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Desorption electrospray ionization (DESI) tandem mass spectrometry (MS) is used to assess mutation 
status of isocitrate dehydrogenase (IDH) in human gliomas. Due to the diffuse nature of gliomas, total 
gross resection is not normally achieved during surgery, leading to tumor recurrence. The mutation 
status of IDH has clinical significance due to better prognosis in IDH-mutant patients. The mutant IDH 
converts alpha-ketoglutaric acid (α-KG) into 2-hydroxyglutarate (2HG), which accumulates abnormally 
in cells. Immunohistochemical staining (IHC) and genetic testing, the gold standards, are incompatible 
with intraoperative applications but DESI tandem mass spectrometry (MS/MS) can be used to assess 
the mutation status of IDH enzyme from tissue intraoperatively. Here, on off-line evaluation is made 
of the performance of two different types of mass spectrometers in characterization of IDH mutation 
status. The intensity of 2HG is measured against glutamate (Glu), an intrinsic reference molecule, in 
both tandem MS measurements. In both cases using DESI clear separation between IDH-mutant (mut) 
and IDH-wildtype (wt) samples (p < 0.0001) is observed, despite the short analysis time. Due to the 
higher detection sensitivity, multiple reaction monitoring experiments using a triple quadrupole show 
slightly better performance compared to product ion MS/MS performed on a simple linear ion trap. 
Both DESI-MS platforms are capable of providing information on IDH mutation status, which might 
in future be used at the time of surgery to support decision-making on resection regions, especially at 
tumor margins.
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Gliomas are the most common primary malignant brain tumors that arise in the central nervous system (CNS). 
They are classified into different subtypes, including isocitrate dehydrogenase (IDH) mutant (mut) and wildtype 
(wt)1. Given the heterogeneity of the gliomas, current diagnosis guidelines rely increasingly on molecular 
features. The 2021 World Health Organization (WHO) classification of CNS tumors now includes the mutation 
status of IDH as a molecular marker to differentiate between IDH-mut astrocytomas and glioblastomas (GBMs)1. 
This feature has been recognized as an important diagnostic marker due to its prognostic significance and the 
higher overall survival rates for patients with IDH-mut gliomas, and this can affect treatment approaches as new 
medications targeting IDH-mut gliomas are currently in clinical trials2–4. The primary treatment for glioma is 
craniotomy surgery. However, with the diffuse nature of gliomas, a clear distinction between the infiltrated and 
paracancerous tissue remains challenging within the current standard of care. Rapid and accurate assessment 
of tumor margins could assist surgeons in decision-making at the time of resection, achieving optimal tumor 
removal while minimizing surgical deficits5–7.

The heterozygous mutations in the IDH enzymes, which have an important role in the Krebs cycle, introduce 
a neomorphic activity where the mutant dimer converts alpha-ketoglutaric acid (α-KG) into 2-hydroxyglutarate 
(2HG)8 as shown in Fig. 1 A. Abnormal accumulation of 2HG in glioma tissues (up to 30 mM in the cytoplasm) 
has been found to be an indication of IDH mutation9–11, while 2HG remains at trace concentrations in non-
infiltrated tissues. Intraoperative detection of IDH mutation could affect the extent of tumor resection and 
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treatment protocols at the time of surgery, thereby improving patient outcomes. Notably, the infiltrated tumor 
cells that remain beyond the surgical margins often cause the tumor to recur and, in some cases, to progress 
to higher-grade gliomas12. Despite the diagnostic and prognostic significance of IDH mutation, intraoperative 
identification of IDH mutation at the molecular level remains unmet, with postoperative use of current standard 
methods of immunohistochemical staining (IHC) and genetic testing13,14. Microscopic evaluation of the 
tissue slides, the most common intraoperative diagnostic method, only provides morphological features of the 
infiltrated tissues and lacks molecular information13,14.

