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Abstract

Background: Surgical tumor resection is the primary treatment option for diffuse glioma, the 

most common malignant brain cancer. The intraoperative diagnosis of gliomas from tumor core 

samples can be improved by use of molecular diagnostics. Further, residual tumor at surgical 

margins is a primary cause of tumor recurrence and malignant progression. This study evaluates a 

desorption electrospray ionization mass spectrometry (DESI-MS) system for intraoperative 

isocitrate dehydrogenase (IDH) mutation assessment, estimation of tumor cell infiltration as tumor 

cell percentage (TCP), and disease status. This information could be used to enhance the extent of 

safe resection and so potentially improve patient outcomes.

Methods: A mobile DESI-MS instrument was modified and used in neurosurgical operating 

rooms (ORs) on a cohort of 49 human subjects undergoing craniotomy with tumor resection for 
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suspected diffuse glioma. Small tissue biopsies (ntotal = 203) from the tumor core and surgical 

margins were analyzed by DESI-MS in the OR and classified using univariate and multivariate 

statistical methods.

Results: Assessment of IDH mutation status using DESI-MS/MS to measure 2-hydroxyglutarate 

(2-HG) ion intensities from tumor cores yielded a sensitivity, specificity, and overall diagnostic 

accuracy of 89, 100, and 94%, respectively (ncore = 71). Assessment of TCP (categorized as low or 

high) in tumor margin and core biopsies using N-acetyl-aspartic acid (NAA) intensity provided a 

sensitivity, specificity, and accuracy of 91, 76, and 83%, respectively (ntotal = 203). TCP 

assessment using lipid profile deconvolution provided sensitivity, specificity, and accuracy of 76, 

85, and 81%, respectively (ntotal = 203). Combining the experimental data and using PCA-LDA 

predictions of disease status, the sensitivity, specificity, and accuracy in predicting disease status 

are 63%, 83%, and 74%, respectively (ntotal = 203).

Conclusions: The DESI-MS system allowed for identification of IDH mutation status, glioma 

diagnosis, and estimation of tumor cell infiltration intraoperatively in a large human glioma 

cohort. This methodology should be further refined for clinical diagnostic applications.

INTRODUCTION

Diffuse gliomas are high morbidity primary brain tumors. The 5-year survival rate of 

patients with glioblastoma is less than 5% (1). The primary treatment option for gliomas is 

gross total surgical resection, accompanied by adjuvant chemoradio-therapy (2–4). A central 

dilemma of the neurosurgeon is preservation of vital brain functions while maximizing 

extent of resection. Unfortunately, glioma cells are diffusely infiltrative and the high risk of 

neurological deficits often results in residual tumor at surgical margins, leading to 

progression and recurrence (5, 6).

Accurate glioma diagnosis and prognosis increasingly relies on molecular and genetic 

information assessed from tumor core biopsies (2). Currently, brain tumor resections are 

performed without the aid of a molecular diagnosis, as these slow assays must be performed 

postoperatively (7). The development of rapid intraoperative molecular diagnostics could 

help improve glioma patient management and the quality of surgical resection (7–10). 

Notably, recent studies show that the effect of extent of resection on overall survival and 

malignant-free progression is significantly different between isocitrate dehydrogenase-

wildtype (IDH-wt) and IDH-mutant (IDH-mut) gliomas, suggesting that surgical strategies 

may be impacted favorably by knowledge of the IDH mutation status at the time of surgery 

(9, 10). It is important to note that even if tumor cells are found in eloquent brain areas, 

surgical resection of that tissue may not be performed due to the significant harm it may 

cause to the patient. However, it may serve as an area to target for postoperative radiotherapy 

or application of local chemotherapeutics, the choice of which can be guided by information 

provided by rapid molecular diagnostics.

Mass spectrometry-based methods of tissue analysis may be able to provide clinical 

diagnostic information on brain tissue at the time of glioma resection. In particular, ambient 

ionization mass spectrometry (MS) has emerged as a family of rapid methods for 

intraoperative tissue analysis (11). Ambient ionization MS methods are being evaluated for 

Brown et al. Page 2

J Appl Lab Med. Author manuscript; available in PMC 2022 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



their ability to assess molecular features of various cancers, as well as in assessing surgical 

margins for residual tumor (12, 13). Probe-based ambient methods, such as probe 

electrospray ionization (14) and touch spray ionization (15), have yielded pathologically 

relevant results on fresh surgical tissue. Rapid evaporative ionization MS has been used 

intraoperatively in a variety of cancers (16, 17). Several laser ablation systems, based on 

picosecond-infrared and other optical regimes, have byielded diagnostic MS signals with 

low/no tissue damage (18, 19). The MassSpec Pen has been used in vivo to assess residual 

tumor in a minimally invasive, nondestructive approach, recently in human ovarian cancer 

(20, 21).

