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Abstract

Identifying isocitrate dehydrogenase (IDH)-mutation and glioma subtype during surgery instead 

of days later can aid in modifying tumor resection strategies for better survival outcomes. We 

report intraoperative identification of IDH-mutant glioma (N = 12 patients) with a clinically 

compatible fluorescence lifetime imaging (FLIm) device (excitation: 355 nm; emission spectral 

bands: 390/40 nm, 470/28 nm, 542/50 nm). The fluorescence-derived parameters were analyzed to 

study the optical contrast between IDH-mutant tumors and surrounding brain tissue. IDH-mutant 

oligodendrogliomas exhibited shorter lifetimes (3.3 ± 0.1 ns) than IDH-mutant astrocytomas (4.1 

± 0.1 ns). Both IDH-mutant glioma subtypes had shorter lifetimes than white matter (4.6 ± 

0.4 ns) but had comparable lifetimes to cortex. Lifetimes also increased with malignancy grade 

within IDH-mutant oligodendrogliomas (grade 2: 2.96 ± 0.08 ns, grade 3: 3.4 ± 0.3 ns) but not 

within IDH-mutant astrocytomas. The current results support the feasibility of FLIm as a surgical 

adjuvant for identifying IDH-mutant glioma tissue.
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1 | INTRODUCTION

Adult-type diffuse gliomas are classified as astrocytoma, oligodendroglioma, and 

glioblastoma according to the World Health Organization (WHO) 2021 Classification 

of Tumors of the Central Nervous System (CNS) [1]. This updated classification, 
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referred to as WHO CNS5, preferentially uses key molecular alterations to define tumor 

subgroups, compared to traditional histopathological markers used in the past. In the current 

classification scheme, the main differentiating factor among diffuse glioma subgroups 

is the mutational status of isocitrate dehydrogenase (IDH) genes, which are critical to 

tumor metabolism. Gliomas with IDH mutations have a better prognosis than those that 

do not have the mutations. Glioblastoma is now defined exclusively as IDH-wildtype, 

while astrocytoma and oligodendroglioma have mutations in the IDH1/2 genes. Within the 

IDH-mutant tumors, 1p/19q codeletion distinguishes oligodendroglioma (1p/19q co-deleted) 

from astrocytoma (1p/19q non-co-deleted). Tumor grades are defined within every subtype. 

Astrocytomas are graded as CNS WHO grade 2, 3, or 4, whereas oligodendrogliomas 

include CNS WHO grades 2 and 3. Within IDH mutant tumors, only tumor cells harbor 

the mutation, whereas normal surrounding glia are IDH-wildtype, allowing histopathologic 

differentiation between tumor and brain parenchyma.

Surgical resection remains the gold standard for the initial treatment of adult-type diffuse 

glioma [2, 3]. However, different glioma subtypes have different prognoses and respond 

differently to post-surgical therapy (chemotherapy and radiotherapy) [3, 4]. Identifying the 

type of diffuse glioma before or during surgery instead of several days post-surgery (current 

standard methods) will allow personalized optimal surgical strategies.

Oligodendrogliomas are known to respond to therapy more favorably than astrocytomas and 

are associated with significantly longer overall survival [1, 2, 5, 6]. While the extent of 

surgical resection has been associated with improved survival for gliomas in general [7], 

the improved response of oligodendrogliomas to adjuvant therapy reduces the importance 

of gross total resection in these tumors. More aggressive resections, while beneficial to 

survival, are more likely to damage eloquent parts of the brain [8]. Therefore, aggressive 

surgery with the goal of complete tumor removal is more important and appropriate for 

patients with astrocytomas than oligodendrogliomas. However, there remains a standing 

need for an intraoperative tool to identify the type of diffuse glioma in real-time to allow 

surgeons to modify the approach.

Radiomics and radiogenomics have been employed in classifying gliomas according to 

their malignancy grades and IDH mutational status, but they do not provide information 

to differentiate glioma subtypes within IDH-mutant tumors [9]. Currently, the standard 

techniques to identify IDH-mutant glioma subtype are based on molecular analyses (1p/19q 

assessment by fluorescence in-situ hybridization [FISH] or sequencing) that provide results 

weeks after tissue resection [1]. Intraoperative frozen section histology is often performed 

during surgery with an unsatisfactory agreement with the final diagnosis [10, 11].