The need to delineate between the tumor and the adjacent non-infiltrated tissues has led to the development 
of various diagnostics for preoperative and intraoperative applications. Magnetic resonance imaging (MRI) and 
computed tomography (CT) are routinely used for tumor navigation and to assess the extent of resection, with 
the former providing limited information on molecular features15,16. However, insufficient analytical sensitivity 
and brain shifting are common in MRI which can influence the precision and accuracy of location assessments17. 
Magnetic resonance spectroscopy (MRS), optical coherence tomography (OCT), fluorescence spectroscopy, 
infrared (IR) spectroscopy, and Raman spectroscopy have been explored for intraoperative applications given 
their potential for providing molecular information based on chemical bonding9,18–20. Mass spectrometry (MS) 
is a sensitive and rapid analytical tool that directly detects molecules in complex matrices21. Integration of MS 
with chromatographic techniques or utilization of tandem MS enables analysis of complex samples like brain 
tissue22,23. The inherently slow nature of chromatography and time-consuming sample preparation steps inhibit 
the use of LC–MS for intraoperative applications where time is of the essence. Several ambient ionization methods 
have been developed and used as intraoperative diagnostic tools with minimum to no sample preparation 
requirement24. Rapid evaporative ionization mass spectrometry (REIMS)25, MasSpec Pen21,26, picosecond 
infrared laser mass spectrometry (PIRL-MS)27, SpiderMass28, and desorption electrospray ionization (DESI) 
have all been used for tumor analysis22. In DESI-MS, a high voltage (typically 4–5 kV) and pneumatic force is 
used to ionize and nebulize a solvent and the resulting charged microdroplets are propelled onto the surface of 
the sample where extraction and desorption of analyte molecules occurs. This produces a stream of secondary 
droplets containing ionized molecules that enter the mass spectrometer29,30. DESI has been used for the analysis 
of a variety of tissues in both imaging and smear diagnosis, in some cases using high-throughput tissue arrays 
and MS/MS experiments11,31–34.MS/MS selectively records fragment ions to enhance measurement specificity 
and minimize isobaric and isomeric interferences. Product-ion spectra record a mass range of interest to detect 
fragment ions coming from mass-selected precursor ions undergoing collision-induced dissociation (CID)35. 
Multiple reaction monitoring (MRM) is a form of tandem MS usually done using triple quadrupole (TQ) mass 
spectrometers. Here the first quadrupole selects ions of a particular mass, the second allows their CID and the 
third records product ion mass and intensity36,37. In MRM, selection of appropriate product ions is essential 
to achieve molecular specificity. Thus, before performing MRM, product ion spectra of analytes of interests 
are recorded to identify reliable diagnostic fragment ions. TQs and linear ion traps (LIT) are mass analyzers 
that can be used for tandem MS, although the former is limited to two stage MS/MS while the later enables 
MSn experiments. On the other hand, performing two stage MS/MS using TQs benefits from higher analytical 
sensitivity (lower detection limit) and faster scanning rates compared to LITs. The combination of ambient 
ionization and tandem mass spectrometry in the form of DESI-MS/MS enables rapid and specific detection of 
small biomarkers in complex samples like brain tissue with minimum sample preparation, which hold promise 
as an intraoperative diagnostic tool (Fig. 1B).

Fig. 1.  A Mutation in IDH introduces a distinct metabolic pathway where α-KG is reduced to 2HG in an 
NADPH-dependent manner. B DESI-MS enables rapid analysis of unmodified brain smears to evaluate the 
mutation status of IDH enzyme.
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Here, DESI was coupled to a TQ and a LIT in separate experiments to perform tandem MS on brain smears 
to detect the presence of IDH mutations in glioma biopsies. A total of 64 individual human glioma smears 
were analyzed using product ion MS/MS with an LIT and, separately, also by MRM performed using a TQ. 
Methodology for the detection of IDH mutation in glioma was reported in previous studies10,11,22,38,39. The 
intensity of 2HG was measured against Glu to assess IDH mutation status and to correlate tumor infiltration in 
margins to the 2HG concentrations. The robustness of this ratiometric method was examined here by performing 
offline experiments using two different mass spectrometers and tandem MS experiments. Performance of DESI-
product ion MS/MS and DESI-MRM for diagnosis of IDH mutation was assessed and compared to data from a 
previously reported intraoperative study22.