Desorption electrospray ionization-mass spectrometry (DESI-MS), the method utilized in 

this work, is an ambient ionization method in which charged microdroplets of a solvent are 

sprayed onto a sample surface, desorbing and ionizing molecules present in the sample and 

transporting them into a mass spectrometer for analysis (11, 22). DESI is used in many 

laboratories for biological applications (23, 24), including the distinction between cancerous 

and normal tissues in a variety of human organs (12, 25, 26). In some studies, such as the 

one described herein, DESI is not used as an imaging modality but as a diagnostic method. 

Using banked, fresh-frozen brain tissue, we have demonstrated the capability to differentiate 

gliomas, meningiomas, and pituitary tumors with high accuracy (27), along with the 

capability to provide glioma subtyping (28–30). Importantly, these brain cancers could be 

distinguished readily from normal brain tissue.

This study represents the completion of a project which demonstrated intraoperative 

application of DESI-MS during glioma resection using a customized, stand-alone mass 

spectrometer. Initial data from a set of 10 human subjects was published early in the project 

to highlight the potential clinical utility of TCP estimation by intraoperative MS (31) 

(Supplemental Table 1). Using the same customized mass spectrometer, approximately half 

way through the study we developed and applied an intraoperative DESI-MS assay for the 

assessment of IDH-mutation status by detecting the oncometabolite 2-hydroxyglutarate (2-

HG), a key glioma prognostic marker, in a set of 51 glioma core biopsies obtained from 25 

human subjects and analyzed intrasurgically (32). IDH mutations, specifically R132H 

mutations, disrupt the conversion of isocitrate to α-ketoglutarate. Additionally, IDH1 

mutations result in the ability of IDH1 to catalyze the reduction of α-ketoglutarate to 

R(−)-2-HG. Consequently, 2-HG levels have been found to be significantly higher in IDH1 

mutated human gliomas (33).

In this report, we have combined and improved our previously developed methods of tissue 

smear classification and analyzed tissue biopsy-smears during tumor resection in a cohort of 

49 glioma patients, integrating data on new subjects, and re-examining data for subjects 

whose data appear in the aforementioned publications. (Supplemental Table 2 indicates the 

numbers of subjects in each category.) As the development of an online methodology for the 

determination of IDH mutation status was completed midway through the study, 

measurement of 2-HG as a predictor of IDH mutation status was possible for only 30 of the 

49 recruited patients. While previous publications have analyzed the data with respect to 

individual tissues smears, in this work, we have elected to analyze the data with respect to 

biopsy in order to facilitate the understanding of the results in the context of a clinical 
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setting. Three categories of information were acquired using DESI-MS: 1) IDH mutation 

status, 2) tumor cell percentage (TCP), and 3) disease status. When the DESI-MS results are 

considered in combination with other available data (e.g., MRI and in vivo brain mapping), 

they should allow the neurosurgeon to make better informed resection decisions.

MATERIALS AND METHODS

Human Subjects

Human subjects research was performed in accordance with an Institutional Review Board 

approved study at the Indiana University School of Medicine (IRB #1410342262). Glioma 

patients undergoing craniotomy with tumor resection were prospectively enrolled after 

providing written informed consent and Health Insurance Portability and Accountability Act 

authorization. No DESI-MS results were shared with neurosurgeons during the surgical 

resection, so as not to affect the standard of care.

Intraoperative DESI-MS

All experiments were performed using a modified linear ion trap mass spectrometer 

(Thermo LTQ) as previously described (31, 32). For each surgery, the instrument was rolled 

into the operating room (OR) and turned on. During tumor resection, small stereotactic 

tissue biopsies (approximately 5–10 mg each) were provided by the neurosurgeon to the 

mass spectrometer operators for DESI-MS analysis. The number and location of the biopsies 

were determined according to the surgeon’s best medical judgement. Samples from the 

tumor core (for assessing diagnostic information) as well as surgical margins (for assessing 

residual tumor) were provided for each case. The tissue biopsies were smeared on glass 

slides and then analyzed by DESI-MS using a zigzag raster pattern acquire representative 

data (Fig. 1, A). Two different negative ion mode DESI-MS methods were used. Using 

method 1, full-scan lipid (m/z 700—1000) and metabolite (m/z 80—200) mass spectra and a 

targeted MS2 scan for N-acetyl-aspartic acid (NAA, 174 -> O), were acquired over 3.3 

minutes. Using method 2, MS2 (MS/MS) and MS3 data were acquired specific to 2-HG (147 