Label-free fluorescence lifetime imaging (FLIm) leverages changes in tissue metabolism 

associated with the different glioma subtypes to address this challenge. The most prominent 

endogenous fluorophores in the brain are nicotinamide adenine dinucleotide (phosphate) 

(NAD(P)H) and flavin adenine dinucleotide (FAD), which are directly involved in the 

tissue’s metabolic activity. Other compounds, including collagen, pyridoxal phosphate 

(PLP), pyridoxamine phosphate (PMP) and glutamate decarboxylase (GAD) [12–14], as 
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well as lipopigments and porphyrins [15], also contribute to the intrinsic fluorescence of 

brain tissue.

The use of fluorescence lifetime to identify brain malignancies in human patients has 

evolved from the earlier studies on ex vivo freshly excised samples [15–19] to in vivo 

spectroscopy and imaging during neurosurgery [20–23]. These studies have shown the 

ability of FLIm to resolve non-pathologic tissue types (i.e., cortex from white matter) 

[16, 17, 22] and brain lesions (i.e., tumors and necrotic tissue) [15–17, 19–22]. Building 

on the previous work, this study aims to examine the potential of FLIm to identify the 

glioma subtype within IDH-mutant tumors intraoperatively. Such knowledge will aid the 

neurosurgeon’s real-time decision-making in modifying tumor resection strategies, avoiding 

unnecessarily aggressive resection, and thereby preserving eloquent tissue and neurological 

function. Intraoperative FLIm could personalize the treatment strategy leading to improved 

survival outcomes.

2 | MATERIALS AND METHODS

2.1 | Study workflow

In the operating room (OR), a clinically compatible mesoscopic FLIm device [24, 25] 

developed by our group was interfaced with a conventional surgical microscope (OPMI 

Pentero 900; Zeiss, Germany) routinely used in open craniotomy procedures. During tumor 

resection surgery, clinically relevant regions at the resection margins where the neurosurgeon 

suspected tumor infiltration were FLIm-interrogated using a hand-held fiber optic probe and 

subsequently biopsied. Typically, 5–10 scans were obtained from the tumor cavity of each 

patient. The FLIm measurements obtained from each scan were labeled based on tumor 

subtype, tumor cellular density, and tissue type according to the histopathological evaluation 

and molecular analysis performed on the collected specimen. The workflow of FLIm data 

acquisition and biopsy collection for pathological validation is shown in Figure 1. This study 

was approved by the University of California, Davis Institutional Review Board (IRB), and 

all patients provided informed consent before surgery.

2.2 | Human patients

The study cohort comprised 12 patients with IDH-mutant gliomas confirmed by 

histopathology post-surgery. Table 1 summarizes the patient diagnosis and demographic 

information, the device used for collecting FLIm data, and the number of samples collected 

from each patient. Table 2 shows the number of scans/samples acquired for each glioma 

subtype and tumor malignancy grade.

2.3 | FLIm instrumentation

FLIm data was collected using two custom-built, clinically compatible mesoscopic FLIm 

devices developed in our laboratory and described in detail elsewhere [24–26] Both devices 

had all components for signal generation, acquisition, data processing, and display integrated 

into a custom cart. Tissue autofluorescence was excited using a 355 nm pulsed Nd-YAG 

microchip laser (STV-02 E-1×0, TEEM photonics, France) (0.25 μJ pulse energy, 600 

ps pulse duration, 120 Hz repetition rate). The light was delivered to the tissue using 
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a 3-m long, 365 μm core diameter, 0.22 NA fiber optic sterilized hand-held probe. The 

neurosurgeon operated the distal end of the fiber optic probe to perform freehand scans 

of regions of interest in the brain. Each scan took between 2 and 5 s. The fluorescent 

light emitted from the tissue was collected by the same probe for multispectral detection in 

three spectral bands, 390/40 nm, 470/28 nm, and 542/50 nm. These spectral bands typically 

capture fluorescence from collagen/GAD/PMP, NAD(P)H, and FAD, respectively, whose 

emission maximums fall within the respective spectral bands.

The two FLIm devices differed in the detection system. To sample the fluorescence decays, 

the first system (S1) used a single microchannel plate photomultiplier tube (MCP-PMT, 

R3809U-50; Hamamatsu, Japan) connected to an amplifier (AM-1607–3000; Miteq Inc.) 

and a high-speed digitizer (12.5 GS/s, PXIe-5185; National Instruments, TX) [24]. The 

second system (S2) used three avalanche photodetector (APD) modules with an integrated 

transimpedance amplifier and a digitizer (2.5 GS/s, NI PXIe-5162, National Instruments, 

TX) [25].

