 90 of the total 101 samples. 
Three 200 × fields with the highest and three fields with 
the lowest cell density from each sample were chosen for 
cell count analysis for a total of 540 separate image fields 
analyzed. Cell density increased along with fluorescent 
intensity (Fig. 3a). The average cell density of NEGATIVE 

Table 1  Clinical information regarding 14 cases included for pathologic analysis

AMS, altered mental status; OLIGO, oligodendroglioma, IDH mutant, and 1p/19qcodeleted; F, female; GBM, glioblastoma, IDH-wildtype; AA, 
histological features of conventional anaplastic astrocytoma, diagnosed as glioblastoma, IDH-wildtype based on molecular findings; IDH, isoci-
trate dehydrogenase; L, left; LF, left frontal; LP, left parietal; LO, left occipital; LT, left temporal; M, male; R, right; RF, right frontal; RHH, 
right homonymous hemianopsia; RP, right parietal; RT, right temporal; RO, right occipital; WFD, word finding difficulty; WT, wildtype

Age, sex Symptoms Tumor location Pre-operative deficit Post-operative deficit Pathology Molecular characteris-
tics; IDH status, MGMT 
status

71 M Olfactory & left focal 
sensory seizures

RT Intact Intact GBM WT, methylated

75F Headache RO Intact Intact GBM WT, unmethylated
80F Headache, AMS RF Intact Intact GBM WT, unmethylated
85 M Expressive aphasia LP/LT Moderate expres-

sive aphasia, 
difficulty with 
repetition

Moderate expressive 
aphasia, difficulty with 
repetition

GBM WT, unmethylated

60 M Seizures LF Intact Intact GBM WT, unmethylated
74F Left hemiparesis RF L hemiparesis L hemiplegia GBM WT, unmethylated
66 M Expressive aphasia RP/RT Intact Intact GBM WT, methylated
85 M Word finding difficulty LT WFD WFD GBM WT, unmethylated
55 M Mixed aphasia, recep-

tive > expressive, RHH
LF, left sub-

ependymal 
mass

Mixed apha-
sia, recep-
tive > expressive, 
RHH

Severe expressive, mod-
erate receptive, RHH

GBM WT, methylated

51 M Forgetfulness RF Intact Intact OLIGO, 
CNS WHO 
grade 3

IDH mutant, methylated, 
1p/19q codeleted

57 M Seizures LT WFD Mild WFD, mild naming 
impairment

GBM WT, partially methylated

74F Seizures RT Intact Intact AA WT, methylated
54F Visual disturbances LO RHH RHH GBM WT, unmethylated
75F Seizures RP Intact Mild L inferior field cut GBM WT, unmethylated



 Acta Neurochirurgica

1 3

samples was 643.1 cells per field ± 195.4, that of VAGUE 
samples was 787.3 ± 241.3, and that of PINK samples was 
1270.8 ± 586.8 (ANOVA, p < 0.00001). It should be noted 
that a majority of the samples labeled as “NEGATIVE” by 
fluorescence that were classified histologically as GBM were 
excluded from the cell count analysis due to widespread 
necrosis and a lack of sufficient cellularity for meaningful 
quantification.

The samples were independently classified into non-diag-
nostic (NDX), infiltrating glioma (IG), high-grade infiltrating 
glioma (HGIG), and GBM (glioblastoma) (Fig. 3b) based on 
the presence of conventional histological grading features, as 
described in “Methods.” For the specimens labeled PINK, 
the histological results were GBM (26/43, 60.4%), HGIG 
(12/43, 27.9%), IG (3/43, 7.0%), and NDX (2/43, 4.7%). 
For the specimens labeled VAGUE, the histological results 
were HGIG (7/19, 36.8%), IG (7/19, 36.8%), NDX (4/19, 
21.1%), and GBM (1/19, 5.3%). For the specimens labeled 
NEGATIVE, the histological results were IG (17/39, 43.6%), 
NDX (12/39, 30.8%), HGIG (5/39, 12.8%, and GBM (5/39, 
12.8%). The PPV of PINK for GBM or HGIG was 88.4% 
(38/43). The PPV of PINK and VAGUE combined for GBM 
or HGIG was lower at 74.2% (46/62). The NPV of NEGA-
TIVE for IG or NDX was 74.4% (29/39). A chi-square test 
of independence was performed to examine the relationship 
between headlamp fluorescence (PINK, VAGUE, NEGA-
TIVE) and histological results (GBM, HGIG, IG, NDX). 
The relation between these variables was significant (X2 (6 
df, N = 101) = 42.57, p < 0.00001).