-> O and 147 -> 129 -> O, respectively), along with a full-scan metabolite profile (m/z 50 – 

200), all over a period of 3.3 minutes (Fig. 1, B and C). Method 1 utilized 1:1 

dimethylformamide (DMF)-acetonitrile (ACN) and method 2 utilized 25:37:38 DMF-ACN-

ethanol (EtOH) as solvent. Additional details of the MS methods and conditions are given in 

the Supplemental Information.

Data Analysis

De-identified clinical data were obtained for each subject for correlation with the DESI-MS 

results (Supplemental Tables 3–6). The DESI-MS data were analyzed in MATLAB using 

custom algorithms to remove background scans (e.g., signal collected from regions of the 

glass slide containing no tissue) and to perform statistical classifications. MS scans from 

areas of the glass slide containing no smeared tissue and from smears giving insufficient 

intensity were excluded by applying a cut-off to the absolute signal intensity. Only scans 

with mass spectra having the summed ion counts greater than the cutoff value were used for 

chemical predictions. Additionally, for each selected mass spectrum, the full width at half 

maximum (FWHM) was calculated for the base peak; all spectra with resolution < 1000 
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were excluded. Additional information on the filtering and statistical methods used is 

included in the Supplemental Information (Data Analysis).

Histopathological Analysis

After DESI-MS analysis, the tissue smears were moved from the surgical core to the Indiana 

University Health Pathology Laboratory and were stained with H&E. The stained smears 

were then blindly evaluated by an expert neuropathologist (E.M.H.) and interpretations of 

smear diagnosis, tumor grade, TCP, and smear quality were provided (Supplemental Table 

6). The entire smear was evaluated and the interpretations made reflect the average state of 

the entire smear. Smears with significant heterogeneity (e.g., half the slide diseased and half 

normal) were rare (2 smears out of 272 in this study).

RESULTS AND DISCUSSION

Summary of Patient Cohort and Tissue Samples

Data were collected from 49 human subjects; 203 biopsies were obtained and 272 smears 

were analyzed (Fig. 1, D). For some biopsies, multiple smears were created and analyzed. 

The subject cohort and DESI-MS results are described in detail in the Supplemental 

Information and in Supplemental Tables 2–6. Supplemental Table 2 summarizes the number 

of patients and the biopsies obtained, indicates whether they have been included in a 

previous, preliminary publication, and whether subjects were excluded after recruitment; 

Supplemental Table 3 provides the demographics, diagnosis, and treatment information; 

Supplemental Table 4 provides additional histopathology data. The statistical predictions for 

disease status, TCP, and IDH mutation status for all analyzed smears are tabulated in 

Supplemental Table 5. The histopathology assessments of all these DESI-MS analyzed 

smears are tabulated in Supplemental Table 6. The overall subject classifications are 

described in detail for IDH mutation status, TCP, and disease status in the following 

sections.

IDH Mutation Status Prediction from 2-HG Abundance

The methodology for online determination of IDH mutation status was developed midway 

through the study, after off-line method development. From this point onwards, 169 smears 

from 30 subjects were collected for the measurement of 2-HG as a predictor of IDH 

mutation status. Three smears were excluded due to lack of location information available 

and/or determined, resulting in 166 smears from 30 subjects being included. Of these 166 

smears, 67 smears were from tumor margins and 99 smears were from tumor cores. In 

instances where multiple smears were made for the same tumor core biopsy, the average TIC 

normalized and summed 2-HG product ion intensity of all smears was calculated and used to 

predict the IDH mutation status of that biopsy. This produced 55 margin biopsies (23 IDH-

mut biopsies from 12 subjects, 32 IDH-wt biopsies from 14 subjects), and 68 core biopsies 