S2 represents a technical upgrade from S1 with independent gain adjustment in each 

spectral band, 4-times faster imaging speed, and a 5-fold reduction of lifetime measurement 

variability [25]. The standard deviation of lifetime measurements acquired with S2 is 

typically smaller than those acquired with S1 (Figure S3). The FLIm parameters used in 

this study from both devices were comparable. The average lifetimes of both devices can 

be directly compared based on standard dye measurements [24, 25]. A correction factor 

was applied to the intensities in S1 to account for differences in detector sensitivity in each 

spectral band. The results obtained with either device independently were comparable to 

those reported here combining both datasets.

To ensure precise tracking and visualization of the point measurements on the tissue, 

an aiming beam from a 440 nm continuous-wave solid-state laser (TECBL-50G-440-USB-

TTL, Worldstartech, Canada) was delivered to the tissue through the hand-held fiber optic 

probe. Precise motion tracking ensures that the tissue exposure to laser light falls within the 

maximum permissible exposure (MPE) limits in compliance with the American Standard for 

Safe Use of Lasers ANSI Z136.1 (2014) [27].

2.4 | FLIm data acquisition, analysis, and visualization

FLIm scans (~10 mm2) were acquired from the surgical resection margins. The data 

acquisition, processing, and display sequentially occurred in real-time (33 ms/point 

measurement) to provide an augmented reality view of the surgical field-of-view with the 

FLIm parameters (example in Figure 2A) [22]. The FLIm data were also processed and 

analyzed independently from the real-time processes, and these results are reported here.

The fluorescence decays, the average fluorescence lifetime, and the intensity ratio in each 

spectral channel were extracted by a constrained least-squares deconvolution with the 

Laguerre expansion method described elsewhere [28]. The medians of the fluorescence 

lifetimes and intensity ratios of each scan (n) were used as the basic unit of analysis 

(individual points displayed), unless noted otherwise. The means and standard deviations 

for each group are reported, and the Wilcoxon Rank Sum test was used to determine 
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statistical differences between groups. Differences were considered significant at p < 0.01 

and are indicated by * in the figures. Sensitivity, specificity, and ROC-AUC curves are 

also reported using lifetimes for distinguishing astrocytoma from oligodendroglioma tumors. 

These parameters were computed by setting threshold values from 2 to 5 ns, in increments of 

0.5 ns, for all three lifetimes (Figure 3C and Table 5).

2.5 | Histopathological and molecular assessment

Tissue biopsies (1–2 mm3) were collected from the scanned regions. Biopsied tissue was 

analyzed by the neuropathologist (H.S.L. or L.-W.J.) following standard procedures. The 

tissue type (white matter/cortex) and the tumor cellular density for each sample were 

assessed from hematoxylin and eosin (H&E) stained tissue slices and confirmed with IDH 

immunohistochemistry stain. A semi-quantitative scale was used to define four classes of 

tumor cellular density as absent, low, moderate, and high, according to the following criteria. 

Absent: the collected tissue from the resection margin showed no evidence of tumor cells. 

Low: <200 cells per high power field (HPF; 0.5 mm field diameter using a ×40 objective) 

or tumor nuclei covering <10% of surface area. Moderate: 200–1000 cells per HPF or tumor 

nuclei covering 10%–25% of surface area. High: >1000 tumor cells per HPF or tumor 

nuclei covering >25% of surface area. Figure S1 shows representative H&E images and 

corresponding IDH stains for the different classes of tumor cellular density.

For this study, we designate as “normal” all FLIm data from scans of regions of interest 

where biopsies showed absent and low tumor cellular density, and as “tumor” all FLIm data 

from scans where biopsies showed moderate and high tumor cellular density. The evaluation 

of molecular markers (i.e., IDH1/2 mutation and 1p/19q codeletion mutation) served as the 

ground truth to validate the IDH-mutation status of the samples and their tumor subtype 

(astrocytoma or oligodendroglioma), and it was used to label the FLIm scans accordingly.