The amount of necrosis, classified as none, focal, or 
widespread, was analyzed (Fig. 3c). For the five intraop-
erative samples NEGATIVE for fluorescence that were 

histologically classified as GBM, all had widespread 
necrosis (5/5, 100%). There were two negative intraopera-
tive samples that were confirmed NDX that also had wide-
spread necrosis. For the intraoperative specimens labeled 
PINK that were histologically classified as GBM, 19/26 
(73.1%) had focal necrosis present. For the intraoperative 
specimens labeled VAGUE, the only GBM sample had only 
focal necrosis. Ordinal regression was used to determine 
whether histological necrosis and microvascular prolifera-
tion were correlated with intraoperative headlamp color. The 
overall regression was statistically significant (R2 = 0.42, 
F(3,97) = 23.35, p = 1.8E − 11). The presence of microvas-
cular proliferation was correlated with higher fluorescence 
(β = 0.82, p < 0.001), whereas necrotic tissue was signifi-
cantly less likely to fluoresce intraoperatively (β =  − 0.24, 
p < 0.01).

Fluorescence/EOR correlation

Twelve cases were included in the analysis correlating intra-
operative fluorescence-guided EOR with post-operative 
MRI-determined EOR (Table 2). As stated above, 2 cases 
of the original cohort were excluded due to lack of intra-
operative documentation of the extent of resection impres-
sion. Of the 12 cases, 7/12 (58.3%) were GTR based on 
the absence of intraoperative fluorescence and 5/12 (41.7%) 
were STR. Reasons for STR were generally to avoid damag-
ing eloquent cortex and are listed in Table 2. There was a 
significant association between EOR (GTR vs. STR) deter-
mined by intraoperative fluorescence and post-operative 
MRI (p = 0.046, Fisher’s exact test). All intraoperatively 
assessed GTR were confirmed to be GTR on post-operative 

Table 2  Intraoperative residual fluorescence and post-operative MRI impression of the extent of resection

OLIGO, oligodendroglioma, IDH mutant, and 1p/19qcodeleted; GBM, glioblastoma, IDH-wildtype; AA, histological features of conventional 
anaplastic astrocytoma, diagnosed as glioblastoma, IDH-wildtype, based on molecular findings and current WHO criteria; GTR , gross total 
resection; MRI, magnetic resonance imaging; STR, subtotal resection; WHO, World Health Organization

Histologic diagnosis Intraoperative impression 
based on fluorescence

Reason for STR Radiology impression 
of post-operative MRI

OLIGO, CNS WHO grade 3 GTR GTR 
AA GTR GTR 
GBM GTR GTR 
GBM GTR GTR 
GBM GTR GTR 
GBM GTR GTR 
GBM GTR GTR 
GBM STR Tumor left in language areas STR
GBM STR Tumor left in insula STR
GBM STR Residual tumor under language areas GTR 
GBM STR Tumor left in basal ganglia to preserve function STR
GBM STR Reoperation—diffuse infiltration of vague fluores-

cence throughout brain
GTR 
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imaging. The positive predictive value of an intraoperative 
GTR for post-operative GTR on MRI was 100% (Fig. 4). Of 
the 5 intraoperative STR, 2/5 (40%) were considered a post-
operative radiographic GTR, while 3/5 (60%) were rated 
as STR. Hence, the NPV of intraoperative STR for radio-
graphic STR was 60% (Fig. 4).

Discussion

We show that intraoperative fluorescence using the head-
lamp/loupe combination correlates highly with histologic 
tumor characteristics, diagnosis, and EOR. The benefits of 
the customized fluorescent headlamp/loupe combination 
include increased visualization of the surrounding anatomy 
and seamless alternation between white light and fluores-
cence [6]. While we have access to microscopes with blue 
filters at our institution, we chose not to use them so as to 
test the sensitivity and specificity of the headlamp/loupe 
combination as a standalone device. In our experience, we 
found it easier to use the headlamp than the microscope, 
and the device has now replaced the microscope for fluo-
rescent-guided high-grade glioma resection for superficial 
tumors. The primary surgeon felt the tumors were ade-
quately removed with the headlamp fluorescent visualiza-
tion, and further resection utilizing the microscope would 
not add value. Importantly, this technology allows the use 
of fluorescence-guided resection to be used world-wide for 
presumed high-grade gliomas in response to poor areas 
that do not have access to a costly fluorescence-enhanced 
operative microscope. As discussed, fluorescence-guided 
surgery has been shown to increase the extent of resection 
of contrast-enhancing tumor and progression-free survival 
[19]. Therefore, the headlamp–loupe combination can help 

decrease healthcare disparities and increase access to high-
quality neurosurgical care with regard to resection of HGG.

While Sureo Molina et al.’s recent publication demon-
strated the headlamp/loupe combination provided equivalent 
fluorescence detection as the microscope, no histological 
analysis was performed on the samples [22]. Our paper 
addresses the correlation between histology and fluorescence 
intensity. The PPV of PINK was 88.4% for GBM or HGIG 
and 95.3% for any glioma cells. This is similar to studies 
reporting the PPV of 5-ALA fluorescence for identifying 
tumor using the operative microscope (range 88–100%) [2, 
5, 7, 8, 10–13, 18, 20, 24]. Our reported PPV may be slightly 
lower than most prior studies due to only including GBM- 
and HGIG-like histological features in this portion of the 
analysis and not lower-grade IG histology. The tumor sam-
ples classified as VAGUE were classified mostly as HGIG 
and IG tumor samples. Similar findings have been reported 
in studies using the microscope, where pink or “strong” fluo-
rescence correlated with high density, rapidly proliferating 
tumor and vague, or “weak” fluorescence correlated with 
infiltrating and low-density glioma [13, 21].