(36 IDH-mut biopsies from 12 subjects, 32 IDH-wt biopsies from 16 subjects). The 

measurement of 2-HG is qualitative and predictions of IDH mutation status are made solely 

on the basis of TIC normalized and summed MS3 intensities. Two MS3 product ions were 

detected at m/z 85 and 101 from the sequential fragmentation of the 2-HG [M-H]− precursor 

ion (147 -> 129 -> O). The intensities of the two product ions were then summed and used to 
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predict the IDH mutation status of the tumor. While the margin biopsies from IDH-mut 

subjects contained significantly higher levels of 2-HG compared to margins from IDH-wt 

subjects (ROC AUC = 0.96, Wilcoxon rank-sum test P < 0.0001), tumor core biopsies were 

preferred for IDH mutation status assessment, as the concentration of 2-HG is highest at the 

tumor core (Supplemental Fig. 1). The IDH mutation status of the subjects was obtained 

from pathology reports and was typically the result of postoperative IDH1 R132H immuno-

histochemistry and, when inconclusive, PCR-based IDH1/2 sequencing analysis.

The chemical structures of α-ketoglutartic acid and 2-HG, its mutated form which 

accumulates in the presence of an IDH mutation, are shown in Fig. 2, A. A statistically 

significant (Wilcoxon rank-sum test P < 0.0001) increase in the 2-HG signal of tumor core 

biopsies was observed in the IDH-mut subjects compared to the IDH-wt subjects. A receiver 

operating characteristic (ROC) curve model provided an area under the curve (AUC) of 0.98 

using the tumor cores, as shown in Fig. 2, B. This difference is apparent in the box-plots 

shown in Fig. 2, C. The summed and normalized 2-HG product ion intensity cutoff of 62.3 

(in the MS3 spectrum) resulted in the highest overall accuracy. This normalized cutoff is 

instrument- and method-dependent and requires further interlaboratory investigation to 

evaluate whether a universal cut-off can be determined. Using the ROC determined cutoff, 

the sensitivity (correctly identifying core biopsies from IDH-mut subjects when the IDH 

mutation was present) and specificity (correctly identifying core biopsies from IDH-

wildtype when IDH mutation was absent) were 89% and 100%, respectively, with an overall 

accuracy of 94%.

For several biopsies included in this study (ndiscordant = 4), discordant mutation status 

predictions exist between core biopsies from the same subject. Due to the high degree of 

heterogeneity of glioma, it is likely that 2-HG concentration varies within the tumor cavity, 

even over small distances. Additionally, cauterized or hemorrhagic tissue results in ion 

suppression and provides poor diagnostic information. These problems are shared with 

traditional histopathology. The solution for both methods is to take additional biopsies that 

are of sufficient diagnostic quality. While this is impractical for histopathology, DESI-MS 

analysis takes only 3 min, so resampling from the same patient during surgery is a feasible 

solution. To further limit the impact of signal variation, the average of the normalized 2-HG 

intensity for all biopsies from a subject was generated and used to predict IDH mutation 

status. When doing so, only 1 subject (Subject 26) was misclassified with respect to its IDH 

mutation status. This subject, and subjects close to the ROC cutoff value, had low grade (i.e., 

WHO grade II and III) astrocytomas (i.e., anaplastic astrocytomas and diffuse astrocytomas). 

In our experience, these lower grade tumors have lower concentrations of 2-HG than higher 

grade gliomas, resulting in lower summed 2-HG product ion intensity values. Therefore, for 

suspected low-grade gliomas, resampling may be necessary to increase the degree of 

confidence placed in measured summed 2-HG product ion intensities. Biological variability 

within the tumor cavity is an area of active research; MRI instruments are being used to 

probe distributions of metabolites within the tumor cavity and surrounding tissue to further 

understand tumor heterogeneity. As knowledge of tumor heterogeneity and its impacts on 

the spatial distribution of metabolites increases, so too will our understanding of discordant 

predictions in IDH mutation status.
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Estimating Tumor Cell Percentage from N-Acetyl-Aspartic Acid (NAA) Abundance

Two DESI-MS-based methods for the rapid estimation of TCP, based on NAA and lipid 

abundances, respectively, have been developed and tested previously on an initial set of 10 

human subjects (31). Data for this original set of subjects have been integrated into the 

complete 49 patient cohort and reexamined, with the results now discussed. In the first 

method, the standard normal variate (SNV) normalized intensity of m/z 174, corresponding 

to NAA, measured in the full-scan MS metabolite profile was used to estimate TCP, using 

previously published data as a training set (27, 34). For biopsies with multiple smears, the 

average TCP from the corresponding smears was calculated and used to estimate TCP for 

the specific biopsy. This produced a collection of 203 biopsies (109 core, 85 margin, 9 

undermined) from 49 subjects. Biopsies that provided 50% or less glioma contribution were 

categorized as low TCP and samples providing 51% or more glioma were categorized as 

high TCP. The histopathology estimates of TCP were categorized using the same decision 

boundary. Using these categories, an overall accuracy of correctly classifying the biopsies as 

low or high TCP was 83%, with sensitivity and specificity of 91% and 76%, respectively 