3 | RESULTS

3.1 | Fluorescence lifetimes of IDH-mutant tumors are shorter compared to white matter, 
but comparable to cortex

To determine if the FLIm parameters can distinguish IDH-mutant tumor from surrounding 

brain parenchyma (IDH-wildtype), we compared the average lifetimes and intensity ratios 

of the three tissue types labeled according to the biopsy results (tumor, cortex, and white 

matter) (Table 3 and Figure 2).

Figure 2A shows a representative FLIm scan overlaid onto the surgical field-of-view 

acquired in each tissue type and the corresponding H&E images. The average lifetime 

values for each tissue type in all three spectral channels are shown in Figure 2B and in 

Table 3. Tumor tissue, comprising both IDH-mutant oligodendroglioma and IDH-mutant 

astrocytoma, had shorter lifetime values when compared to white matter in all the channels 

(390-nm: 3.8 ± 0.3 ns vs. 4.2 ± 0.3 ns, p < 0.01; 470-nm: 3.6 ± 0.6 ns vs. 4.6 ± 0.4 ns, p < 

0.01; 542 nm: 3.3 ± 0.7 ns vs. 4.3 ± 0.5 ns, p < 0.01). However, tumor lifetime values were 

comparable to cortex values (390-nm: 3.8 ± 0.4 ns, p = 0.66; 470-nm: 3.7 ± 0.5 ns, p = 0.47; 

542-nm: 3.5 ± 0.5 ns, p = 0.35). Note that white matter samples had longer lifetime values 
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than cortex samples in all three channels. We found that whereas lifetime is not enough 

to identify tumors infiltrating cortex tissue, there is a clear distinction in lifetime values 

between IDH-mutant tumors and white matter.

Figure 2C and Table 3 show the intensity ratios from each scanned area. The strongest 

contribution in intensity was at the 470 nm band for all tissue types, consistent with the 

predominant fluorescence from NAD(P) H. Despite all tissue types having a similar spectral 

profile, small differences were captured in the 390-nm channel. In this spectral band, white 

matter exhibited a relatively higher intensity (0.15 ± 0.05 a.u.) when compared to cortex 

(0.07 ± 0.04 a.u., p < 0.01) and tumor (0.09 ± 0.03 a.u., p < 0.01). On the metabolic channels 

(470-nm and 542-nm), the intensity ratio did not provide discrimination among the tissue 

types.

3.2 | Fluorescence lifetime values differ between astrocytoma and oligodendroglioma

To determine whether FLIm can provide optical contrast between IDH-mutant astrocytoma 

and IDH-mutant oligodendroglioma, the tumor scans were analyzed according to their 

tumor type (Table 4). Figure 3A shows the fluorescence lifetimes in the 470-nm channel 

overlaid on the surgical field-of-view of representative oligodendroglioma and astrocytoma 

tumors and their corresponding H&E images. The average lifetimes of tumor tissue from 

astrocytoma and oligodendroglioma are shown in Figure 3B. Oligodendroglioma tumors had 

shorter lifetimes in the metabolic channels (470-nm: 3.3 ± 0.1 ns; 542-nm: 2.8 ± 0.2 ns) 

compared to astrocytoma (470-nm: 4.1 ± 0.1 ns; 542-nm: 3.9 ± 0.2 ns; p < 0.01 for each 

channel pair). The average lifetimes of the two IDH-mutant tumor types were comparable in 

the 390-nm band.

The average lifetime values of the IDH-mutant glioma subtypes differ from those of the 

surrounding infiltrating tissue in different ways (Figure S2). In the plane defined by the 

470-nm and 542-nm average lifetimes, oligodendroglioma separated from white matter but 

completely overlapped with cortex tissue (Figure S2C,D). For IDH-mutant astrocytoma, 

while the white matter has longer lifetimes on average than the tumor tissue, there is an 

overlapping region between the two distributions of average lifetime (Figure S2A). Unlike 

oligodendrogliomas, the lifetime of astrocytoma seemed separated from that of cortex 

tissue (Figure S2B). However, the astrocytoma tumor points correspond to a patient who 

underwent a laser interstitial thermal therapy (LITT) procedure before surgery. It is plausible 

that the high lifetime values observed in this case indicate changes due to LITT.