Results
For this study, 64 glioma biopsies, including 38 tumor cores and 26 margins, were analyzed. See Supplementary 
Table S1 and S2 for clinical information, biopsy locations, and IDH mutation scores. Figure 2 shows typical mass 
spectra and TIC bar plots of IDH-mut and IDH-wt gliomas. Activation by CID of deprotonated 2HG (m/z 147) 
and Glu (m/z 146) induces dehydration, producing fragment ions with a neutral loss of 18 (m/z 129 and m/z 128, 
respectively). Due to the neomorphic metabolic aberration, IDH-mut samples have significantly higher 2HG/
Glu ratio, than that observed in IDH-wt gliomas.

The average IDH mutation score of the three experiments was calculated to evaluate and compare the 
performance of the product ion MS/MS and MRM methods. It should be noted that for DESI-MS prediction 
of IDH mutation status, only core biopsies (n = 38) were included. The area under the curve (AUC) of the 
ROC curves (Fig. 3 A and D) is 0.99 and 0.99 for the product ion MS/MS and MRM-profiling, respectively. 
From the ROC curve analysis, the estimated optimal cutoff using the Youden index with highest sensitivity 
and specificity was 0.35 for the DESI-product ion MS/MS; however, it is possible to avoid false positives by 
using a higher value, 0.73, as the optimized threshold for IDH mutation discrimination. The cutoff for MRM-
profiling using the Youden index was 0.76 and this gave no false positives. These values are close to the obtained 
threshold (0.83) from an intraoperative study22, for more details see Supporting statement S2. Figure 3 B and 
E show clear separation of IDH-mut and IDH-wt in the box plots with median line and whisker at ± 1.5 IQR. 
When performing the Wilcoxon rank-sum test, the IDH-mut and IDH-wt groups were found to be statistically 

Fig. 2.  A and B Representative spectra of an IDH-mut and an IDH-wt glioma samples obtained through MS/
MS measurements measured using the LIT. C and D MRM (TIC) channel intensity plots of the same smears 
measured using the TQ. All measurements were performed in negative mode. (In C and D only data for the 
two MRM transitions was collected).
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significant with p < 0.0001. Sensitivity, specificity, and accuracy from core biopsies were 88%, 100%, and 95%, 
respectively, using DESI-product ion MS/MS (Fig. 3 C) and 94% sensitivity, 100% specificity, and 97% accuracy 
for the MRM technique, as shown in Fig. 3. F. MRM measurements showed better performance due to a higher 
analytical method sensitivity (lower detection limit).

High concentrations of 2HG (above the cutoff values) were observed in 67% of margin biopsies from IDH-
mut patients, which indicates that IDH-mutant tumor cells infiltrate beyond the surgical margins (n = 26). When 
comparing the results of this study to the intraoperative MS data22, product ion MS/MS assessments showed 94% 
agreement, and 96% of MRM predictions agreed with the intraoperative assessments. These deviations from 
100% are assumed to be due to the heterogeneity of the tumors and smear storing conditions. It should be noted 
that each individual smear was analyzed six times in total.

Discussion
Despite using different DESI sources and two different types of mass spectrometers, similar performance was 
obtained and consistent conclusions were reached. The DESI sources allowed analysis of unmodified brain smears 
while tandem MS analysis minimized isobaric and isomeric interferences. Detection of high concentrations of 
2HG as a unique biomarker of IDH-mut gliomas provides information on the mutation status of IDH, with 
data acquisition and interpretation times of less than two minutes. The assessment of the IDH mutation status 
with product-ion scanning MS/MS and MRM provided clear separation between IDH-mut and IDH-wt core 
biopsies. DESI-MRM experiments showed higher clinical sensitivity due to lower instrumental detection limits 
and the higher ion currents available with the new generation DESI ion source. These results, together with 
previous reports, show the robustness of the ratiometric method for detection of IDH mutation in glioma 
samples. In addition, the close proximity in mass of ionized 2HG and Glu facilitates prediction of mutation 
status without complicated data processing.It should be noted that the brain smears studied had undergone 
several freeze–thaw cycles and had been analyzed several times; this might have affected their quality; however, 
both tandem MS experiments showed agreement with the clinical results. A majority of the margin biopsies 
displayed high 2HG/Glu ratios which are attributed to the tumor infiltration beyond the surgical margins. The 
speed of the method, its high analytical sensitivity, and minimal requirements for sample preparation make 
DESI-MS a promising diagnostic tool for intraoperative application. Knowledge of IDH mutation status can 
guide the extent of resection and personalize treatment strategies.