(Table 1). The full-scan MS abundance of NAA (detected as m/z 174 in the metabolite 

profile scan) provided slightly higher overall accuracy than did the MS2 data (sensitivity, 

specificity, and overall accuracy were 79%, 85%, and 82%, respectively, for the MS2 data 

(nNAA MS2 = 198).) The targeted MS2 scan for NAA (174 -> O) gave product ions at m/z 88, 

114, 130, and 156. See the Supplemental Information Data Analysis section for details. Box 

plots and ROC curves of the NAA full-scan and MS2 data are shown in Supplemental Fig. 2. 

Principal component analysis (PCA) was performed on the metabolite profiles and the 

contribution of m/z 174 (NAA) in separating low and high TCP smears was consistent with 

previous reports (27).

Estimating Glioma Content (Relative Tumor Burden) Using Lipid Profile Deconvolution

The second method for estimating TCP employed a lipid profile deconvolution approach: 

PCA was used to calculate the percentage of white matter (WM), gray matter (GM), and 

glioma (G) contributing to the lipid profiles of the subject samples using a linear regression 

model built from data collected in a previous study (27, 31). The model was based on the 

presumption that the observed lipid profile of each brain tissue biopsy is composed of a 

ternary mixture of WM, GM, and G. The summed percentages of these 3 categories are 

constrained to 100%. The regression model was built from data collected from DESI-MS 

analysis of banked glioma and normal human brain specimens. Histologically correlated 

mass spectra were compiled based on histopathological assessment, compressed with PCA, 

and the average PC1 and PC2 scores for samples of pure WM, GM, and G were calculated. 

The three extremes (PC1 and PC2 scores corresponding to 100% WM, 100% GM, 100% G) 

were used to calculate the predicted PC1 and PC2 scores for each possible mixture 

(Supplemental Fig. 3). To predict the composition of new samples (ntotal = 203), the PCA 

lipid profile loading matrix from the training set data (27) was used to calculate the PC 

scores of the new samples. The calculated PC1 and PC2 scores of the new samples were 

matched to predicted PC1 and PC2 scores using the original training set data; the predicted 

scores were each associated with a specific percentage combination of GM: WM: G 

(Supplemental Fig. 3).
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The classifications of GM and WM were recategorized as infiltrative margin (IM) to match 

the histopathology categories, as the nature of the underlying normal brain tissue 

(specifically white or gray matter) could not always be reliably determined by 

histopathology. The percentage of G calculated for each unknown sample was used as an 

estimate of the TCP. See Supplemental Information for additional details. For biopsies with 

multiple smears, the average percentage of G from corresponding smears was calculated and 

used to estimate TCP for the specific biopsy. This produced data for a collection of 203 

biopsies (109 core, 85 margin, 9 undermined) from 49 subjects. Using 50% TCP delineation 

value as for the NAA abundance method, an overall accuracy of correctly classifying the 

biopsies as low or high TCP was 81%, with sensitivity and specificity of 76% and 85%, 

respectively (Table 1). The low TCP and high TCP smears analyzed in this study are fairly 

well separated in PCA space, due primarily to the ions of m/z 834, 794, and 888.

Predicting Disease Status from Fused Metabolite and Lipid Profiles

The final category of diagnostic information provided by DESI-MS was disease status. 

Using PCA-LDA on fused SNV normalized lipid and metabolite profiles obtained from 

DESI-MS, tissue smears were classified as either G, GM, or WM, with the latter two being 

recategorized as infiltrative margin (IM) to match the histopathology categories (see Table 1 

footnote). Similar overall accuracy was observed when performing PCA-LDA cross-

validation with the lipid and metabolite profiles of all 272 tissue smears (Supplemental 

Tables 7 and 8), however, the sensitivities and specificities were quite different, supporting 

the use of fused lipid and metabolite profiles for a more robust method that utilizes 

diagnostic features contained in both parts of a mass spectrum. For biopsies with multiple 

smears, the average SNV normalized lipid and metabolite profiles from corresponding 

smears were calculated prior to fusing to generate a representative lipid and metabolite 

profiles for the biopsy used to predict disease status. This produced a collection of 203 

biopsies (109 core, 85 margin, 9 undermined) from 49 subjects. The agreement between 