In this study, tissue specimens without tumor cells and those with low tumor cellular density 

were assigned as “normal” tissue and specimens with a moderate or high degree of tumor 

cellular density were assigned as “tumor.” For white matter tissue, the average fluorescence 

lifetime values in channels 470 nm and 542 nm, and to a minor degree in channel 390 

nm, exhibited shorter values in specimens with moderate and high tumor cellularity than in 

specimens without tumor cells or with low tumor cellular density (Figure S3). But there was 

no difference in lifetime values between the moderate and high cellular density groups, nor 

between the absent and low cellular density groups in either glioma subtype. Importantly, 

despite the interpatient variability in lifetime values in each tumor cellular density group, 
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these trends were observed in all patients for which data from the “normal” and “tumor” 

groups were available.

3.3 | Fluorescence lifetime values may provide further contrast between grades of IDH-
mutant tumors

Within each IDH-mutant glioma subtype, the mean fluorescence lifetime also differed 

between grades (Figure 3D and Table 4). With the current limited number of samples 

(Table 2), the differences between grades in IDH-mutant astrocytoma were non-significant 

across all channels (p > 0.01). However, oligodendroglioma grade 2 showed shorter lifetimes 

than grade 3 in the channel centered at 470 nm (2.96 ± 0.08 ns vs. 3.4 ± 0.3, p < 0.01). 

Fluorescence lifetime values at 390 nm (p = 0.31) and 542 nm (p = 0.05) were comparable 

between the two grades.

3.4 | Diagnostic potential of fluorescence lifetimes

The distinct average fluorescence lifetimes of IDH-mutant oligodendroglioma and IDH-

mutant astrocytoma in channels 470-nm and 542-nm (Figure 3B) indicate FLIm’s potential 

to diagnose between the two glioma subtypes. The sensitivity and specificity were computed 

for a range of thresholds between 2 and 5 ns to generate ROC-AUC curves in each 

spectral band (Figure 3C and Table 5). While the performance of the 390-nm lifetime was 

marginal (AUC = 0.55) as expected due to the overlapping lifetime values (Figure 3B), the 

470-nm and 542-nm lifetimes provided high diagnostic potential with AUC470-nm = 0.92 and 

AUC542-nm = 0.96, respectively.

4 | DISCUSSION

Current results indicate that FLIm-derived parameters (i.e., average fluorescence lifetime) 

differ between IDH-mutant astrocytoma and oligodendroglioma tumors, underscoring the 

potential of mesoscopic FLIm as an intraoperative tool for glioma subtype identification. 

Moreover, FLIm can identify IDH-mutant gliomas from surrounding white matter.

The differences in fluorescence lifetimes between brain parenchyma and the distinct tumor 

subtypes evaluated in this study are most likely the result of alterations in metabolic activity 

[29] and microenvironmental conditions (pH, tissue oxygenation) [30] that occur in gliomas. 

These components affect the optical properties of metabolic cofactors NAD(P)H and FAD, 

the primary sources of tissue autofluorescence in the brain, which can be detected by the 

mesoscopic clinical FLIm device without additional contrast agents.

4.1 | Fluorescence lifetime contrast between white matter and cortex tissue

To address whether FLIm provides optical contrast between tumors and the surrounding 

brain in IDH-mutant gliomas, we independently compared tumor FLIm parameters with 

those from white matter and cortex. Cortex and white matter have different biochemical 

compositions and structural arrangements that result in different fluorescence lifetimes 

(Figures 2 and S2). This finding is in line with previous studies, which report longer average 

lifetime values in white matter than in cortex in human tissue [16, 17, 22], and in rat models 

Anbunesan et al. Page 7

J Biophotonics. Author manuscript; available in PMC 2023 September 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[15]. The lifetime differences between the tissue types of the brain parenchyma must be 

considered when discriminating IDH-mutant tumors from surrounding healthy tissue.

4.2 | FLIm can identify IDH-mutant tumors from white matter, but not from cortex

The current results also confirm that IDH-mutant tumors have significantly lower lifetimes 

than surrounding white matter, which is consistent with previous time-resolved fluorescence 

studies [14, 17, 21, 22]. The shorter lifetime values of IDH-mutant tumors in the 470-nm 

and 542-nm channels compared to surrounding white matter (Figures 2, S2, and S3) can 

be explained by the reduction of the NAD(P)H and FAD levels in tumor cells due to the 

combined effect of cancer energetics [31, 32] and IDH mutations [33]. Typically, cancer 

cells adopt a glycolytic phenotype, even in the presence of oxygen (aerobic glycolysis), as 

opposed to the oxidative metabolism of nonpathogenic cells (Warburg effect) [31]. Aerobic 

glycolysis leads to increased free NADH in cells [34, 35], which has shorter lifetimes 

compared to protein-bound NADH, which is more abundant in non-cancerous cells [30, 