Conclusion
Similar workflows with two different mass spectrometers were used to predict the mutation status of IDH in 
human glioma specimens. Unmodified glioma smears were analyzed by DESI tandem MS, with predictions 

Fig. 3.  A and D ROC curve plots of the IDH mutation scores for product ion MS/MS and MRM experiments. 
B and E Box and whisker plots of IDH mutation scores for IDH-mut and IDH-wt gliomas obtained with MS/
MS and MRM (p < 0.0001). C and F Confusion matrix comparing the DESI-product ion MS/MS and DESI-
MRM predictions to the clinical diagnosis, with the corresponding sensitivities, specificities, and accuracies. 
These results are for 38 core biopsies.
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available in less than two minutes. The speed and accuracy of the measurements allow for the intraoperative 
diagnosis of the presence of IDH mutation in glioma at the molecular level. DESI requires minimal tissue 
preparation, while the use of tandem mass spectrometry attenuates interferences from matrix components 
including isobars and isomers. Clear separation between IDH-mut and IDH-wt gliomas with a strong correlation 
of high ratio of 2HG/Glu in IDH-mut glioma was observed (p < 0.0001). 2HG accumulation was detected in 
67% of margin biopsies, indicating that tumor infiltration extends beyond the resection cavity. DESI-product 
ion MS/MS and DESI-MRM experiments showed similar performance with slightly better sensitivity being 
observed in the MRM results, as expected. For product ion MS/MS experiments, sensitivity, specificity, and 
accuracy of 88%, 100%, and 95% were obtained, respectively, while MRM measurements had 94% sensitivity, 
100% specificity, and 97% accuracy. Moreover, comparing the product ion MS/MS and DESI-MRM methods 
for predicting IDH mutation status in all biopsies shows 94% and 96% agreement, respectively, with previously 
published intraoperative MS assessments22 run on resected glioma tissue from the same patient. The small 
number of incorrect MS predictions can be attributed to the freezing–thawing artifacts, tissue degradation over 
time, and sample storing conditions, this highlights the value of intraoperative assessments which showed 100% 
agreement for core biopsies with independent immunohistochemical or genetic testing data. DESI-tandem 
MS can detect IDH mutation from core biopsies and for margin biopsies it provides information on tumor 
infiltration to assist surgeon decision-making on the extent of tumor resection. This is achieved on a timescale 
suitable for deployment intraoperatively.

Materials and methods
Brain samples
This study used a set of 64 unmodified fresh-frozen glioma biopsies provided to Purdue University by Mayo 
Clinic, Fl, for offline analysis of samples associated with a previous intraoperative study22 according to a material 
transfer agreement between the two institutions. The research was conducted in accordance with the Mayo Clinic 
Jacksonville, Institutional Review Board (IRB) approval (IRB #19–010,725, protocol title: Advanced Development 
of Desorption Electrospray Ionization Mass Spectrometry for Intraoperative Molecular Diagnosis of Brain Cancer 
Using Pathology Biopsies) and relevant guidelines and regulations. All patients involved in this study provided 
written informed consent. For each patient, multiple biopsies were collected, processed, and transferred from 
Mayo Clinic as previously reported40. After the frozen tissues had been thawed, small amounts of the specimens 
(approximately 5–10 mg) were smeared onto microscope glass slides using a 3D-printed smearing tool41 and 
subjected to DESI-MS/MS examination. When the size of the biopsies allowed, a portion was sent to Purdue for 
this study.