PCA-LDA predictions and histopathological assessment of disease status of tissue biopsies 

is shown in Table 1. The sensitivity, specificity, and accuracy in predicting disease status are 

63%, 83%, and 74%, respectively. While the sensitivity using the fused data method was 

lower than either the lipid or metabolite profiles independently, the use of the fused profiles 

to predict TCP is likely more robust than using only one segment of the mass spectrum, as 

diagnostics features appear in both regions of the mass spectrum. A significant fraction of 

the smears classified as glioma based on histopathology (nmissclasified smears = 43%) were 

misclassified as either WM or GM using PCA-LDA classification. These cases likely reflect 

mixed tissue smears which are challenging for histopathology assessment as well for our 

current DESI-MS system. These types of samples were encountered both at surgical margins 

and at tumor cores.

Evaluation of Methods for Estimating TCP and Disease Status

Ultimately, we found that both methods (i.e., full-scan NAA abundance and lipid 

deconvolution) were capable of predicting TCP with similar accuracies (83% and 80%, 

respectively), with the full-scan NAA abundance having greater sensitivity (87% vs. 76%) 

and the lipid deconvolution method having greater specificity (79% vs. 84%). In instances of 

misclassification, it would be beneficial to compare the disease status predictions made 
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using the fused metabolite and lipid profiles with TCP estimations using NAA and lipid 

deconvolution (i.e., many of the misclassified biopsies have TCP estimates indicating mixed 

diseased and normal tissue). Additionally, the PCA-LDA method itself may need to be 

adjusted in the future to improve classification of biopsies with mixed morphologies by 

using additional categories (i.e., rather than categorizing tissues into 3 rigid categories (G, 

WM, GM), perhaps 6 categories (G, G/WM, WM, WM/GM, GM, GM/G)).

While it is likely that there are many contributing factors, a possible cause of variability in 

TCP estimates may be that the full-scan NAA abundance method predicts TCP based on the 

intensity of a single analyte that exists in very low concentrations within the tumor, while the 

lipid deconvolution method predicts TCP based on a collection of analytes in a characteristic 

pattern of intensities. Matrix effects are inherent in the measurements of complex samples, 

especially biological samples; they are an intrinsic component of the material being 

analyzed and, consequently, cannot be eliminated. Excepting cases where tissue is 

substantially different (e.g., cauterized or hemorrhagic tissues), observed changes with 

matrix should involve total signal but not relative signals, provided the same type of tissue is 

being analyzed. That said, the measurement of a single analyte (i.e., 2-HG or NAA) is a 

situation where the matrix effects on signal intensity are of most concern. To minimize 

variations in signal, the recorded mass spectra are normalized (specifically TIC and/or SNV 

normalized) before additional comparison or statistical analysis is performed.

There are likely additional experimental factors that may have affected classification in the 

present study. Improvements are needed to increase the agreement between the DESI-MS 

predictions of disease status and TCP with histopathology, the current gold-standard method 

in morphology. The diagnostic sensitivity and specificity for the TCP predictions could be 

improved by better correlating the positions at which TCP pathology data are taken relative 

to DESI-MS data, while the biological variation can be addressed with additional cases. To 

explore the impact of these factors, a new 50 patient study for the optimization of the DESI-

MS platform has commenced in which the above factors will be rigorously controlled.

Assessment of Margins of Tumors of Different WHO Grades

The assessment of glioma margins is not routinely performed intraoperatively with 

pathologic or molecular methods. That said, glioma infiltration is often significant beyond 

contrast enhancement in MRI, especially in glioblastoma (6). In this section, using our 

DESI-MS methods, we investigate whether margins from high-grade glioma patients contain 

higher TCP than margins from low-grade glioma patients. In our study, 85 of the 203 

biopsies (110 smears with some replicates) were obtained from margins (based on MRI) and 

provided acceptable quality for histopathology and DESI-MS analysis. WHO grade 

information was not available for eight margin biopsies from two subjects (Subjects 41 and 

46) and, thus, these biopsies were excluded from this portion of the study.

For low-grade gliomas (WHO grades I–III), 78% of the margin biopsies had low TCP 

(nlow TCP, low grade margins = 35) and 22% had high TCP based on histopathology 

(nhigh TCP, low grade margins = 10), using 50% TCP for delineating between low and high TCP. 