36]. Moreover, the Warburg effect indicates that elevated levels of glucose metabolism lead 

to acidification of the tumor microenvironment [31], which is another factor known to 

affect the fluorescence lifetime [37]. In addition to changes in energetic metabolism, IDH 

mutations lead to reduced NADPH levels in the tumor cells, which also result in a decreased 

lifetime [33, 35]. NADH and NADPH have overlapping spectral profiles, with an emission 

peak at 470 nm [30], and are thus indistinguishable through the FLIm approach used in this 

study. FAD is another key coenzyme involved in redox reactions [32, 38] and has correlated 

alterations with NADH in the energetic metabolism [32]. These metabolic changes are 

expected to contribute to the observed lifetime variations. In the 390-nm channel, there is 

a considerable amount of signal, possibly from GAD and PMP or remnants of collagen in 

the brain parenchyma [14], even though the intensity collected in this band is the lowest of 

the three channels (Figure 2C). The lifetime values at 390-nm are relatively constant (~4 ns) 

across tissue types, indicating that environmental factors or changes in their metabolism are 

not strong enough to alter their lifetime or that the current approach is not sensitive enough 

to detect it.

Tumor tissue, and particularly IDH-mutant oligodendroglioma, however, had comparable 

fluorescence lifetime values to cortex (Figure S2D), consistent with previous studies [15, 17, 

22]. The differences in cellular and extracellular environment makeup between the cortex 

and white matter likely contribute to their differing baseline in lifetime values that result in a 

lack of contrast between tumor tissue and cortex.

IDH-mutant tumor and cortex had smaller intensity ratios than white matter in the 390-nm 

band. The mean intensity ratios were comparable between all three tissue types in the rest 

of the spectral channels (Figure 2C). Spectral shifts were not prominent between the three 

tissue types, indicating that intensity ratios do not contribute to identifying IDH-mutant 

tumors from normal brain tissue as much as lifetimes do.

4.3 | Fluorescence lifetime decreases with increasing tumor cellular density

Despite a non-negligible degree of interpatient variability, for each patient, the lifetime 

values of tumor-infiltrating white matter tissue decreased with increasing tumor cellular 
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density (Figure S3). Notably, distinct lifetime values were observed between specimens 

of the low and moderate tumor cellular density regions within each IDH-mutant 

oligodendroglioma. The same pattern was observed in IDH-mutant astrocytoma, albeit less 

pronounced. These findings may indicate that the current sensitivity threshold of FLIm 

for detecting IDH-mutant tumors lies between low and moderate tumor cellular density. It 

is worth noting that specimens with high tumor cellular density in our dataset belong to 

IDH-mutant oligodendroglioma. More data are necessary to evaluate the influence of tumor 

cellular density on the tissue lifetime.

4.4 | Optical contrast between two types of IDH-mutant brain tumors: Astrocytoma and 
oligodendroglioma

FLIm shows promising results in differentiating oligodendroglioma from astrocytoma 

(Figure 3). The histologic features and molecular mechanisms of gliomagenesis are different 

between these tumor subtypes [2]. On histopathology, oligodendrogliomas typically show 

higher tumor cellular density than grade-matched astrocytomas. The higher proportion 

of IDH-mutant tumor cells with altered NAD(P)H and FAD pathways could elicit 

higher lifetime variations in oligodendrogliomas over grade-matched astrocytomas. Also 

contributing to changes in fluorescence lifetime are the different expression levels of 

glycolysis-related proteins and metabolite yields between IDH-mutant astrocytoma and 

oligodendroglioma. For example, IDH-mutant astrocytomas have an increased lactate 

production that leads to a more acidic microenvironment [39]. In fact, tumor acidity has 

been correlated with tumor malignancy [40]. The fluorescence lifetime is sensitive to the pH 

of the fluorophore microenvironment [41], hence differences in pH between the tumor types 

are also expected to contribute to the overall fluorescence response.