The NPV of NEGATIVE for non-diagnostic classifica-
tion was only 30.8%. This is similar to other studies where 
the NPV of non-fluorescing biopsies were reported as 26% 
and 40% in two papers looking at fluorescence under the 
operative microscope [13, 21]. The idea that the degree of 
tissue fluorescence observed intraoperatively has a robust 
PPV, but low NPV is well-supported in the literature and 
consistent with the widely infiltrative nature of HGG [13]. 
Although 5-ALA may be negative, there are still tumor cells 
present that do not fluoresce at the boundaries of the opera-
tive field [7, 14, 23]. In our study, these NEGATIVE samples 
were histologically classified as IG in 43.6% of cases, NDX 

Fig. 4  Gross total resection 
(GTR) vs. subtotal resection 
(STR) determined by intra-
operative fluorescence and 
post-operative MRI (p = 0.046, 
Fisher’s exact test)
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without tumor cells in 30.8% of cases, and either HGIG or 
GBM in 12.8% of cases, respectively.

We also demonstrate that removal of all fluorescence is 
highly predictive of radiographic GTR. Conversely, residual 
fluorescence does not necessitate radiographic STR. These 
findings, in combination with our histologic data, indicate 
that the absence of enhancement on post-operative MRI does 
not equate to complete resection of all high-density, rapidly 
dividing tumor. If the surgeon can achieve a resection that 
removes all fluorescent tissue, the result may be a “supra-
total” resection, which should be the goal of surgery as long 
as the functional cortex is not compromised [3]. Given the 
infiltrative nature of HGGs, it is sometimes desirable to 
leave some fluorescence behind, particularly if removal of 
such fluorescence will result in a neurological deficit. These 
fluorescent STRs may turn out to be radiographic GTRs but 
clearly have more residual HGG cells than radiographic 
GTRs that are fluorescent GTRs as well. For this reason, we 
suspect that future studies correlating surgical results with 
PFS and overall survival may benefit from the following 
stratification: (1) fluorescent GTR and radiographic GTR, 
(2) fluorescent STR and radiographic GTR, and (3) fluores-
cent STR and radiographic STR.

Limitations

Design limitations include the single surgeon and institu-
tion experience. For the methodology, one limitation was 
that fluorescence was not observed with samples in situ 
but rather ex vivo. Our intention was to ensure the highest 
quality unobstructed and equally illuminated conditions for 
specimen inspection without the influence of blood, which 
is known to obscure fluorescence. However, the conclusions 
cannot be directly applied to intraoperative observations. For 
the pathologic diagnosis, immunohistochemistry (IHC) was 
not used to make biopsy-specific diagnoses. A more sensi-
tive method such as IHC would theoretically be useful in the 
“not diagnostic for tumor” category. However, in practice, 
this methodology is not robust and would have introduced its 
own set of biases. In particular, given the molecular hetero-
geneity of this cohort, there is no single cohort-wide tumor-
specific IHC marker that can reliably determine the neo-
plastic status of single cells. There is significant intra- and 
inter-tumoral heterogeneity of protein-level expression even 
with more specific markers such as IDH-R132H for IDH-
mutated tumors, and moreover, non-specific labeling for 
wildtype epitopes such as can be seen with IHC for p53 or 
EGFR in non-neoplastic cells could confound results in the 
sparsely infiltrated samples that would be the target for this 
method. Given this set of limitations, H&E-level histomor-
phology was used as the gold standard. Future work could 
include other robust methods with higher sensitivity such as 
single-cell sequencing; however, these methodologies were 

beyond the scope of this study. Another limitation is the 
lack of a standardized regimen for collecting biopsies rela-
tive to imaging margin and differentiation between negative 
fluorescent cells taken from the central necrotic core versus 
the periphery of the tumor. Likely, a negative sample taken 
from the necrotic core would dictate a lack of fluorescence, 
while negative samples taken from the tumor may contain 
islands of pink cells.

Conclusion

The headlamp/loupe combination for visualization of 5-ALA 
fluorescence for resection of HGG provides information 
about cell density, histology, and necrosis that has a PPV 
for tumor cells similar to the operative microscope. Com-
plete resection of all visible fluorescence is highly predictive 
of radiographic GTR of all enhancement, as well as some 
degree of surrounding infiltrating non-enhancing tumor. 
Therefore, complete resection of all visible fluorescence 
should be the goal of surgery, as long as no additional neu-
rologic deficit is incurred.
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