Clinical diagnosis
During surgeries, biopsies from multiple locations (tumor core and margin) were collected, a number of them 
were provided to the attending MS researcher, and the remaining sections were sent to the pathology lab 
for clinical diagnosis. Brain smears analyzed intraoperatively by MS were also sent to the pathology lab for 
hematoxylin and eosin (H&E) staining for further evaluation, including diagnosis (i.e., glioma, normal brain, 
blood, and necrosis), smear quality, and estimated tumor cell percentage (TCP). Biopsy locations (e.g., core or 
margin with respect to MRI of tumor) were determined using a neuronavigation system, with corresponding 
snapshots recorded. Immunohistochemical (IHC) staining and/or polymerase chain reaction (PCR) sequencing 
were performed on core biopsies to determine the IDH genotype for each patient, as previously reported22. 
When the size of the left-over biopsies allowed, they were frozen and sent to Purdue University for additional 
analysis.

MS examination
MS assessment of the IDH mutation status of each biopsy was performed by recording product ion MS/MS scans 
using an LIT (Thermo LTQ) and MRM-profiling using a TQ (Xevo™ TQ-S micro mass spectrometer, Waters) 
operated in negative ion mode. A homebuilt DESI source and a prototype DESI (Waters) were coupled to the LIT 
and TQ, respectively. The movement of the samples was performed using an automated moving stage. It should 
be noted that this study was focused on smear diagnosis rather than spatial mass spectrometry (MS). The Waters 
prototype source gave much higher ion currents (see Table S3).

For DESI analysis using the LIT, a solvent mixture of DMF-ACN-EtOH (25:37:38) introduced at 2 uL/min 
into the sprayer at held at 4.5kVcreating the charged microdroplets used for the extraction and ionization of 
biomarkers from the smeared samples. Once the angle and distance from the sample to the mass spectrometer 
were optimized, brain smears were analyzed for 1.15 min moving the spray across the slide in a serpentine pattern 
to avoid spatial bias. The isolation window was set to 3 m/z to allow simultaneous isolation and fragmentation 
of 2HG (m/z 147) and glutamate (Glu, m/z 146), the latter serving as an endogenous reference molecule. 2HG 
and Glu undergo water loss during CID and forming fragment ions at m/z 129 and 128, respectively. In MRM 
experiments, ionization by DESI using 0.80 kV with MeOH flowing at 3 µL min−1 as the solvent and better 
than unit mass resolution was employed. Two MRM transitions were recorded iteratively: the first quadrupole 
isolated 2HG (m/z 147) and Glu (m/z 146) simultaneously, while the third quadruple scanned a narrow mass 
range to record the intensities of dehydrated 2HG (m/z 129) and Glu (m/z 128). The MRM experiments were 
done as the stage moved down the slide in parallel lines over a total period of 100 s. Each smear was analyzed 
three times. See section S2 for more details on the selection of targeted biomarkers.

Data analysis
Two customized MATLAB algorithms were written for data filtration and processing; as the LIT produces 
data in a spectral format (product ion spectra) and the TQ produces total ion current (TIC) for each channel. 
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IDH mutation scores for both measurements were calculated using the same approach as reported in previous 
studies10,22. Since 2HG and Glu fragments are one mass unit apart, the isotopic contribution of 13C-Glu to m/z 
129 was first subtracted and then the ratio of 129 to 128 was calculated (Eq. 1).

	
IDHmutationscore =

I129 − (I128 × 0.061)

I128
� (1)

The average IDH mutation scores of the three experiments were calculated for statistical analysis. Table S4 shows 
a representative IDH mutation score data set obtained by DESI-LIT and DESI-TQ.

MetaboAnalyst 6.0 was used to obtain the receiver operating characteristic (ROC) curve, area under the 
curve (AUC), and the cutoff value for the IDH mutation score. At the optimal cutoff, the sensitivity, specificity, 
and accuracy of DESI predictions were calculated from the confusion matrix. A two-sample Wilcoxon rank-sum 
(Mann–Whitney) test was performed using STATA with p < 0.05 taken as being significant.

Data availability
The datasets analyzed during the current study are available in the Purdue University Research Repository 
(PURR), ​h​t​t​p​s​:​/​/​p​u​r​r​.​p​u​r​d​u​e​.​e​d​u​/​p​u​b​l​i​c​a​t​i​o​n​s​/​4​5​4​5​/​1​​​​​.​​
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