A difference in average lifetime was also found in the 470-nm and 542-nm channels 

between oligodendroglioma grade 2 and oligodendroglioma grade 3 (Figure 3D), albeit 

with a more limited sample size. Such differences in lifetime values were not observed 

among IDH-mutant astrocytoma grades. A recent study comparing the molecular landscape 

of IDH-mutant astrocytoma and oligodendroglioma grade 2 showed that oligodendroglioma 

are more homogenous and have increased tumor purity than astrocytoma [42]. Homogeneity 

and increased tumor purity, which is the ratio of tumor cells to non-tumor cells (i.e., stromal 

cells and immune cells) [43], may be associated with significant differences observed in 

the optical properties of low-grade (grade 2) vs. high-grade (grade 3) oligodendroglioma. 

The heterogeneity in the tumor cells could lead to non-significant differences in lifetimes in 

astrocytoma grades.

The ROC curves depicted in Figure 3C show promising results toward building classification 

algorithms with high accuracies to differentiate IDH-mutant astrocytomas from IDH-

mutant oligodendrogliomas in real-time with FLIm. With an expanded dataset, improved 

performance could be expected for detecting the malignancy grade and the glioma subtype 

with high precision.

Overall, the results of this study suggest that FLIm can be used to differentiate between 

IDH-mutant oligodendrogliomas and astrocytomas in real-time during surgical resection. 

An available diagnosis during the surgical procedure may have a role in optimizing the 
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extent of surgical resection for each glioma subtype. Such application of this technology 

has real implications for patient outcome, based on the known impact of extent of resection 

on survival. Increased extent of resection has been shown to improve overall survival for 

low and high-grade astrocytomas [44–46]. In contrast, oligodendrogliomas, which have 

increased sensitivity to adjuvant radiation and chemotherapy given routinely after surgery, 

are not as dependent on the surgical resection to achieve maximal overall survival [4, 

47]. As the extent of resection is increased, the risk for neurologic injury and significant 

impact on quality of life increases as well. This suggests that for oligodendrogliomas, where 

greater resection does not necessarily improve survival, surgery should be less aggressive. 

Currently, the distinction between oligodendrogliomas and astrocytomas cannot be made 

intraoperatively, requiring surgeons to be maximally aggressive as a default. Using FLIm for 

real-time tumor subtype identification could better guide surgeons and modify the goal of 

the surgical procedure accordingly.

4.5 | Challenges and future directions

While FLIm contrast was observed between IDH-mutant tumors and surrounding 

brain parenchyma (i.e., white matter) and between IDH-mutant astrocytoma and 

oligodendroglioma tumors, the number of patients recruited for this study was small. 

To implement intraoperative diagnosis of IDH-mutant glioma subtype using FLIm, a 

larger dataset needs to be collected and analyzed from a range of IDH-mutant glioma 

subtypes and grades. With enough data, classification algorithms could be developed for 

automated prediction of tumor diagnostics based on intraoperative FLIm data in real-time. 

Nevertheless, the current study shows, for the first time to our knowledge, that FLIm has 

the potential to identify IDH-mutant tumor subtypes (astrocytoma vs. oligodendroglioma) 

intraoperatively.

Of note, one of the oligodendroglioma grade 3 patients recruited for the study had been 

administered 5-aminolevulinic acid (5-ALA) before surgery. 5-ALA fluorescence in low-

grade patients is weak [48–50] and we did not see any significant differences in the 

fluorescence data singularly attributed to 5-ALA administration in the spectral channels 

used for this study. Another patient (astrocytoma grade 2) underwent a LITT procedure for 

tumor ablation prior to the open craniotomy for tumor resection. In this case, the average 

lifetimes were relatively higher in the tumor tissue compared to all other patients, which 

could be a direct effect of the thermal ablation of the tissue (Figures 3B and S2B).

Another challenge lies in verifying the FLIm-scanned region with biopsied tissue. The scans 

were collected from a localized region that the neurosurgeon confirmed was representative 

of the biopsy collected. However, the FLIm scans (~10 mm2) may cover a portion larger 

than the biopsy (1–2 mm3). Future analysis will address this challenge by precisely 

identifying the scan region that was biopsied.

5 | CONCLUSION

This study examines the ability of FLIm to provide endogenous contrast between IDH-

mutant tumor types and surrounding normal tissue intraoperatively. IDH-mutant tumor 

tissue had shorter lifetime values compared to surrounding white matter. Within the 
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IDH-mutant tumors, oligodendrogliomas had shorter lifetime values than astrocytoma. 