Our accuracy with respect to agreement with histopathology assessment for the grade I–III 

margin samples (ntotal low grade margins = 45) was 80% and 76% overall using the normalized 
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NAA intensity and lipid deconvolution approaches, respectively (Supplemental Table 9). For 

the grade IV gliomas, histopathology determined that 59% of the margin biopsies had low 

TCP (nlow TCP, high grade margins = 19) and 41% had high TCP (nhigh TCP, high grade margins = 

13), also using the 50% TCP cutoff. Our agreement with the histopathology assessment for 

the margin biopsies from grade IV gliomas (ntotal high grade margins = 32) was 97% and 84% 

overall using the normalized NAA intensities and lipid deconvolution approaches, 

respectively (Supplemental Table 10).

Literature reports suggest that high TCP may extend beyond MRI contrast enhancement, 

especially in grade IV glioblastomas (6, 8, 35). We found that the margins of grade IV 

gliomas contained high TCP more often than the margins of grade I–III gliomas, although 

the difference in number of high TCP smears obtained from the margins of grade IV 

compared to grade I–III gliomas using nominal logistic regression and a 50% TCP cutoff to 

delineate between the low and high TCP categories is not statistically significant (P = 

0.0833). In this context, a DESI-MS tool for assessment of local tumor burden must be used 

in combination with an independent diagnostic method such as MRI neuronavigation and/or 

brain mapping.

Simplified DESI-MS Outputs That Enable Surgical Decision Making

In this study, we have demonstrated two major applications of the DESI-MS system: 

providing diagnostic information of two types for tumor cores (IDH mutation status and 

disease status) and providing surgical margin assessments of residual tumor (i.e., TCP) at 

discrete locations. With appropriate method validations and permissions, these predictions 

could be provided to the neurosurgeon in order to improve treatment strategy, including the 

extent of resection. Here we describe a typical example of a case in which DESI-MS would 

be useful. Figure 3, A shows the biopsy locations for two stereotactic biopsies from Subject 

58. Figure 3, B–D shows the raw lipid, metabolite, and 2-HG MS3 data for biopsy #328, 

respectively; Fig. 3, E–G shows the same types of data but for biopsy #333. This biopsy was 

predicted with PCA-LDA to be glioma, by lipid deconvolution to have high TCP, and by 2-

HG intensity to be IDH-mut. In contrast, biopsy #333 (blue point in Fig. 3, A) was taken 

several millimeters outside the MRI contrast enhancing area and was predicted from PCA-

LDA to be normal white matter, by lipid deconvolution to have low TCP, and by 2-HG 

intensity to also be IDH-mut. Each of these predictions matched the histopathology 

assessments of the tissue smears. Thus, using the DESI-MS system, the neurosurgeon could 

analyze biopsies from discrete regions of the resection cavity to assess residual tumor when 

clinical acumen is insufficient.

While the initial results presented in this article are promising, it is important to remember 

that the DESI-MS system is proposed as an ancillary method to support the existing standard 

of care. Thus, when making the decision to resect, the DESI-MS assessments cannot be 

interpreted in isolation. In future studies, it will be worthwhile to evaluate whether DESI-MS 

assessment of areas at the MRI tumor borders can improve extent of resection and whether 

this in turn can reduce tumor recurrence and increase overall and progression-free survival. 

It will be worthwhile also to assess whether prediction of IDH mutation status via DESI-MS 

analysis can increase overall and progression-free survival by allowing for more 
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personalized resection approaches and use of chemotherapeutic drugs targeting IDH 

mutations at the time of surgery.

CONCLUSIONS

DESI-MS monitoring of 2-HG, along with lipid and metabolite profiling, can improve the 

differential diagnosis of glioma intraoperatively through the assessment of IDH mutation 

status and disease status. The system also provides a means of assessing surgical margins for 

residual tumor through lipid profile deconvolution and measurement of NAA. The clinical 

accuracy of the IDH mutation assay was high (94%). Implementation of a new standard of 

care for surgical glioma resection based on IDH mutation status would be enabled by 

intraoperative DESI-MS assessments in combination with preoperative MRI detection of 2-

HG. Additionally, the presence of the IDH mutation in this context is 100% specific for 

diffuse glioma and can assist in differential diagnosis to confirm the presence of glioma (36). 