Also, lifetimes in the metabolic channels provided optical contrast between different 

grades of oligodendroglioma. Together, these results support the feasibility of FLIm as an 

intraoperative tool for real-time surgical guidance, and the potential to identify IDH-mutant 

glioma subtype in situ. The successful implementation of such a surgical guidance tool in 

the operating room could lead to improving treatment for glioma patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

This study was supported by the National Institutes of Health (Grant No. R21CA252510, R01CA250512) to L.M. 
and O.B. and the University of California, Davis Comprehensive Cancer Center’s Brain Malignancies Innovation 
Group funded through the Comprehensive Cancer Center Support Grant (P30CA093373). The authors would like to 
thank Lisanne Kraft, Roberto P. Frusciante, and Sukhkaran Singh Aulakh for their assistance in data collection. The 
authors would also like to acknowledge the use of Biorender and gramm library [51] in MATLAB for generating 
the figures.

Funding information

National Institutes of Health, Grant/Award Numbers: R01CA250512, R21CA252510; University of California, 
Davis, Comprehensive Cancer Center, Grant/Award Number: P30CA093373

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Abbreviations:

APD avalanche photodetector
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FISH fluorescence in-situ hybridization

FLIm fluorescence lifetime imaging

GAD glutamate decarboxylase

H&E hematoxylin and eosin

HPF high power field

IDH isocitrate dehydrogenase
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LITT laser interstitial thermal therapy

MPE maximum permissible exposure
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NAD(P)H nicotinamide adenine dinucleotide (phosphate)

OR operating room

PLP pyridoxal phosphate

PMP pyridoxamine phosphate

WHO world health organization
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FIGURE 1. 
Workflow of data collection using FLIm. The FLIm system was connected with the surgical 

microscope in the OR. The neurosurgeon used the distal end of a sterile fiber optic probe to 

scan brain tissue of interest. FLIm parameters were extracted and analyzed in real time and 

augmented on the white-light images of the surgical field-of-view obtained from the surgical 

microscope. Biopsies were collected from the scanned regions for histopathology (tissue 

type, tumor cellular density) and molecular analysis (IDH-mutation, 1p/19q codeletion).
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FIGURE 2. 
FLIm provides optical contrast between tumor and white matter. (A) Surgical field-of-view 

with the FLIm scanned area overlaid with the 470-nm average lifetime for a region of 

tumor, normal cortex, and normal white matter, and corresponding H&E images (×40 

magnification). Tumor tissue is histologically characterized by high cellular density. Cortex 

tissue is composed of neuron bodies (black arrowheads) and appears darker than white 

matter. Glial cells are present in the white matter (white arrowheads). (B) Average lifetimes 

and (C) spectral intensity ratios of tumor (red), cortex (blue) and white matter (green) across 
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the three spectral channels. Each point corresponds to the median of each scan. The mean 

and standard deviation of each tissue group are indicated by the error bars. *p-value < 0.01; 

non-significant statistics are left unmarked. N indicates the number of patients; n indicates 

the number of scans
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FIGURE 3. 
FLIm provides optical contrast between astrocytoma and oligodendroglioma. (A) Surgical 

field-of-view of representatives of oligodendroglioma (left) and astrocytoma (right) tumors 

with 470-nm lifetime overlaid in the scanned regions and the corresponding H&E scan 

(×40 magnification). (B) Average lifetimes of tumor tissue from astrocytoma (teal) and 

oligodendroglioma (orange) across the three spectral channels. (C) ROC curves computed 

for the data point-level identification of astrocytoma from oligodendroglioma tumors for the 

390-nm, 470-nm, and 542-nm lifetimes. (D) Average lifetimes of tumor tissue from different 

grades of astrocytoma and oligodendroglioma samples across the three spectral channels. 

Each point corresponds to the median of each scan. The mean and standard deviation of each 

tissue group are indicated by the error bars. *p-value <0.01; non-significant statistics are left 

unmarked. N indicates the number of patients; n indicates the number of scans.
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TABLE 5

Sensitivity, specificity, and AUC statistics for predicting astrocytoma from oligodendroglioma tumor

Sensitivity Specificity AUC

390/40 nm 0.47 0.70 0.55

470/28 nm 0.87 0.90 0.92

542/50 nm 0.96 0.92 0.96
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