The clinical accuracy of correctly predicting TCP (based on correlations with morphologic 

pathology evaluations) was moderate (83% and 81% for NAA and lipid profile 

deconvolution, respectively). Emerging evidence which suggests differences in patient 

outcome from maximal tumor resection based on IDH mutation status demonstrates a need 

for accurate and rapid intraoperative IDH mutation status assessment. Overwhelming 

clinical evidence showing the need to maximize extent of resection in gliomas highlights the 

need for methods to assess residual tumor at surgical margins. The intraoperative DESI-MS 

system is capable of these two applications. Advanced development of this DESI-MS system 

to enable clinical diagnostic applications and rapid assessments of residual tumor could 

significantly improve glioma resection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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G glioma

GM gray matter

2-HG 2-hydroxyglutarate

IDH isocitrate dehydrogenase

IM infiltrative margin

NAA N-acetyl-aspartic acid

PCA principal component analysis

ROC receiver operating curve

SNV standard normal variate

TCP tumor cell percentage

WM white matter
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IMPACT STATEMENT

The intraoperative diagnosis of gliomas from tumor core samples can be improved using 

molecular diagnostics. Residual tumor at surgical margins is a primary contributor to 

tumor recurrence and malignant progression. Additionally, knowledge of prognostic 

genetic mutations at the time of surgery can better inform patient management strategies. 

DESI-MS can be used as a tool to aid intraoperative decision-making during glioma 

resection, specifically by allowing for the intraoperative assessment of IDH mutations, 

estimation of tumor cell infiltration, and disease status. Consequently, intraoperative 

DESI-MS has the potential to increase survival of glioma patients if available at the time 

of surgical resection.
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Fig. 1. 
Summary of the DESI-MS method. (A) Smeared tissue (pink) is analyzed with DESI spray 

using a zigzag raster pattern (dotted lines, with direction noted by arrow heads), spanning 12 

mm in x-dimension and 25 mm in y-dimension over 1.1 min; the pattern is repeated 3 times. 

The DESI spot is offset 0.5 mm in the y-dimension after each raster loop. (B) DESI spray 

position and the timeline for the DESI-MS method. The (x, y) coordinates denote the 

starting position of the DESI spot for each raster loop. (C) Description of the 2 DESI-MS 

methods, shown synchronized with the position of the moving stage. A different set of MS 

data is collected during each method segment. Note the use of full MS, MS/MS (MS2), and 

MS3 experiments. (D) Summary of number of patients, biopsies, and smears, noting how 

many were excluded, and which subjects are new to the study. See Supplemental Tables 2–5 

for additional patient cohort data. Data from earlier subjects recruited in the study were 

published in Reference 27 for glioma diagnosis and TCP, and in Reference 32 for IDH-

mutation assessment. DESI data was considered an outlier if no lipid or metabolite profile 

scans were retained after data filtering due to low signal or high similarity to data collected 

from a blank glass slide (see Supplemental Methods for data filtering methods).
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Fig. 2. 
Intraoperative assessment of IDH-mutation status from tumor cores. (A) Chemical structure 

of α-ketoglutaric acid and 2-hydroxyglutarate (2-HG), the oncometabolite associated with 

IDH mutations. (B) ROC curve for the IDH-mutation assay using the tumor core biopsies. 

The area under the curve is 0.98, indicating the high accuracy of the method. (C) Box-plot 

showing the average summed and TIC normalized MS3 fragment ion intensities (m/z 85 + 

m/z 101) produced by sequential dissociation (MS3) of 2-HG for all tumor core biopsies (n 
= 68 biopsies from 28 subjects) by IDH mutation status. The fragment ion intensities from 

duplicate smears of the same biopsy were averaged to generate one value per biopsy. Error 

bars represent ± 1.5 times the calculated standard deviations. The black dashed horizontal 

decision line was calculated from ROC curve analysis and differentiates tumor core biopsies 

from IDH-mut subjects and IDH-wt subjects with the highest sensitivity and specificity.
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Fig. 3. 
DESI-MS predictions of disease status, TCP, and IDH-mutation status for a core and margin 

biopsy from Subject 58. (A) Reconstruction of MRI tumor volume showing location of the 

two biopsies. Biopsy 328 (red dot) is within the contrast enhancing region of the tumor; 

biopsy 333 (blue dot) is a few mm outside of the contrast enhancing region. (B–D) The lipid, 

metabolite, and MS3 product ion scans for biopsy 328 (red dot in Fig. 2, A). (E–G) The 

lipid, metabolite, and 2-HG MS3 product ion scan for biopsy 333 (blue dot in Fig. 2, A). 

Biopsy 328 was classified as glioma, high TCP, and IDH-mut; biopsy 333 was infiltrative 

margin (white matter), low TCP, and IDH-mut.
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